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CHAPTER 1

Transistor Biasing circuits And Thermal sta-
bility

1.1 Biasing of Amplifier and Definition of Operating Point

1.1.1 Introduction to Transistor Amplification

In electronics, an amplifier is a core circuit building block designed to increase the power, voltage, or current of an
applied input signal. Bipolar Junction Transistors (BJTS) are heavily utilized to achieve this amplification. However, a
transistor cannot amplify a signal entirely on its own; it requires an external source of energy to boost the weak input
signal. This energy is provided by external Direct Current (DC) power supplies.

For a transistor to faithfully amplify an Alternating Current (AC) signal, its operating conditions must be precisely
controlled. Specifically, for a BJT to operate as a linear amplifier, its internal semiconductor junctions must be
maintained in a specific state known as the active region. In the active region, the Base-Emitter (B-E) junction is
continuously forward-biased, while the Collector-Base (C-B) junction is continually reverse-biased. If the transistor
strays outside this active region during any part of the AC signal cycle, the amplified output will become distorted.

1.1.2 The Concept of Biasing

When an AC signal is applied to the base of a transistor, the voltage at the base naturally fluctuates positive and
negative. If no initial DC voltage is present, the negative half-cycle of the AC signal would reverse-bias the B-E
junction, pushing the transistor into the cut-off region and preventing any amplification during that half-cycle. To
prevent this, we must artificially “lift” or offset the base voltage so that even at the signal’s most negative peak, the
B-E junction remains forward-biased. This fundamental process of establishing initial DC voltages and currents in a
transistor circuit before applying any AC signal is called Biasing.

Box[Transistor Biasing] Transistor biasing is the process of selecting appropriate external resistor values and

applying steady Direct Current (DC) voltages to the terminals of a transistor. This process establishes a specific,
stable operating condition (steady DC currents and voltages) in the absence of an Alternating Current (AC) input
signal.

The primary objectives of biasing a transistor are:

o To establish a steady zero-signal (quiescent) collector current (I¢) and a steady zero-signal collector-emitter
voltage (Vog).

e To keep the transistor operating entirely within the active region throughout the complete 360° cycle of the AC
input signal.

e To ensure faithful amplification, meaning the output waveform is a magnified, exact replica of the input
waveform without any distortion or clipping.

e To protect the transistor from thermal damage by keeping its operation within its maximum power dissipation
limits (PD(ma:p))'



1.1.3 Faithful Amplification

Faithful amplification is achieved when the shape of the output amplified signal precisely matches the shape of the
input signal. For a transistor to provide faithful amplification, three essential conditions must be met regarding its DC
biasing:

1. Proper Zero-Signal Collector Current: The bias circuit must provide an initial I that is large enough so
that when the negative half-cycle of the AC input reduces the base current, the collector current does not drop to
zero (which would mean the transistor enters cut-off).

2. Minimum Base-Emitter Voltage (Vpg): The B-E junction must remain forward-biased at all times. For a
silicon transistor, Vg should never fall below approximately 0.7 V.

3. Minimum Collector-Emitter Voltage (Vog): At the positive peak of the AC input signal, the collector
current reaches its maximum. This causes a large voltage drop across the collector resistor, heavily reducing
Veg. The bias must ensure Vo never drops below the saturation voltage (around 0.2 V to 0.3 V), otherwise, the
transistor will enter saturation, clipping the negative half-cycle of the output voltage.

1.1.4 Definition of the Operating Point (Q-Point)

When we apply a DC supply and biasing resistors to a transistor, a steady base current (I5), collector current (I¢),
and collector-emitter voltage (Vop) are established. If we plot these specific DC values on the transistor’s output
characteristics graph (a plot of I¢ versus Vog for various values of Ig), they correspond to a specific coordinate point.
This point is known as the Operating Point.

Because this point represents the condition of the transistor when it is quiet or “quiescent” (meaning no external
AC signal is present to disturb it), it is universally referred to as the Quiescent Point or simply the Q-Point.

Box[Operating Point (Q-Point)] The operating point, or Q-point, represents the steady-state direct current (DC)

condition of a transistor in the absence of an applied AC input signal. It is geometrically defined by the coordinates
of the zero-signal collector-emitter voltage and zero-signal collector current, denoted as (Vogg, Icg), on the output
characteristic curves.

The ideal position for the Q-point is precisely in the center of the active region. If the Q-point is centered, the AC
signal can swing equally in both positive and negative directions without hitting the saturation or cut-off regions.

Improper Q-Point Selection

If the operating point is selected too close to the saturation region, the peak of the input signal may drive the
transistor into saturation, causing the output voltage waveform to be clipped off at the bottom. Conversely, if
the Q-point is set too close to the cut-off region (near the x-axis), the input signal may drive the transistor into
cut-off, causing the output voltage waveform to be severely clipped at the top.

1.1.5 Factors Affecting the Stability of the Operating Point

Once a Q-point is mathematically established by carefully choosing biasing resistors, we might assume it will remain
constant forever. Unfortunately, in practical circuits, the Q-point has a strong tendency to shift or drift away from
its designed position. A shift in the Q-point can move the transistor’s operation out of the linear region, introducing
severe distortion.

The primary factors causing the Q-point to shift are:

1. Temperature Variation: The internal parameters of a semiconductor are highly sensitive to temperature
changes.

o Reverse Saturation Current (Icpp): The leakage current across the reverse-biased collector-base
junction roughly doubles for every 10°C rise in temperature. Since the total collector current is defined as
Ic = BIp + (1 + B)IcBo, even a small increase in Iopo will be amplified by (1 + /), causing a massive,
undesirable increase in I. This can lead to a destructive cycle called thermal runaway, where rising
temperature increases current, which in turn generates more heat, further raising the temperature until the
transistor is destroyed.
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o Base-Emitter Voltage (Vpg): The forward voltage drop Vg required to turn the transistor on decreases
by approximately 2.5 mV for every 1°C rise in temperature. This change directly alters the base current I,
subsequently altering the collector current I and shifting the Q-point.

2. Transistor Current Gain (f or hpgp) Variation: The DC current gain [ varies significantly due to
manufacturing tolerances. If a faulty transistor with a 8 of 100 is replaced by another transistor of the exact
same model, the new transistor might have a 8 of 150. Furthermore, (5 itself increases slightly with temperature.
Because I = Blpg, any variation in [ directly changes the Q-point coordinates.

Concept A high-quality, practical biasing circuit (such as Voltage Divider Bias) must actively compensate for
variations in temperature and 8. Its primary goal is not just to establish the initial Q-point, but to heavily stabilize
it, ensuring the operating point remains anchored in the center of the active region regardless of environmental
changes or component replacement.

1.2 The Load Lines: D.C. Load Line and A.C. Load Line

1.2.1 Introduction to Graphical Analysis

While mathematical equations are vital for calculating transistor currents and voltages, analyzing an amplifier graphically
provides profound insight into how the circuit actually operates. The output characteristic curve of a transistor shows
all the possible states the transistor can exist in. However, when we place the transistor into a specific circuit with a
distinct power supply voltage (Vo) and a specific collector resistor (R¢), the transistor is physically constrained. It
can no longer operate at any point on the graph; its possible states are restricted to a straight line known as the load

line.
There are two distinct conditions under which an amplifier operates: zero-signal DC condition, and the dynamic
AC condition. Consequently, we must draw two separate load lines: the D.C. Load Line and the A.C. Load Line.

1.2.2 The D.C. Load Line

The D.C. load line is an essential graphical tool utilized to determine the precise location of the Q-point under zero-signal

conditions.
Consider a standard Common-Emitter (CE) amplifier circuit powered by a DC supply Voo with a collector load
resistor Re. If we apply Kirchhoff’s Voltage Law (KVL) to the output loop of the circuit, we obtain:

Vee —IcRe — Ve =0

Rearranging this equation to solve for the collector current 1o, we get:

1 Voo
Iec=——1|W —
¢ (Rc> op+ Re¢

This is a linear equation of the form y = mx + ¢, where:

y = I (the variable on the vertical axis)

x = Veg (the variable on the horizontal axis)

m = —1/R¢ (the slope of the straight line)

o ¢=Veco/Re (the y-intercept)
To draw this straight line on the output characteristics graph, we only need to find its two extreme intercept points:

1. Cut-off Point (x-intercept): When the transistor is completely OFF, the collector current is zero (Ic = 0).
Substituting this into the KVL equation gives Vo = Vioeo. This establishes the point (Voe, 0) on the horizontal
axis.

2. Saturation Point (y-intercept): When the transistor is fully ON, acting like a short circuit, the voltage across
it drops to roughly zero (Vog &~ 0). Substituting this gives Ic = Voo /Re. This establishes the point (0, Voo /Re)
on the vertical axis.



https://milav.in

Box[D.C. Load Line] The D.C. load line is a straight graphical line drawn on the output characteristic curves of a

transistor. It connects the maximum possible collector-emitter voltage (Vo) to the maximum possible collector
current (Voo /Rce). It represents every possible DC operating combination of Viog and I for a specific biasing
circuit, dictated solely by the DC supply and the DC load resistance.

The actual Operating Point (Q-point) must lie somewhere exactly on this D.C. load line. The precise location on
the line is determined by the specific base current Ip established by the bias network. The intersection of the D.C.
load line and the specific Ipg characteristic curve pinpoints the Q-point.

1.2.3 The A.C. Load Line

While the D.C. load line is used to set the zero-signal conditions, it does not accurately represent the circuit’s behavior
when an AC signal is injected.

In a functional amplifier, the output is typically connected to an external load (like a speaker or the input stage of a
subsequent amplifier) represented by a load resistor Ry. This connection is usually made through a coupling capacitor
Ce.

e Under DC Conditions: Capacitors act as open circuits. Thus, the external load Ry, is disconnected from the
perspective of the DC bias. The only resistance the DC current "sees" is the collector resistor Rpo = R

e Under AC Conditions: Coupling capacitors are chosen so their reactance is negligibly small at the signal
frequency, effectively acting as short circuits. Furthermore, according to the superposition theorem, all DC voltage
sources (like Vo) act as AC ground because they have zero internal resistance to AC signals.

Because the coupling capacitor is shorted and Voo is grounded, the AC signal current views the collector resistor
R¢ and the load resistor Ry, as being connected in parallel. Therefore, the effective AC load resistance (rq.) is:

chRL

ac:R Ry = ———
" ol RL=32 7R,

Because r,. represents the parallel combination of two resistors, 74, will always be strictly less than Rpc (rec < Rpc)-

The relationship between the instantaneous AC voltage v.. and the AC current i, is governed by the A.C. load line.
Its slope is defined as —1/rq.. Since rg. is smaller than Rpc, the A.C. load line is fundamentally steeper than the
D.C. load line.

When the AC input signal drops precisely to zero, the dynamic total instantaneous values of voltage and current
default back to their DC quiescent values. Therefore, mathematically and physically, the A.C. load line must intersect
the D.C. load line exactly at the Q-point.

Box[A.C. Load Line] The A.C. load line is a graphical straight line drawn through the Q-point on the transistor

output characteristics. It defines the dynamic, instantaneous operating path of the transistor when an AC input
signal is applied. Its steeper slope is determined by the effective AC parallel load resistance (rg.).

To draw the A.C. load line, we project from the Q-point using the slope —1/7,.. The maximum possible instantaneous

voltage swing (the x-intercept) is calculated as Vie(maz) = VoEQ + I0QTac, and the maximum possible instantaneous

Verag
Tac

current swing (the y-intercept) is calculated as Ieimaz)y = Ioq +
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Figure 1.1: D.C. and A.C. Load Lines Plotted on the Output Characteristics of a Transistor

1.2.4 Comparison Between D.C. and A.C. Load Lines

To solidify these concepts, it is highly beneficial to summarize the core differences between the two load lines.

Parameter

D.C. Load Line

A.C. Load Line

Significance

Represents the steady-state operating condi-
tions in the absence of an AC input signal.

Represents the dynamic, instantaneous oper-
ating path when an AC input signal is ap-
plied.

Load Resistance

Governed by the DC load resistance in the
output circuit, typically Rpc = Rc.

Governed by the effective AC parallel resis-
tance, 1. = Ro || RL.

Slope Less steep. Slope is mathematically calcu- | Steeper. Slope is mathematically calculated
lated as —1/Rpc. as —1/rqc (since 14 < Rpe).

Intersection Cuts the vertical axis at I = Voo /Rpe and | Must inherently pass perfectly through the

Points horizontal axis at Vo = Voo established Q-point (Vorg, Icq)-

Primary Use

Utilized fundamentally to select and establish
the physical location of the Q-point.

Utilized to determine the maximum unclipped
output voltage swing during AC signal am-
plification.

Table 1.1: Comparison of D.C. and A.C. Load Lines

1.2.5 Example Application

Calculating Intercepts and Drawing Load Lines

Step 2: Analyzing the A.C. Load Line

Problem Statement: A Common-Emitter amplifier is designed with a supply voltage Voo = 15 V, a collector
resistor Ro = 3 k{2, and it drives an external load resistor Ry = 1.5 k2. The biasing network sets the Q-point at
Icg = 2.5 mA and Vggpg = 7.5 V. Calculate the extreme intercepts for both the D.C. and A.C. load lines.

Solution: Step 1: Analyzing the D.C. Load Line

o The D.C. load resistance is simply R¢ (assuming no emitter resistor is considered for DC output loop):
Rpc = 3 k.

¢ Maximum Vg intercept on the X-axis (Cut-off point): Vog(mae) = Voo =15 V.
¢ Maximum /¢ intercept on the Y-axis (Saturation point): Io(mas) = %‘D% = éE’Tg =5 mA.

e The D.C. load line is a straight line drawn from (15 V,0) to (0,5 mA).
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The effective A.C. load resistance r,. is the parallel combination of R and Ry:

chRL_3kQX1.5kQ_4.5

_ _ 22 _1k0
T = ROY R, 3KQ+15KkQ 45

The A.C. load line must pass through the given Q-point Q(7.5 V,2.5 mA).

Maximum v, intercept on the X-axis:

Vee(maz) = VC’EQ -+ ICQ “Tae = 7.5V + (2.5 mA x 1 kQ) =75+25=10V

Maximum ¢, intercept on the Y-axis:

VeEQ _ 95 a4+ Y o5 75-10 mA
Tac 1 kO

Z‘c(ma:):) = ICQ +

The A.C. load line is a steeper straight line drawn from (10 V,0) to (0,10 mA), intersecting the D.C. load
line directly at Q(7.5 V,2.5 mA).

Notice how the A.C. load line covers a smaller voltage span (up to 10V) compared to the D.C. load line (up to
15V), visually indicating the constraints imposed by the external load resistor.

1.3 Biasing Methods

In electronic circuits, a bipolar junction transistor (BJT) is primarily used as an amplifier. For a transistor to function
as a faithful amplifier, it must operate in the active region of its output characteristics. To achieve this, we need to
apply appropriate external DC voltages to establish a specific operating point, commonly known as the quiescent point
or Q-point. The process of providing these appropriate DC voltages and currents to establish the desired operating
point is called transistor biasing.

Box[Transistor Biasing] Transistor biasing is the process of setting a transistor’s DC operating voltage or current

conditions to the correct level so that any AC input signal can be amplified properly by the transistor without
distortion.

The primary goal of biasing is to ensure that the Q-point remains stable under varying operating conditions,
particularly temperature fluctuations and transistor replacement (which causes variations in current gain ). A stable
Q-point ensures that the transistor does not get driven into the saturation or cut-off regions during the signal swing,
which would result in severe clipping and distortion of the amplified signal.

Several biasing circuits are used in practice, each with its own structural advantages and behavioral disadvantages.
In this section, we will discuss the three most prominent biasing methods:

» Fixed Bias (Base Bias)
¢ Collector-to-Base Bias

o Voltage Divider Bias (Self Bias)

1.3.1 Fixed Bias (Base Bias) Circuit

The fixed bias circuit is the simplest biasing arrangement. It uses a single DC power supply Voo to provide both the
base current Ip and the collector current I. The base resistor Rp is connected directly from the supply Voo to the
base terminal of the transistor.
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+Veoo

o | | | e

Ve

Figure 1.2: Fixed Bias Circuit

Circuit Analysis

By applying Kirchhoff’s Voltage Law (KVL) to the base-emitter loop, we get:
Vec —IpRp — Ve =0

Solving for the base current Ip:
In— Voo — Vere
p= 5%
Rp
Since Voo and Vpg are essentially constant for a specific transistor (where Vg &~ 0.7 V for silicon), the base current
Ip is fixed entirely by the selection of the base resistor Rp. Hence, this configuration is named the fized bias circuit.
The collector current I in the active region is given by:

Ic =pBIp
Applying KVL to the collector-emitter output loop yields:
Vee —IcRe —Vep =0
Solving for the collector-emitter voltage Vog:

Vee = Vee — IcRe

Thermal Runaway in Fixed Bias

The fixed bias circuit is highly vulnerable to thermal runaway. When the ambient temperature increases, the
reverse saturation current (Ico) and the common-emitter current gain (3) of the BJT both increase, inevitably
leading to an increase in Io. Because Ip is rigidly fixed by Voo and Rp, there is absolutely no mechanism to
automatically reduce Ig to counteract this rise in /. This makes the Q-point extremely unstable, often making
the circuit impractical for real-world amplifiers.

L J

1.3.2 Collector-to-Base Bias

To improve upon the poor stability of the simple fixed bias circuit, a feedback resistor Rp is connected directly between
the collector and the base of the transistor, rather than tying it to the constant Voo supply. This minor structural
change provides a form of negative feedback that effectively helps to stabilize the operating point.
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i

Rp

Figure 1.3: Collector-to-Base Bias Circuit

Circuit Analysis

In this circuit, the current flowing through the collector resistor R¢ is not just I, but the sum of the collector current
and the base current, i.e., (Ic + Ig). Applying KVL to the base-emitter loop starting from Vpe:

Voc — (Ic + Ip)Re — IpRp — Ve =0
Substituting the approximation I = 51g, we can solve for Ig:

_ Vee — VBE
Rp+ (14 B)Rc

Stabilization Mechanism: If the temperature increases, the collector current I tends to increase. This elevated
Ic produces a larger voltage drop across the collector resistor R¢, leaving a lower voltage at the collector terminal.
Since the base resistor is fed from the collector terminal, this drop in collector voltage proportionally reduces the base
current Ig. The reduction in Ip suppresses the original increase in I, effectively restricting the shift in the Q-point.

Ip

1.3.3 Voltage Divider Bias (Self Bias)

The voltage divider bias is arguably the most widely used biasing circuit in discrete transistor amplifiers. It provides
excellent stabilization of the Q-point against variations in temperature and transistor parameters without requiring
dual power supplies. It uses a resistive voltage divider network consisting of R; and Rs to set the base voltage.

+Vee

R1 RC’

Ry

|

Figure 1.4: Voltage Divider Bias Circuit

Circuit Analysis via Thévenin’s Theorem

To analyze this circuit accurately, it is highly recommended to convert the voltage divider part of the circuit into
its Thévenin equivalent circuit looking into the base node. The Thévenin equivalent voltage (V) is the open-circuit
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voltage across resistor Ro:

R
Vin = Vee <R1 +2R2>

The Thévenin equivalent resistance (Ryp) is the parallel combination of R; and Rs (determined by assuming the DC
supply Ve is short-circuited to ground):

R1 Ry

Ripn=Ri|| Rp = ————
th 1 || Re Rt By

Now, applying KVL to the simplified Thévenin base-emitter loop:
Vin — IpRip, — Ve — [gRg =0

Since Ip = (14 8)Ip = flp = Ic, we can substitute Ip ~ I¢/[3:

I
Vin — (50) Ry, — Vg —IcRgp =0

Solving for I¢:
Vin — VBE

= Rin
Rp + 74

Ic

Concept In a well-designed voltage divider bias circuit, the emitter resistance Rg is intentionally chosen to be
significantly larger than Ry, /8 (i.e., Rp > Ry, /). Under this condition, the term Ry, /5 can be neglected, and
the collector current equation elegantly simplifies to:

_Vin—VBE

I
@, Rr

Notice that this resulting equation is completely independent of the transistor’s current gain 8. Thus, the operating
point remains exceedingly stable and almost immune to transistor replacements or temperature variations that
severely impact 3.

1.4 Stability Factor: Definition and Features

The operating point (Q-point) of a transistor amplifier is defined by the DC values of the collector current (I¢) and the
collector-emitter voltage (Vop). Unfortunately, I is fundamentally sensitive to internal parameter variations caused
primarily by temperature fluctuations. Specifically, an increase in ambient temperature causes the following parametric
shifts:

1. An increase in the reverse saturation current (Ico), which approximately doubles for every 10°C rise in temperature.
2. A notable decrease in the base-emitter cut-in voltage (Vpg) at a rate of approximately —2.5 mV/°C.
3. A gradual increase in the common-emitter forward current gain (3).

Any of these shifts will alter the collector current and force the Q-point to drift. To objectively measure how
sensitive a specific biasing circuit is to these parameter variations, engineers rely on a mathematical parameter known
as the Stability Factor (95).

Box|[Stability Factor (S)] The primary stability factor S is defined as the rate of change of collector current I¢
with respect to the reverse saturation current /oo, keeping the current gain S and the base-emitter voltage Vg
strictly constant.
ol
§= =X
dlco

\. J

3,VBE constant

A high value for the stability factor signifies that the collector current shifts drastically with even minor variations
in Iop, indicating extremely poor circuit stability. Therefore, for an ideal and highly stable biasing circuit, the
stability factor S should be minimized (ideally approaching S = 1, which is the theoretical minimum limit).
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1.4.1 General Expression for Stability Factor

We know the basic, all-encompassing relationship for the collector current in a common-emitter configuration is:

Ic = BIp+(1+ B)lco

To find the generalized formula for S, we differentiate this equation with respect to I¢:

or. =2 Gore) + 00 (557 )

-a(3) ()
1+ 83

T ()

This general mathematical expression is exceptionally powerful. It allows us to calculate the specific stability factor

of any biasing circuit configuration purely by determining the partial derivative ratio g% from the circuit’s input loop

KVL equation.

Rearranging the terms to solve for S:

S (1.1)

1.4.2 Stability Factor of Key Biasing Methods

Stability Factor of Fixed Bias

For the fixed bias circuit, the fundamental base KVL equation is Voo = IgRp + Vpg. Since Voo, R, and Vg are
assumed constant in this context, the base current Iz does not natively change when I- changes. Hence, the partial

derivative is mathematically zero:
olp 0

e
Substituting this into the general formula (1.1):

1+p
=——=1
S T 0 + B

Since 3 is a large number (typically ranging from 50 to 300), S is unacceptably large. This rigorously proves why the
fixed bias circuit guarantees very poor thermal stability.

Stability Factor of Voltage Divider Bias
From the Thévenin equivalent input loop for the voltage divider bias circuit, we established:
Vih = IpRiyn + Ve + (Ip + Ic)RE

Differentiating this equation with respect to Ic (while treating V;;, and Vpp as constants):

ol oI
o_Rth<B)+o+RE <B+1)
C

01 0lc
ol B ol B RE
& = (Ben + Re) <3IC> Olc Rin + RE
Substituting this specific ratio back into the general formula (1.1):
1+3

S =
145 ()
E

This expression clearly illustrates that if R is engineered to be much larger than Ry, the fraction ﬁ approaches
1. In that optimal scenario, the stability factor drastically reduces:

148 1+
T1+4801) 148

Thus, the mathematics confirm that the voltage divider bias circuit provides near-perfect theoretical stability against
Ico variations.
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1.4.3 Supplementary Stability Factors (S’ and S”)

While S defines stability exclusively with respect to the reverse saturation current Icp, two additional and complementary
stability factors are universally defined to quantify the circuit’s sensitivity to variations in Vg and :

o S’ (Stability factor w.r.t Vgg): Defined as the rate of change of collector current I with respect to base-emitter
voltage Vpg, holding Ico and 8 strictly constant.

dlo
I
5= OVBE

Ico,B constant

o S” (Stability factor w.r.t 3): Defined as the rate of change of collector current I with respect to the forward
current gain 3, holding Iop and Vpp strictly constant.

n_ Olc
5" = %5

Ico,VBE constant

For a comprehensive high-fidelity amplifier design, the circuit must ideally minimize all three parameters: S, S’, and
S”.

1.5 Compensation Techniques for Bias Stability

In the vast majority of general-purpose applications, using a structurally stable biasing circuit like the voltage
divider bias is highly adequate to maintain the operational Q-point. This architectural approach is formally termed
stabilization. Stabilization purely leverages negative feedback orchestrated through linear, passive components (like
standard resistors).

However, in specialized situations where temperature swings are violent, or where extremely tight and uncom-
promising control of the Q-point is critical (e.g., in differential amplifiers, precision instrumentation, or integrated
circuits), standard stabilization techniques often fall short. In such demanding scenarios, compensation techniques
are rigorously applied.

Box[Compensation Techniques| Compensation techniques inherently utilize highly temperature-sensitive electronic

components—such as diodes, thermistors, and sensistors—to constantly monitor thermal changes and automatically
adjust the base current or base voltage to seamlessly counteract the thermal variations occurring in the collector
current.

Unlike stabilization, which simply provides resistive damping, compensation introduces active, non-linear components
whose intrinsic temperature coefficients deliberately mirror and physically cancel out the thermal drift happening
within the BJT.

1.5.1 Diode Compensation Techniques

Solid-state diodes are manufactured utilizing the identical semiconductor materials as bipolar junction transistors.
Consequently, their internal voltage-current characteristics and thermal dependencies naturally mimic those of the BJT.
This makes auxiliary diodes spectacular candidates for forcefully compensating temperature-induced changes in Vpg
and Ico.

Diode Compensation for Vgg

As the ambient temperature actively increases, the base-emitter voltage Vpg of the core transistor naturally decreases.
This unmitigated decrease triggers an unwanted increase in the forward base current, which in turn uncontrollably
amplifies the collector current. To proactively compensate for this, a forward-biased diode is strategically embedded
directly into the voltage divider network.

The compensator diode is usually deployed in series with the lower grounded resistor Ro of the standard voltage
divider bias circuit.

e The diode must be intentionally chosen such that its semiconductor material matches that of the transistor
perfectly (e.g., a silicon diode accompanying a silicon BJT).

o As the local temperature rises, the transistor’s Vg continuously drops. Concurrently, the forward voltage drop
appearing across the compensation diode (Vp) also drops at the exact identical rate (approximately —2.5 mV/°C).
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¢ Because the diode resides electrically in the base drive circuit path, any reduction in Vp directly decreases the
effective base driving voltage. This subsequently throttles back the base current Ig.

o This deliberate, temperature-tracked reduction in Ig precisely nullifies the initial thermal increase in I, locking
the Q-point steady.

Diode Compensation for Icoo

To efficiently compensate for the problematic exponential increase in the reverse saturation current /oo, engineers
utilize a carefully reverse-biased diode. This component is typically placed in direct parallel with the base-emitter
junction or connected strategically between the base input and the Voo ground return.

o In a reverse-biased diode, a tiny leakage current (Iy) constantly flows. This leakage current shares identical
thermal scaling properties as the BJT’s inherent Ioo.

e When the internal temperature surges, the Ico of the transistor sharply increases, which inherently threatens to
raise the overall Ic.

o At the identical time, the reverse leakage current Iy of the external compensator diode simultaneously increases.

e By cleverly positioning the diode such that Iy acts as a sink, it aggressively draws current away from the base
junction. Thus, the net base current Ig actually injected into the transistor is forcefully reduced.

o The physical reduction in the SIp component perfectly offsets the dangerous increase in the (1+ 3)Ico component,
successfully stabilizing the holistic collector current.

1.5.2 Thermistor Compensation

A thermistor is an explicitly temperature-sensitive resistor heavily engineered to possess a Negative Temperature
Coefficient (NTC). This classification implies that its electrical resistance dramatically and predictably decreases as
its body temperature increases.

In a thermistor-based compensation circuit, the physical thermistor component (Rr) is most frequently connected
in parallel across the lower resistor Rs of a voltage divider biasing network, or sometimes entirely replacing it.

Working Principle of Thermistor Compensation

Consider a standard voltage divider bias amplifier where an NTC thermistor is firmly connected across Rs.

1. As the surrounding ambient temperature aggressively rises, the inherent tendency of the transistor’s collector
current ¢ is to drift upwards due to internal changes in Ioo, Vpg, and 5.

2. In complete synchronization, the elevated thermal energy causes the internal resistance of the NTC thermistor
(Rr) to drop sharply.

3. Since Ry is structurally wired in parallel to Ro, the overall equivalent resistance of the entire lower bias
branch decreases.

4. This specific resistance drop forces a much larger voltage drop across the upper bias resistor R, leaving a
substantially smaller potential available at the central base node.

5. The starved base voltage immediately chokes the base current Ip.

6. Since the fundamental relationship holds that Io ~ [Ig, the forced drop in base current beautifully
counteracts the original temperature-induced increase in I¢.

1.5.3 Sensistor Compensation

A sensistor is a specialized variant of a temperature-sensitive resistor. But contrary to the standard thermistor, it
boasts a Positive Temperature Coefficient (PTC). Its electrical resistance scales up exponentially in direct tandem
with an increase in ambient temperature.

To practically utilize a sensistor for active temperature compensation, it can be physically embedded in series with
the upper resistor R; of the voltage divider network, or occasionally placed down in the emitter leg (either completely
replacing or operating in series with Rg).

When functionally connected in place of the upper resistor R:
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e An abrupt increase in operational temperature threatens to inappropriately inflate the collector current I¢.

o Simultaneously, the electrical resistance of the PTC sensistor sharply increases.

e This significantly higher resistance in the upper leg of the supply voltage divider inherently causes a much larger
voltage drop to appear across it. This restricts the potential that makes it down to the base node.

e The subsequent decrease in available base voltage directly forces a reduction in the base current Ig. This action
powerfully limits the collector current I from growing, strictly enforcing the stability of the operating point.

Table 1.2: Comparison of Stabilization and Compensation Methodologies

Parameter

Stabilization

Compensation

Core Principle

Strictly uses negative resistive feedback to stub-
bornly oppose spontaneous changes in the op-
erating point.

Uses dynamic temperature-sensitive devices to
actively cancel out and negate temperature
effects.

Components Standard linear components (Basic Car- | Non-linear and highly Temperature-sensitive

Deployed bon/Metal Film Resistors). components (Diodes, NTC Thermistors, PTC
Sensistors).

Design Com- | Relatively simple circuitry with basic mathe- | Distinctly more complex; requires ultra-precise

plexity matical tuning. thermal matching of component coefficients.

Primary Appli-
cation

Highly pervasive; utilized in almost all general-
purpose discrete amplifier circuits.

Reserved for mission-critical applications like
precision instrumentation amplifiers, military

tech, and deeply integrated circuits.

1.5.4 Thermal Runaway, Thermal Resistance & Thermal Stability

The operation and performance of semiconductor devices, particularly Bipolar Junction Transistors (BJTs), are
inherently sensitive to temperature variations. When an electronic device operates, it dissipates power in the form of
heat, which invariably raises the internal temperature of the device. If this heat is not properly managed, it can lead to
erratic behavior, degradation of performance, or even catastrophic failure. This subsection explores the interconnected
concepts of thermal runaway, thermal resistance, and thermal stability, which form the bedrock of robust electronic
circuit design.

Thermal Runaway

In a typical transistor amplifier or switching circuit, power is continuously dissipated across the device junctions,
primarily at the collector-base junction. This power dissipation is approximately the product of the collector current
(I¢) and the collector-emitter voltage (Vog), given by Pp ~ Vog X I¢.

When power is dissipated, the temperature at the semiconductor junction, known as the junction temperature (7}),
begins to rise. Transistors are extremely sensitive to temperature changes due to the temperature-dependent nature
of their intrinsic parameters. The most critical parameter in this context is the reverse saturation current (Icpo),
which consists of minority charge carriers. A fundamental rule of thumb in semiconductor physics is that the reverse
saturation current roughly doubles for every 10°C rise in temperature.

The collector current I in a common-emitter configuration is given by the equation:

Ic = BIp+ (1+ B)Icso

where 3 is the common-emitter current gain, and Ip is the base current.

When the junction temperature 7} increases due to power dissipation, Icpo increases exponentially. According
to the equation above, an increase in Iopo causes a magnified increase in the total collector current I because it is
multiplied by the factor (1 + ). The increased collector current I results in a higher power dissipation (Pp), which in
turn generates even more heat, further raising the junction temperature 7.

This creates a dangerous, self-sustaining positive feedback loop:

1. Power is dissipated, causing Junction Temperature (7}) to increase.
2. Increased Tj causes a rapid rise in leakage current (Icpo).
3. Increased Iopo causes the total collector current (I¢) to increase.

4. Increased I leads to higher Power Dissipation (Pp).
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5. Higher Pp further increases T}, and the cycle repeats.

If this cycle is allowed to continue unchecked, the junction temperature will quickly exceed the maximum safe
operating limit specified by the manufacturer (typically around 150°C for silicon devices). At this point, the intense
localized heat will melt the semiconductor crystal structure, destroying the transistor permanently. This self-destructive
phenomenon is termed Thermal Runaway.

Destructive Nature of Thermal Runaway

Thermal runaway is a one-way catastrophic event. Once a device undergoes thermal runaway and the junction
melts, the transistor behaves as a permanent short circuit or open circuit. There is no recovery. Therefore, proper
thermal management and biasing stabilization are non-negotiable requirements in power amplifier and high-current
switching designs.

Thermal Resistance (6)

To prevent thermal runaway, the heat generated at the junction must be efficiently conducted away from the semicon-
ductor chip and dissipated into the surrounding environment. The opposition encountered by heat as it flows from a
hotter region to a cooler region is quantified by a parameter known as Thermal Resistance.

Box[Thermal Resistance] Thermal resistance (6 or Ryp,) is defined as the resistance offered by a medium to the

flow of heat. It is mathematically expressed as the temperature difference required to cause one unit of heat power
(in Watts) to flow through a given thermal path. Its unit is degrees Celsius per Watt (°C/W).

To intuitively understand thermal resistance, it is extremely helpful to draw an analogy with Ohm’s Law in electrical
circuits:

o Electrical Current (I) is analogous to Heat Flow / Power Dissipation (Pp).
« Voltage Difference (AV) is analogous to Temperature Difference (AT).
 Electrical Resistance (R = AV/I) is analogous to Thermal Resistance (¢ = AT/Pp).

Therefore, the thermal equivalent of Ohm’s Law can be written as:
AT:PDXQ - Tj—Ta:PDXQja

where T} is the junction temperature, T, is the ambient (surrounding air) temperature, and 6, is the total thermal
resistance from the junction to the ambient environment.

In real-world applications, heat does not flow directly from the junction to the air. It passes through several distinct
physical layers, each offering its own thermal resistance. The total thermal resistance 6;, is the sum of these series
resistances:

Hja = ejc + ecs + Hsa

« Junction-to-Case Thermal Resistance (6;.): The resistance between the semiconductor die (junction) and
the outer packaging (case) of the component. This value is determined by the manufacturer’s packaging process
and cannot be changed by the user.

o Case-to-Sink Thermal Resistance (0.s): The resistance between the component’s case and the heat sink.
Surfaces are never perfectly flat; microscopic air gaps act as thermal insulators. To minimize 6.;, a Thermal
Interface Material (TIM) such as thermal paste or a silicone pad is applied between the case and the heat sink to
fill these air voids.

o Sink-to-Ambient Thermal Resistance (6s,): The resistance between the heat sink and the surrounding air.
This is determined by the size, shape, fin density, material of the heat sink, and the airflow over it. Selecting a
larger heat sink or using a fan significantly reduces .
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Pp (Heat Flow)\

Figure 1.5: Electrical analogy of thermal resistance illustrating the continuous path of heat flow from the internal
junction (7)) through the case (T¢) and heat sink (7) out to the ambient environment (75,).

Calculating Maximum Power Dissipation

Suppose a power transistor has a maximum junction temperature (Tj(mam)) of 150°C and an internal junction-to-
case thermal resistance (6;.) of 1.5°C/W. It is mounted on a heat sink with a sink-to-ambient resistance (6,4) of
3.0°C/W, using a thermal pad with a case-to-sink resistance (6.s) of 0.5°C/W. The ambient room temperature is
30°C.

Task: Calculate the maximum safe power the transistor can dissipate.

Solution: First, calculate the total thermal resistance from junction to ambient:

eja - ojc + 905 + osa = ].5 + 05 ‘l‘ 3.0 = 5OOC/W
Using the thermal Ohm’s law equation:
Tj —T, = PD(max) X eja
150°C — 30°C = Pp(maa) X 5.0°C/W

120
120 = PD(maz) X 50 — PD(ma:L‘) = m = 24 Watts

The transistor can safely dissipate a maximum of 24 Watts without exceeding its temperature limits.

\.

Thermal Stability

To ensure a transistor circuit operates reliably over long periods, it must possess Thermal Stability. Thermal stability
is the condition under which a circuit is immune to thermal runaway. In a thermally stable system, any heat generated
within the device is safely dissipated faster than it can cause a runaway effect.

Mathematically, the condition for thermal stability relates the rate of heat generation to the rate of heat dissipation.

o Rate of heat generation with respect to junction temperature is %%.
J

o Rate at which the system can dissipate heat is governed by the total thermal conductance, which is the reciprocal

of total thermal resistance: 9]%.

For thermal stability to be achieved, the rate of heat dissipation must strictly exceed the rate of heat generation.
Thus, the fundamental condition for thermal stability is:
0P 1
_D < _
oy Oja

If %% ever exceeds 9]%, the junction temperature will rise unstoppably, resulting in thermal runaway.

Key Concept

Concept Achieving thermal stability requires a two-pronged engineering approach:

1. Electrical Stabilization: Designing robust biasing circuits (like Voltage Divider Bias with an emitter
resistor) that provide negative feedback. If temperature rises and I¢ tries to increase, the biasing circuit
automatically adjusts base voltages to throttle I back down.

2. Mechanical/Thermal Stabilization: Reducing the total thermal resistance (6;,) to the lowest possible
value by using appropriately sized heat sinks, efficient thermal interface materials, and active cooling methods
like fans if necessary.

\,

1.5.5 Heat Sink and its Types

As established in the previous sections, managing the thermal resistance from the device to the ambient environment
(0jq) is crucial for preventing thermal runaway and ensuring reliability. The primary tool engineers use to lower the
thermal resistance of a system is the Heat Sink.
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A heat sink is a passive mechanical heat exchanger component designed to transfer thermal energy generated by an
electronic or mechanical device to a fluid medium, typically air or liquid coolant, where it is dissipated away from the
device. In semiconductor applications, the fundamental purpose of a heat sink is to significantly increase the effective
surface area that is in contact with the cooling medium, thereby facilitating faster and more efficient heat transfer.

Principle of Operation

The underlying principle of a heat sink is governed by Fourier’s Law of Heat Conduction and Newton’s Law of Cooling.
The transistor acts as a concentrated heat source. Heat conducts from the small surface area of the transistor case into
the base of the heat sink. From the base, the heat conducts outwards into a vast array of metal fins. Finally, the heat
transfers from these fins into the surrounding air via convection. By maximizing the surface area through fins, ridges,
and complex geometries, the heat sink dramatically lowers the sink-to-ambient thermal resistance (6sq).

The Importance of Thermal Interface Materials (TIM)

A heat sink cannot operate effectively if there is poor physical contact between the semiconductor package and
the heat sink base. Even if surfaces appear perfectly flat to the naked eye, on a microscopic level, they are rough.
When placed together, microscopic air pockets form between them. Because air is a terrible conductor of heat,
these air gaps create a high case-to-sink thermal resistance (6.s). To resolve this, a Thermal Interface Material
(TIM)—such as thermal paste, silicone grease, or a soft graphite pad—must be applied. The TIM fills in the
microscopic air voids, replacing the insulating air with a thermally conductive compound, ensuring a continuous
path for heat flow.

Classification of Heat Sinks Based on Cooling Mechanism

Heat sinks can broadly be categorized by how the cooling fluid (usually air) moves across them:

1. Passive Heat Sinks: These rely entirely on natural convection. As the heat sink warms the surrounding air,
the heated air becomes less dense and naturally rises, drawing cooler air in from below to replace it. They
consist solely of the metal fin structure and have no moving parts. They are 100% reliable, completely silent, and
consume no power, but they are larger and less efficient at dissipating extremely high heat loads.

2. Active Heat Sinks: These utilize forced convection to forcefully move air across the fins, usually by attaching
an electric fan or blower directly to the heat sink. Active heat sinks can dissipate significantly more heat in a
much smaller physical footprint than passive heat sinks. However, they draw electrical power, generate acoustic
noise, and introduce a point of mechanical failure (the fan motor).

Types of Heat Sinks Based on Manufacturing and Structure

Heat sinks come in a vast array of shapes, sizes, and manufacturing methods, each tailored to specific cost constraints
and thermal requirements.

o Stamped Heat Sinks: Made by pressing and stamping sheet metal (usually aluminum) into basic fin shapes.
These are incredibly cheap to manufacture in high volumes. They are typically used for low-power applications to
cool individual, small semiconductor packages like TO-220 voltage regulators or small audio amplifier transistors.

o Extruded Heat Sinks: This is the most common and versatile type of heat sink. It is manufactured by pushing
hot, malleable aluminum through a hardened steel die to create long continuous profiles with 2D fin shapes. They
offer an excellent balance of cost, thermal performance, and mechanical strength. Extruded heat sinks are found
everywhere, from PC motherboards to industrial motor drives.

+ Bonded / Fabricated Fin Heat Sinks: In processes like extrusion, there are physical limits to how thin and
tightly packed the fins can be. When extreme surface area is required within a limited volume, bonded fin heat
sinks are used. Individual, highly thin fins are cut from sheet metal and bonded (using thermally conductive
epoxy or brazing) into grooves machined into a thick metal base plate. These are heavily used in high-power
converters and telecommunications equipment.

e Folded Fin Heat Sinks: Manufactured by taking a thin sheet of aluminum or copper and folding it repeatedly
in a zigzag or corrugated pattern. This corrugated fin array is then soldered or bonded to a base plate. Folded
fins provide massive surface area with very little weight, making them ideal for aerospace applications and laptop
cooling modules, often paired with centrifugal blowers.
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o Forged and Cast Heat Sinks: Utilizing forging (compressing metal under high pressure) or die-casting
(injecting molten metal into a mold), manufacturers can create complex, true 3D shapes that are impossible
to extrude. A common example is the pin-fin heat sink, which consists of an array of vertical cylindrical or
elliptical pins. Pin-fin designs are exceptional in environments where the direction of airflow is unpredictable or
omnidirectional, as air can easily pass through the pins from any angle.

Heat Sink Material Selection

The thermal conductivity of the material dictates how quickly heat can spread from the heat source throughout the
volume of the heat sink.

Property Aluminum Copper

Thermal Conductivity Good (~ 205 W/m - K) Excellent (~ 400 W/m - K)

Weight / Density Lightweight (2.7 g/cmg) Very Heavy (8.96 g/cm3)

Cost Highly cost-effective and economical Expensive

Manufacturing Ease Very easy to extrude, stamp, and ma- | Harder to extrude, usually skived or
chine forged

Typical Applications Over 90% of general electronic cooling, | High-end CPU cooling, extreme high-
standard power supplies, general-purpose | power RF transmitters, laser diodes.
amplification.

Table 1.3: Comparison of common heat sink materials.

Modern CPU Coolers: A Hybrid Approach

In modern high-performance desktop computers, engineers often combine materials to get the best of both worlds.
A high-end CPU cooler typically features a solid copper baseplate that makes direct contact with the processor.
Copper is chosen for the base because its superior thermal conductivity allows it to rapidly pull heat away from
the tiny, intensely hot silicon die. However, copper is too heavy and expensive to use for the entire massive
fin structure. Therefore, aluminum fins are soldered to copper heat pipes extending from the baseplate. The
lightweight aluminum fins provide the massive surface area needed for convection cooling at a fraction of the
weight and cost of a pure copper heat sink.

1.6 Biasing of Amplifiers and the Operating Point

To understand how modern electronic devices—from the simplest radio receiver to the most complex smartphone
processor—function, one must first understand the concept of amplification. Amplification is the process of taking a
weak electrical signal (like the faint radio wave captured by an antenna or the tiny voltage generated by a microphone)
and increasing its amplitude without altering its fundamental shape or frequency.

The active component responsible for this task in nearly all modern circuits is the Bipolar Junction Transistor
(BJT) or the Field Effect Transistor (FET). However, a transistor cannot amplify a signal simply by being placed in a
circuit. It requires a carefully controlled, steady supply of direct current (DC) power to "wake it up" and place it into a
state of readiness. This process of establishing the correct DC conditions is known as Biasing.

1.6.1 1. What is Biasing?

In the context of electronic amplifiers, biasing refers to the application of specific, constant DC voltages and currents to
the terminals of a transistor (or any active device) to establish a desired baseline operating condition.

Think of a transistor as a highly sensitive water valve. If the valve is completely shut, small changes to the control
handle won’t let any water through. If the valve is completely blasted open, small changes to the handle won’t make a
noticeable difference because the pipe is already at maximum capacity. To control the water flow precisely, you need to
set the valve to a "half-open" state. Once the valve is half-open, small adjustments to the handle will perfectly translate
into proportional increases and decreases in the water flow.

In electronics, "setting the valve half-open" is exactly what biasing accomplishes. We apply DC voltages to ensure
that the transistor is "turned on" just the right amount before any alternating current (AC) signal is applied.

The Necessity of Biasing

Why is biasing absolutely critical for an amplifier?
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1. Activation: A transistor is constructed from semiconductor materials (P-type and N-type silicon). These
materials form junctions that require a minimum threshold voltage to overcome their internal potential barriers
(approximately 0.7V for a silicon base-emitter junction). Without an external DC bias voltage to overcome
this barrier, a weak AC input signal (which might only be a few millivolts) will be completely ignored by the
transistor.

2. Linearity and Fidelity: The primary goal of an amplifier is faithful reproduction. The output signal should be
an exact, magnified replica of the input signal. This is called linear operation. If a transistor is not biased correctly,
it may operate in non-linear regions, causing the output signal to become distorted, clipped, or fundamentally
altered.

3. Preventing Thermal Runaway: The physical properties of semiconductors change with temperature. As a
transistor operates, it heats up. This heat can increase the current flowing through it, which in turn generates more
heat, leading to a destructive cycle called thermal runaway. A well-designed biasing circuit provides stabilization,
ensuring the transistor’s operating conditions remain constant regardless of temperature fluctuations.

1.6.2 2. The Definition of the Operating Point (Q-Point)

When we apply a DC bias to a transistor, we establish a specific, steady-state DC current flowing through its output
terminals and a specific, steady-state DC voltage across those terminals.

This specific combination of DC voltage and DC current represents the exact state of the transistor when zero AC
signal is applied. This state is known as the Operating Point.

Because this point represents the "quiet" or "resting" state of the amplifier before an external signal disturbs it, it is
universally referred to as the Quiescent Point, or simply the Q-Point.

Mathematical Definition of the Q-Point

For a standard Common-Emitter (CE) NPN transistor amplifier, the Q-Point is defined by two specific DC values:
e Verg: The quiescent DC voltage measured between the Collector and Emitter terminals.
e Icg: The quiescent DC current flowing into the Collector terminal.

Therefore, the Q-Point is graphically represented as a single coordinate pair: Q(Verqg, Icq)-

Ic (mA)

A

IC(sat)

Q-Point (Vogrg, Icg)

> Vor (Volts)
Vekg Veo

Figure 1.6: The Q-Point representing the quiescent DC operating conditions of a transistor, plotted on the output
characteristic curves and the DC Load Line.

1.6.3 3. Understanding the DC Load Line

To visualize where the Q-Point can physically exist, engineers use a graphical tool called the DC Load Line.

When a transistor is connected to a DC power supply (usually called Vo) through a load resistor (R¢), the voltage
across the transistor (Vog) and the current through it (I¢) are mathematically constrained by Kirchhoff’s Voltage Law
(KVL). The equation for the output loop is:

Vee =1c-Re+Ver (1.2)
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Rearranging this equation to solve for I yields the equation of a straight line (y = mx + ¢):
1 Voo
Io=—— W — 1.3
¢ ( Rc) Bt R¢ (13)

This straight line is the DC Load Line. It represents every possible combination of voltage and current that the
specific circuit configuration can support.

o Y-Intercept (Saturation): If the transistor acts as a perfect short circuit (Vog = 0), the current is maximum:

Ic = Ye¢ . This is the saturation current.
Rc

o X-Intercept (Cutoff): If the transistor acts as a perfect open circuit (I = 0), no current flows, and the full
supply voltage drops across the transistor: Vogp = Voe. This is the cutoff voltage.

The Q-Point must lie somewhere exactly on this straight line. The specific biasing circuit we choose (the arrangement
of base resistors) will determine exactly where on the line the Q-Point settles.

AI IMAGE PLACEHOLDER
A visual showing three different Q-Points on a DC Load Line. Q1 is exactly in the
middle. Q2 is high up near the Y-axis (saturation region). Q3 is low down near the
X-axis (cutoff region). Show small sine wave input signals applied to each Q-point,
and show the resulting output sine waves. The output at Q1 should be a perfect,
larger sine wave. The output at Q2 should have its top chopped off (saturation
clipping). The output at Q3 should have its bottom chopped off (cutoff clipping).

Figure 1.7: The location of the Q-Point on the load line determines the fidelity of the amplified signal.

1.6.4 4. The Importance of Q-Point Placement

The entire art of designing a biasing circuit revolves around placing the Q-Point in the optimal location on the DC
load line.

1. Active Region (The Middle of the Load Line)

For an amplifier to function properly, the transistor must operate in the Active Region. In this region, the transistor
behaves linearly—a small change in base current causes a proportional, larger change in collector current. If the
Q-Point is placed exactly in the center of the DC load line, the AC signal has maximum "room" to swing upwards
and downwards. As the AC input signal swings positive, the operating point moves up the line; as the input swings
negative, the point moves down the line. Because it starts in the middle, it can swing the maximum possible distance
in both directions without hitting the physical limits of the circuit. This allows for maximum undistorted amplification.

2. Saturation Region (Too High on the Load Line)

If the biasing is incorrect and the Q-Point is located too high on the load line, the transistor is too "turned on." It
is operating near the Saturation Region. When the AC input signal swings positive, it tries to push the collector
current even higher. However, the current cannot physically exceed the maximum /(4. The top half of the output
sine wave will hit this ceiling and be flattened out. This is called Saturation Clipping, and it results in severe, harsh
distortion of the signal.

3. Cutoff Region (Too Low on the Load Line)

If the Q-Point is located too low on the load line, near the x-axis, the transistor is barely turned on. It is operating
near the Cutoff Region. When the AC input signal swings negative, it tries to reduce the collector current below
zero. However, current cannot flow backward in this configuration. The transistor turns completely off, and the bottom
half of the output sine wave is flattened out against the zero-current line. This is called Cutoff Clipping, and again
results in severe signal distortion.
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1.6.5 Conclusion

Biasing is the foundational requirement for transistor amplification. It is the application of DC power to set the
transistor into an active, ready state, defined by the Quiescent Operating Point (Q-Point). To achieve faithful, linear
amplification without clipping or distortion, the circuit designer must calculate resistor values carefully to position the
Q-Point precisely in the middle of the DC load line, granting the AC signal maximum freedom to swing within the
active region of the device. In subsequent sections, we will explore the specific circuit configurations used to achieve
and stabilize this perfect operating point.

1.7 The Load Lines: D.C. and A.C. Analysis

In the previous section, we introduced the concept of the Operating Point (Q-point) and established that it must lie on
a straight line known as the load line. However, a practical amplifier circuit does not exist in a purely DC state. An
amplifier is designed to process an alternating current (AC) signal superimposed on top of the direct current (DC) bias.

Because electronic components (specifically capacitors) react completely differently to DC voltages than they do to
AC signals, the "effective" circuit that the transistor "sees" changes depending on whether we are analyzing the static
bias conditions or the dynamic signal conditions. Consequently, a complete analysis of an amplifier requires drawing
two distinct load lines: the D.C. Load Line and the A.C. Load Line.

1.7.1 1. The D.C. Load Line

The D.C. load line is the graphical representation of all possible DC operating points (Vog vs I¢) for a given amplifier
circuit, assuming the input AC signal is zero. It is strictly determined by the DC power supply (Vo) and the resistive
components in the output loop of the circuit.

Constructing the D.C. Load Line

Consider a standard Common-Emitter (CE) amplifier. The output loop consists of the DC supply (Voo ), the collector
resistor (R¢), the transistor’s collector-emitter junction, and the emitter resistor (Rg).
Applying Kirchhoff’s Voltage Law (KVL) around this DC output loop yields:

Vee = IcRc + Ver + IeRE (1.4)

Since the base current (Ig) is typically very small compared to the collector current (I¢), we can make the practical
approximation that Ig =~ Io. Substituting this into our KVL equation gives:

Vee = IcRe + Veog + IcRE = Io(Re + Ri) + Ver (1.5)

Let the total DC resistance in the output loop be denoted as R4;. = Rc + Rg. The equation simplifies to:

1 Ve
Vor + —2¢

Voo = IcR, Vor = [~ = —
cc clige + VeoE c R R

(1.6)

This is the equation of a straight line (y = mx + ¢). To draw this line on the output characteristics graph, we need
only two points: the intercepts on the axes.

1. X-Axis Intercept (Cut-off Point): This occurs when the transistor is fully off (I = 0). Plugging I = 0 into
our equation gives: Vop = Voo Therefore, the x-intercept is (Voce, 0).

2. Y-Axis Intercept (Saturation Point): This occurs when the transistor is fully on, acting as a short circuit
(Veg = 0). Plugging Vop = 0 into our equation gives: Io = ‘écdc = Yco_ Therefore, the y-intercept is

Rc+RE
0 Veo
> Rc+Rg )

By connecting these two points with a straight edge, we construct the D.C. Load Line. The Q-point established by

the biasing resistors will sit exactly on this line. The slope of this line is — Rld .
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> Vor (Volts)

Verq Vee

Figure 1.8: Construction of the D.C. Load Line using the cut-off and saturation intercepts.

1.7.2 2. The A.C. Load Line

While the D.C. load line tells us where the amplifier "rests," it does not accurately describe how the amplifier behaves
when an actual AC signal is applied.

In a typical amplifier circuit, the load is rarely just the internal collector resistor Rc. An external load resistor
(Rp) is usually connected to the collector terminal through a coupling capacitor (C¢). Furthermore, a bypass capacitor
(CEg) is often placed in parallel with the emitter resistor (Rg).

The Behavior of Capacitors under AC conditions

To understand the A.C. load line, we must remember the fundamental property of capacitors: their reactance (opposition
to current flow) is inversely proportional to frequency (X¢o = ﬁ)

o At DC (f = 0 Hz), the reactance is infinite. Capacitors act as perfect open circuits. They block DC, allowing
the biasing to stabilize. This is why Ry, is ignored when calculating the D.C. load line.

o At AC signal frequencies (e.g., 1 kHz audio), the capacitors are chosen to be large enough that their reactance is
nearly zero. They act as perfect short circuits.

Constructing the A.C. Load Line
When an AC signal is injected, the capacitors become short circuits.

1. The bypass capacitor C'g shorts out the emitter resistor Rp. Therefore, as far as the AC signal is concerned,
Rg = 09.

2. The coupling capacitor C¢ shorts, connecting the external load resistor Ry, directly in parallel with the collector
resistor R¢.

The new "effective" resistance seen by the AC signal at the output is the parallel combination of Rc and Ry. Let’s
call this A.C. resistance 74
R¢ - Ry,
Rc + Ry,

Because 7. is a parallel combination, it will always be strictly less than the DC resistance Rg. (Rc + REg).

The A.C. Load Line represents the dynamic path the voltage and current take when an AC signal is applied.
Because the AC signal is superimposed on the DC bias, the A.C. Load Line must pass precisely through the Q-point.

The equation for the A.C. load line passing through the Q-point (Vogg, Icg) with a slope of —é is:

Tac = RC’ H RL = (17)

. 1
ic —Iocq = ——(vee — VoEQ) (1.8)
TQC

(Where lowercase i, and ve represent instantaneous total values).

To plot the A.C. load line, we draw a line through the Q-point with a steeper slope than the D.C. load line (because
—7% is a larger negative number than —%).

ac dc
We can find its intercepts mathematically:
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« A.C. Saturation Current (Y-intercept): Ic(acsat) = loQ + Yerq

Tac

+ A.C. Cut-off Voltage (X-intercept): Vog(accutoff) = VoEQ + 10Q * Tac

AT IMAGE PLACEHOLDER
A graph showing BOTH the D.C. Load Line and the A.C. Load Line intersecting
exactly at the Q-Point. The A.C. Load Line must be noticeably steeper than the
D.C. Load Line. Label the slopes: D.C. Slope = —1/(R¢ + Rg) and A.C. Slope =
—1/(R¢||RL). Clearly mark the different x and y intercepts for both lines.

Figure 1.9: The relationship between the D.C. and A.C. load lines. Both lines intersect at the Q-point, but the A.C.
line is steeper due to a lower effective dynamic resistance.

1.7.3 3. Why the A.C. Load Line Matters (Compliance)

When analyzing the maximum undistorted output of an amplifier, you must never use the D.C. load line. The dynamic
signal travels exclusively along the steeper A.C. load line.

Because the A.C. line is steeper, its x and y intercepts are closer to the Q-point than the D.C. intercepts. This
severely restricts how far the signal can swing before clipping occurs.

« The maximum possible peak voltage swing in the positive direction before cutoff clipping is: Icg - 7qc-
e The maximum possible peak voltage swing in the negative direction before saturation clipping is: Vogg.

The maximum unclipped peak-to-peak output voltage (often called the AC Compliance) is limited by whichever
of these two values is smaller. To maximize the output power of an amplifier without distortion, an engineer must
carefully select biasing components to center the Q-point perfectly on the A.C. load line, not the D.C. load line.

1.7.4 Conclusion

Understanding the dual nature of an amplifier circuit is critical. Capacitors divide the circuit’s behavior into two
distinct modes. The D.C. load line, governed by R¢c + Rp, dictates the static resting position (Q-point) of the transistor.
However, the A.C. load line, governed by the much lower dynamic resistance R¢ || R, dictates the actual operating
path of the amplified signal. Recognizing that the signal travels along this steeper A.C. path is essential for calculating
the true maximum output swing and preventing distortion in practical amplifier designs.

1.8 Transistor Biasing Methods

We have established that setting the proper Q-point is essential for faithful amplification. The Q-point is determined
by the specific arrangement of resistors connected to the transistor, which supply the necessary DC base current (Ip)
and establish the collector-emitter voltage (Vog).

Over the decades, engineers have developed several different circuit topologies to achieve this biasing. Each method
attempts to balance circuit simplicity against stability. In this section, we will analyze the three most fundamental
BJT biasing methods: Fixed Bias, Collector-to-Base Bias, and Voltage Divider Bias.

1.8.1 1. Fixed Bias (Base Bias)

The Fixed Bias circuit is the simplest possible way to bias a transistor. It requires only a single power supply (Voo)
and two resistors.

In this configuration, a resistor (Rp) is connected directly from the positive DC supply (Vo) to the base of the
transistor. The collector is connected to Voo through a load resistor (R¢), and the emitter is grounded directly.
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Circuit Analysis

To find the Q-point (Vorg, Icg), we apply Kirchhoff’s Voltage Law to the input (base-emitter) and output (collector-
emitter) loops.
Input Loop (Base-Emitter): Starting from Ve, going through Rp and the base-emitter junction to ground:

Vee — VBE (1.9)

Voo — IpRp — Vg =0 — Ip =
Rp

Since Voo, Rp, and Vg (typically 0.7V for silicon) are all fixed constants, the base current Ip is perfectly constant
(fixed). This is where the circuit gets its name.
Output Loop (Collector-Emitter): The collector current is determined by the transistor’s current gain (/5 or
hFE)Z
Ic = Blp (1.10)

Applying KVL to the output loop:

Voo —IcRc — Vo =0 = Vog = Voo — IcRc (1.11)

Advantages and Disadvantages

The only advantage of Fixed Bias is its extreme simplicity and low component count.

Its disadvantage is catastrophic instability. The collector current I~ depends directly on 3. The value of /3 varies
wildly between transistors (even those from the same manufacturing batch) and increases significantly as the transistor
heats up. If 3 increases due to temperature, Io increases proportionally. This shifts the Q-point violently toward the
saturation region, ruining the amplifier’s performance. Because of this thermal instability, Fixed Bias is almost never
used in practical linear amplifier circuits. It is only used in digital switching circuits where the transistor is intended to
be driven fully into saturation.

Al IMAGE PLACEHOLDER
A circuit diagram of a Fixed Bias amplifier. Show an NPN transistor. Connect a
resistor R from Vo to the Base. Connect a resistor R from Voo to the

Collector. Ground the Emitter. Show input/output coupling capacitors Cy, and
C10ut-

Figure 1.10: The Fixed Bias Circuit. Simple to design, but highly unstable due to 8 variations.

1.8.2 2. Collector-to-Base Bias (Collector Feedback Bias)

To solve the thermal instability of the Fixed Bias circuit, engineers introduced a concept called Negative Feedback.
Instead of tying the base resistor Rp to the fixed Voo supply, it is connected to the transistor’s collector terminal.

How Negative Feedback Provides Stability

In this configuration, the voltage driving the base current is no longer a constant Voe. It is the collector voltage,
Veog. If the temperature rises, 8 increases, which attempts to increase I¢. As I¢ increases, the voltage drop across
Rc (IcRc¢) increases. Because Vorp = Voo — IoRe, the voltage at the collector (Vog) must decrease. Since Rp is
connected to the collector, the reduced Vg provides less driving voltage for the base. Therefore, Ip decreases. The
decrease in Ip forces Io back down, counteracting the initial thermally-induced rise.

The circuit automatically "pushes back" against changes in the Q-point. This self-correcting mechanism is negative
feedback.
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Circuit Analysis

Input Loop: The current flowing through R¢ is now (I + Ip), because it splits at the collector node. Voo — (I +
Ip)Rc—IpRp—Vpg = 0 Assuming Io > Ip, the current through R¢ is approximately Ic. Voo—IcRc—IpRp—VeE =
0 Substituting I = Ic/B: Voo — Ve = Io (RC + %B) — Io = 1E532E

Output Loop: Vog = Voo — (Ie + I)Re = Voo — IcRe

Advantages and Disadvantages

The primary advantage is significantly improved thermal stability compared to Fixed Bias. The disadvantage is that it
introduces AC negative feedback. When an AC signal is applied to the base, it is amplified and appears inverted at
the collector. Because Rp connects the collector back to the base, a portion of this amplified, inverted AC signal leaks
back to the input, canceling out part of the original signal. This significantly reduces the overall voltage gain of the
amplifier.

Al IMAGE PLACEHOLDER
A circuit diagram of a Collector-to-Base bias circuit. Show an NPN transistor. The
top of Rp connects directly to the Collector terminal, while the bottom connects to
the Base. R¢ connects from Ve to the Collector. Emitter is grounded.

Figure 1.11: Collector-to-Base Bias introduces DC negative feedback to stabilize the Q-point.

1.8.3 3. Voltage Divider Bias (Self Bias / Universal Bias)

The Voltage Divider Bias is the undisputed champion of discrete transistor amplifier design. It provides excellent
Q-point stability against both temperature variations and 8 variations, without sacrificing AC voltage gain. It achieves
this by using a resistive voltage divider network to set the base voltage, independent of the transistor’s internal
parameters.

Circuit Construction

This circuit uses four resistors.
e Ry and Ry form a voltage divider across the Voo supply. The midpoint connects to the base.
e R is the collector load resistor.

e Rp is added to the emitter leg to provide stabilizing negative feedback.

Approximate Circuit Analysis

If we assume that the current flowing through the voltage divider (R; and Rg) is much larger than the tiny base current
(Ip) drawn by the transistor, we can ignore Ip for the initial calculation. The voltage at the base (Vp) is determined
simply by the voltage divider rule:

Ry )
Ve =V, P — 1.12
B cc (Rl s (1.12)

Once we have the fixed base voltage Vg, we can find the emitter voltage (Vg). We know the base-emitter junction
drops approximately 0.7V:

VeE=Vg -V =V —-0.7V (1.13)

Now that we know the voltage across the emitter resistor Rg, we can find the emitter current using Ohm’s Law:

I = —
E Ry

(1.14)
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Since I¢ =~ Ig, we now have our quiescent collector current Icg. Notice that in this entire calculation, we never
used the parameter 5. The collector current is almost completely independent of the transistor’s beta value!
Finally, we apply KVL to the output loop to find Vogg:

Ver = Voo — IcRe — IgREg = Voo — Ic(Rc + RE) (1.15)

How the Stability Works

The stability comes from the emitter resistor Rg. If temperature increases, attempting to increase I (and therefore
Ig), the voltage drop across the emitter resistor (Vg = IgRg) increases. Because the base voltage Vg is rigidly fixed
by the stiff Ry/Ry divider, an increase in Vg forces the base-emitter voltage difference (Vpg = Vg — Vg) to shrink. A
smaller Vg chokes off the base current I, which immediately forces Iobackdown.

This mechanism is called Emitter Degeneration. It provides immense DC stability. To prevent this feedback
from ruining the AC voltage gain (as happened in the collector-feedback circuit), a large Bypass Capacitor (Cg)
is placed in parallel with Rg. This capacitor acts as a short circuit to AC signals, effectively removing Rg from the
dynamic AC circuit and preserving maximum AC amplification, while leaving Rp fully active to stabilize the DC

Q-point.

1.8.4 Conclusion

The evolution of biasing circuits reflects a continuous battle against the inherent physical instabilities of semiconductors.
Fixed bias is simple but unusable for linear amplification. Collector feedback introduces self-correction but sacrifices gain.
Ultimately, the Voltage Divider Bias circuit with an emitter bypass capacitor solves both problems simultaneously. By
using a stiff external voltage divider to establish the base potential and utilizing emitter degeneration for self-correction,
it creates a rock-solid Q-point that is largely immune to both temperature swings and manufacturing variations in
transistor 5.

1.9 The Stability Factor: Quantifying Q-Point Shift

Throughout our discussion on transistor biasing, we have repeatedly emphasized the concept of "stability." We intuitively
established that Fixed Bias is unstable, while Voltage Divider Bias is highly stable. However, in engineering, qualitative
intuition is never enough. We must be able to mathematically quantify exactly how stable a circuit is, allowing us to
compare different designs objectively and set hard tolerances for manufacturing.

This quantification is achieved through a mathematical parameter known as the Stability Factor.

1.9.1 1. The Sources of Instability

Before defining the stability factor, we must rigorously identify the enemies of stability. The Q-point (defined by Vegg
and Icg) shifts primarily because the collector current (I¢) changes.
In a Bipolar Junction Transistor, the total collector current is given by the fundamental equation:

Ic =Bl + (B +1)lcpo (1.16)
Where:
e Ip is the base current.
o [ (or hpg) is the forward current gain.
o Icpo is the reverse saturation current (leakage current) flowing from collector to base when the emitter is open.

Looking closely at this equation, we see that Io is dependent on three parameters that are highly sensitive to
external conditions:

1. Leakage Current (Icpo): This current is generated by thermally excited minority carriers. As a rule of thumb,
Icpo doubles for every 10°C rise in temperature. While tiny at room temperature, it can become a dominant
factor at high temperatures.

2. Base-Emitter Voltage (Vpg): The voltage required to turn on the base-emitter junction decreases as
temperature rises (specifically, it drops by about —2.5 mV per °C). Because Vg determines I, temperature
changes will indirectly change I¢.
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3. Current Gain (3): Beta is notoriously inconsistent. It varies wildly between individual transistors off the same
manufacturing line (a "nominal" 5 of 100 might actually measure anywhere from 50 to 200). Furthermore, [
itself increases as temperature increases.

Therefore, I is a function of three highly unstable variables: Ic = f(Icpo, VeEe, ). A complete stability analysis
requires evaluating how sensitive I is to changes in each of these three parameters independently.

1.9.2 2. Definition of the Stability Factor (.5)

While there are technically three separate stability factors (one for each variable), the term "Stability Factor" without
any qualifiers almost always refers specifically to the sensitivity of the circuit to the leakage current, Iopo.
Definition: The Stability Factor (5) is defined as the rate of change of collector current (I¢) with respect to the
reverse saturation current (Icpo), keeping the variables § and Vpg constant.
Mathematically, it is expressed as the partial derivative:

Al Alo
0lcpo  Alcpo

S (with 8, Vg constant) (1.17)

Interpreting the Value of S

The Stability Factor represents a multiplier. If S = 50, it means that for every 1 microampere (uA) increase in leakage
current due to temperature, the total collector current will increase by 50 pA. If S = 1, it means that a 1 pA increase
in leakage current results in only a 1 pA increase in total collector current.

Crucial Feature: Therefore, the ideal Stability Factor is 1. The lower the value of S (approaching 1), the more
stable the circuit is. A high value of S indicates a highly unstable circuit prone to thermal runaway. (Note: S can
never be less than 1).

Al IMAGE PLACEHOLDER
A visual metaphor for the Stability Factor. Show two magnifying glasses. One is a
massive, thick lens labeled S = 100 (Fixed Bias)’, looking at a tiny bug labeled
"Alcpo’ and projecting a massive, scary monster labeled ’Alc’. The other is a flat
pane of glass labeled 'S = 1 (Ideal)’, looking at the same bug and projecting the
exact same tiny bug.

Figure 1.12: The Stability Factor acts as an error multiplier. A high S-value heavily magnifies small, unavoidable
thermal leakage currents.

1.9.3 3. Deriving the General Formula for S

To find the stability factor for any biasing circuit, we start with the fundamental transistor equation:

Ic =Bl + (B +1)lcpo (1.18)
We want to find S = d}iclgo. Therefore, we differentiate the entire equation with respect to I¢:
dip dlcpo
1=8— 1 1.1
Notice that dIdchO is simply the reciprocal of our stability factor definition (1/5). Substituting this:
dlg  B+1
l=p—+— 1.2
bt T 5 (1.20)
Rearranging algebraically to solve for S:
1 dl
bl __gdls (1.21)

S dlc
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_pH1
dl

-6 (2)

This is the General Formula for Stability Factor. It applies to every BJT biasing circuit. To find the specific

S for a specific circuit, all you have to do is find the mathematical relationship between Ig and I for that circuit, find
the derivative %—g, and plug it into this master formula.

S = (1.22)

1.9.4 4. Evaluating Specific Biasing Circuits

Let’s use our master formula to prove the stability claims we made in the previous section.

Stability of Fixed Bias

In the Fixed Bias circuit, the base current is given by Ig = VCCR;BVFE. Notice that I does not appear anywhere in this
equation. The base current is entirely independent of the collector current. Therefore, if we take the derivative of Ip
with respect to I, the result is zero: % =0

Plugging this into our master formula

B+1

Sfized = T=53(0) =p+1 (1.23)

If a transistor has a typical # of 100, the stability factor is 101. A 1mA increase in leakage current translates to a
massive 101mA shift in the Q-point. This mathematical proof perfectly aligns with our earlier statement: Fixed Bias is
disastrously unstable.

Stability of Voltage Divider Bias

The exact derivation for Voltage Divider Bias is algebraically heavy, but it relies on finding the Thevenin equivalent circuit
for the base voltage divider. Let Rpg = Ry || Re. The input loop equatlon is: Vrg — IpRry — Ve — (Ic+ Ig)Rp = 0.
Solving for Ip and taking the derivative % yields: % = RTi

Plugging this negative fraction into the master formula yields the stability factor:

Rry

Sim’er: 1 L 1.24
divid (B + )(5+1)+% (1.24)

While complex, look at what happens if we design the circuit such that the emitter resistor Rg is much larger than
the Thevenin base resistance Rry (meaning RTH approaches 0): S~ (8 + 1)% =1

By choosing appropriate resistor values, the Voltage Divider Bias circuit can achieve a stability factor remarkably
close to the ideal value of 1. It almost completely neutralizes the multiplier effect of 5, making the Q-point practically

immune to temperature changes.

1.9.5 Conclusion

The Stability Factor (S) is the definitive mathematical metric for evaluating the reliability of a biasing circuit. By
calculating how severely a circuit amplifies inherent thermal leakage currents (Icpo), engineers can predict whether
an amplifier will function perfectly in the midday sun or suffer catastrophic thermal runaway. The general formula,

=(B8+1)/(1 —p(dlp/dIc)), mathematically proves that circuits lacking negative feedback (Fixed Bias, S ~ ) are
highly volatile, while circuits employing robust emitter degeneration (Voltage Divider Bias, S — 1) offer unparalleled,
rock-solid stability.

1.10 Compensation Techniques for Bias Stability

In our previous discussions, we established that negative feedback—specifically emitter degeneration used in Voltage
Divider Bias—is a highly effective method for stabilizing the Q-point against thermal drift. However, negative feedback
is a reactive measure. It waits for the collector current to change, and then "pushes back" to correct it.

There is another approach to ensuring Q-point stability: Compensation. Compensation techniques are proactive.
They involve adding specialized, temperature-sensitive components (like diodes or thermistors) into the biasing network.
These components are designed to change their own electrical characteristics in response to temperature in a way that
exactly cancels out the temperature-induced changes inside the main amplifying transistor.

While negative feedback reduces the effect of instability, compensation attempts to eliminate the cause of the
instability at the source.
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1.10.1 1. The Need for Compensation

Recall the three primary culprits of thermal instability in a BJT:
1. Icpo (Reverse Saturation Current) doubles every 10°C.
2. Vpg (Base-Emitter Voltage) decreases by roughly 2.5 mV per 1°C.
3. [ (Current Gain) increases with temperature.

Voltage divider bias is excellent at mitigating the effects of 8 variations. However, in applications exposed to
extreme temperature variations (like aerospace electronics or automotive engine controllers), or in circuits utilizing older
Germanium transistors (which have massive Iopo leakage), standard resistor-based feedback might not be enough. In
these demanding scenarios, active compensation techniques are mandatory.

1.10.2 2. Diode Compensation for Vzg

The base-emitter junction of a BJT is physically just a PN junction diode. As the transistor heats up, the potential
barrier of this PN junction drops (the —2.5 mV/°C rule). This drop causes the transistor to draw more base current
from the biasing network, pushing the transistor toward saturation.

We can compensate for this exact phenomenon by placing a separate, identical PN junction diode into the biasing
network.

Circuit Configuration

Consider a standard Voltage Divider Bias circuit with an added diode (D) in series with the lower voltage divider
resistor (Rz). The diode is forward-biased.

o The diode must be made of the same material (Silicon) and preferably be from the same manufacturing batch as
the main transistor so their thermal profiles match perfectly.

e The diode is mounted in physical contact with the transistor casing so they experience the exact same temperature
changes.

How it Works

Let’s analyze the input loop voltage drops. The voltage at the base (Vp) is established by the divider Ry and Rg plus
the diode voltage drop (Vp): VB = LgividerR2 + Vb

We also know that Vg = Vg — Vpg. Substituting Va: Vi = (LgividerR2 + VD) — VBE

Here is the brilliance of the compensation: If the diode is identical to the base-emitter junction, and they are at the
same temperature, then Vp =~ Vpg at all times. Therefore, the Vp term and the Vg term perfectly cancel each other
out algebraically! Vi = IgividgerR2 + VBE — VBE VE = Liivider R2

The emitter voltage (Vg), and consequently the emitter current (I = Vg/Rpg), are now completely independent of
VBEe. When the temperature rises and Vg drops, the diode voltage Vp drops by the exact same amount. The base
voltage is dragged down synchronously with the junction barrier, ensuring the actual current injected into the base
remains perfectly constant.

Al IMAGE PLACEHOLDER
A circuit diagram of Diode Compensation for VBE. Show a Voltage Divider bias
circuit. Instead of Rs going straight to ground, put a forward-biased diode 'D’ in
series between Ry and ground. Draw a dashed line connecting the Diode 'D’ and
the Transistor ’Q’ to indicate they are thermally coupled.

Figure 1.13: Diode compensation for Vpg. The thermal drift of the external diode exactly cancels the thermal drift of
the internal base-emitter junction.
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1.10.3 3. Diode Compensation for I-po

In applications using Germanium transistors, or silicon transistors operating at very high temperatures, the leakage
current (Icpo) becomes the dominant source of instability. As temperature rises, Icpo surges, which gets multiplied
by (8 + 1) and causes a massive, uncontrolled increase in total collector current.

We can use a reverse-biased diode to compensate for this specific leakage.

Circuit Configuration

In this configuration, a diode is connected between the base of the transistor and ground. Crucially, the diode is placed
in reverse bias (its cathode is connected to the positive base, and its anode to ground). Like the previous method,
the diode must be of the same material and thermally coupled to the transistor.

How it Works

When a diode is reverse-biased, it does not conduct normally. However, it does allow a tiny reverse saturation leakage
current to flow. Let’s call the diode’s leakage current Ip. Because the diode is matched to the transistor’s base-collector
junction, Ip ~ Icpo at all temperatures.

Applying Kirchhoft’s Current Law (KCL) at the base node: The biasing circuit supplies a total current I. This
current splits. Some goes into the base (Ig), and some leaks through the reverse-biased diode to ground (Ip).
I=Ip+Ip = Ip=1—-1p

Now, substitute this Iz into the fundamental collector current equation: I = SIg + (8 + 1)Icpo Ic = B(I — Io) +
(B+ 1VIcpo Ic = BI — Blo + Bloso + Icso

Since the diode is perfectly matched to the transistor, Ip = Iopo- Ic = Bl — Blopo + Bleso + Iopo The Blopo
terms perfectly cancel out! Io = BI + Icpo

Without compensation, the leakage current was multiplied by (5 + 1) (e.g., 101 X I¢po). With the compensating
diode in place, the leakage current is no longer multiplied by beta; it is just 1 X Iggo. The impact of thermal leakage
on the collector current has been reduced by a factor of 100!

1.10.4 4. Thermistor Compensation

A thermistor is a specialized resistor whose resistance changes drastically and predictably with temperature.
« NTC (Negative Temperature Coefficient): Resistance decreases as temperature increases.
o PTC (Positive Temperature Coefficient): Resistance increases as temperature increases.

Thermistors can be integrated into standard biasing networks to counteract thermal drift.

Using an NTC Thermistor

Consider a standard Voltage Divider Bias circuit. If we replace the lower resistor (Rg) with an NTC thermistor (Rr),
we create a thermally reactive voltage divider.

Rr
Vg =V, <> 1.25
co (G (1.2

When the temperature rises, the transistor naturally wants to conduct more collector current. However, as the
temperature rises, the NTC thermistor heats up, and its resistance Rr drops significantly. Looking at the voltage
divider equation, if Ry drops, the base voltage Vp drops. A lower base voltage reduces the base current, which chokes
off the transistor and forces the collector current back down, canceling out the thermally induced increase.

1.10.5 5. Sensistor Compensation

A Sensistor is a heavily doped semiconductor resistor that exhibits a very strong Positive Temperature Coefficient
(PTC). Its resistance rises sharply with temperature.

To use a Sensistor for compensation, we place it in the upper leg of a voltage divider network (replacing R1). When
temperature rises, the Sensistor’s resistance (R;) increases. Looking at the voltage divider equation Vi = Vccﬁ,
if the denominator (R;) gets larger, the overall fraction gets smaller. Therefore, Vi decreases, which lowers the base
current and counteracts the thermal runaway of the collector current.
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1.10.6 Conclusion

While negative feedback through emitter degeneration is the standard method for stabilizing an amplifier’s Q-point,
active compensation provides an extra layer of precision for mission-critical applications. By intelligently placing
temperature-sensitive components like matched diodes, NTC thermistors, or PTC sensistors into the biasing network,
engineers can create circuits that actively fight back against specific thermal anomalies. Whether canceling out Vg
drift algebraically with a forward diode, shunting Iopo leakage with a reverse diode, or actively manipulating the base
drive voltage with thermistors, compensation techniques ensure that amplifiers remain perfectly linear regardless of
their environmental conditions.

1.11 Thermal Runaway, Thermal Resistance, and Heat Sinks

Throughout this unit, we have repeatedly cited "temperature" as the primary enemy of transistor stability. We have
designed intricate biasing networks and implemented complex compensation schemes just to combat the effects of
thermal drift. However, temperature does not merely distort an amplifier’s signal; if left completely unchecked, heat
will physically destroy the semiconductor device.

In this final section on biasing, we will explore the catastrophic phenomenon of Thermal Runaway, analyze the
mathematics of how heat flows out of a transistor using Thermal Resistance, and discuss the mechanical solution to
this problem: the Heat Sink.

1.11.1 1. The Mechanics of Thermal Runaway

A Bipolar Junction Transistor is not a perfectly efficient device. As current (I¢) flows through the collector-emitter
junction, and a voltage (Vop) drops across it, the transistor dissipates electrical power in the form of heat. The power
dissipated at the collector junction is given by:

PD = VC’E X IC (1.26)

This internally generated heat raises the temperature of the semiconductor junction (7j). Herein lies the fatal
flaw of the BJT: As junction temperature (7)) increases, the reverse saturation leakage current (Icpo) increases
exponentially (doubling every 10°C). As Iopo increases, the total collector current (I) increases. As I increases,
the power dissipated (Pp) increases. As power dissipation increases, more heat is generated, pushing the junction
temperature (7}) even higher.

This creates a destructive positive feedback loop.

AI IMAGE PLACEHOLDER
A cyclical flowchart demonstrating the Thermal Runaway positive feedback loop.
Arrow 1: Increase in Junction Temperature (75). Arrow 2: Increase in Leakage
Current (Icpo). Arrow 3: Increase in Collector Current (I¢). Arrow 4: Increase in
Power Dissipation (Pp). Arrow 5 connects back to the start, fueling the cycle.

Figure 1.14: The positive feedback cycle of Thermal Runaway, ending in the destruction of the transistor.

If the rate at which heat is generated by the transistor exceeds the rate at which heat can be removed from the
transistor into the surrounding air, the junction temperature will climb uncontrollably. Within seconds, the silicon
crystal will melt, permanently destroying the device. This catastrophic failure is called Thermal Runaway.

The Condition for Thermal Runaway

Mathematically, thermal runaway occurs if the rate of increase of power dissipation with respect to temperature (%%)

is greater than the rate at which the casing can shed heat to the ambient environment. To prevent thermal runaway,
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we must design the circuit such that:
0P, 1
D2 (1.27)
oT; 0
Where 6 is the thermal resistance, a concept we will define in the next section.

Furthermore, analyzing the power equation Pp = Voglc, and substituting Vog = Voo — IcRco, we get Pp =
IcVeoo — I%RC. Differentiating this with respect to I shows that power dissipation reaches an absolute maximum
when Vog = Vg—c If an amplifier is biased perfectly in the middle of the load line (which we desire for maximum signal
swing), it is simultaneously operating at its maximum possible heat generation point! This makes thermal management
absolutely critical for linear amplifiers.

1.11.2 2. Thermal Resistance (6)

To understand how to stop thermal runaway, we must understand how heat escapes a transistor. We model heat flow
using the exact same mathematical principles we use to model electrical current flow (Ohm’s Law).
In an electrical circuit: Voltage Difference (AV') pushes Current (I) through Electrical Resistance (R). AV =1 x R
In a thermal circuit: Temperature Difference (AT') pushes Heat Power (Pp) through Thermal Resistance (6).

AT = Pp x 0 (1.28)

Definition: Thermal Resistance () is a measure of a material’s opposition to the flow of heat. It is measured
in degrees Celsius per Watt (°C/W). A high thermal resistance means heat struggles to escape (like wearing a thick
winter coat). A low thermal resistance means heat flows easily (like touching cold metal).

The Thermal Circuit of a Transistor

When a transistor generates heat at its internal junction (7}), that heat must travel through several physical barriers
to reach the surrounding ambient air (7).

1. Junction-to-Case (6;.): The heat must travel from the tiny silicon crystal (the junction) through the plastic or
metal body of the transistor to reach its outer surface (the case). This value is fixed by the manufacturer.

2. Case-to-Ambient (6.,): The heat must radiate from the outer surface of the transistor case into the surrounding
air. For a bare transistor, this resistance is very high, meaning it cannot shed heat quickly.

The total thermal resistance (6;,) is simply the sum of these series resistances:
ja = Ojc + Oca (1.29)
Using our thermal Ohm'’s law, we can calculate the internal junction temperature:
T; =T, = Pp x 0j, (1.30)

T; =To+ Pp(bjc + bca) (1.31)

If this calculated Tj exceeds the manufacturer’s maximum specified limit (usually 150°C for silicon), the transistor
will fail.

1.11.3 3. Heat Sinks: Lowering Thermal Resistance

If a circuit design demands high power dissipation (Pp), and we cannot change the ambient temperature (7}), the only
way to keep Tj safely below the destruction limit is to significantly lower the total thermal resistance (0;,).

We cannot change 6. (it is built into the transistor). Therefore, we must drastically reduce the case-to-ambient
resistance (6.,). We do this by attaching the transistor to a Heat Sink.

A heat sink is a large piece of thermally conductive metal (usually aluminum or copper) with a massive surface area
created by dozens of fins. By bolting the transistor directly to this large block of metal, the heat effortlessly spreads out
over the massive finned surface area, where it is rapidly carried away by the surrounding air (often assisted by a fan).
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The New Thermal Circuit

When a heat sink is attached, the thermal circuit changes. The heat now flows from the junction, to the case, from the
case into the heat sink, and finally from the heat sink to the air.

o 0.5 (Case-to-Sink): The thermal resistance of the physical connection between the transistor and the heat sink.
This is usually minimized by applying thermal paste (a heat-conducting grease) to fill microscopic air gaps.

o 054 (Sink-to-Ambient): The thermal resistance of the heat sink itself. A massive, fan-cooled heat sink might
have a 65, of 0.5°C/W, while a small, passive heat sink might be 15°C/W.

The new equation for junction temperature becomes:

T; =To+ Pp(bjc + bcs + bsa) (1.32)

Al IMAGE PLACEHOLDER
A thermal equivalent circuit diagram. It should look exactly like an electrical
circuit. The voltage source is T;j. The ground is Tj,. Between them are three series
resistors labeled 6. (Junction to Case), 6.5 (Case to Sink), and 6, (Sink to
Ambient). The current flowing through the circuit is labeled Pp (Power
Dissipation).

Figure 1.15: The thermal equivalent circuit models heat flow (Pp) through thermal resistances () exactly like current
flowing through electrical resistors.

1.11.4 4. Power Derating

Manufacturers provide a "Maximum Power Dissipation" rating (Pp(mnas)) on transistor datasheets. However, this
absolute maximum rating is almost always specified at a case temperature of exactly 25°C (room temperature).

As the ambient temperature around the equipment rises, the transistor’s ability to safely dissipate that maximum
power diminishes. Therefore, engineers must use a Power Derating Curve.

Derating is the deliberate, mathematical reduction of a component’s maximum operating limits based on its physical
environment. The datasheet provides a Derating Factor (often given in mW /°C). For every degree the case temperature
exceeds 25°C, the maximum allowed power dissipation drops by the derating factor.

Pp(atiowed) = PpD(maz) — [Derating Factor X (Tease — 25°C)] (1.33)

If an engineer ignores the derating curve and attempts to push 50 Watts through a transistor on a 60°C summer
day in a hot equipment rack, the transistor will likely suffer thermal runaway, despite being officially rated for 50W at
room temperature.

1.11.5 Conclusion

Thermal stability is the final, physical frontier of amplifier design. Mathematical stability factors and compensation
circuits can only do so much; eventually, the inescapable laws of thermodynamics take over. Transistors generate heat,
and if that heat is not efficiently piped out of the silicon crystal into the surrounding environment, the positive feedback
loop of Thermal Runaway will destroy the device. By mastering the concepts of Thermal Resistance (6) and employing
physical solutions like thermal paste and finned aluminum heat sinks, engineers ensure that their circuits survive the
brutal reality of physical power dissipation.
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1.12 Heat Sinks: Design and Classification

As we established in the previous section on Thermal Resistance, a semiconductor device is fundamentally limited
by its ability to shed the heat it generates. Without assistance, a bare transistor package has a very high thermal
resistance (0.,) between its case and the ambient air. It is like a person trying to cool down while wearing a thick,
insulated winter coat.

To solve this, engineers use Heat Sinks. A heat sink is a passive mechanical component, typically made of metal,
that acts as a highly efficient thermal bridge. It absorbs the concentrated heat from the small surface area of the
transistor case and spreads it out over a massive surface area, allowing the ambient air to carry the heat away rapidly.

1.12.1 1. The Physics of Heat Dissipation

A heat sink removes heat from a transistor using the three fundamental mechanisms of thermodynamics:

Conduction

This is the primary method of moving heat into and through the heat sink itself. Conduction is the transfer of thermal
energy between adjacent molecules without any bulk movement of the material. When the hot transistor case physically
touches the cold heat sink, the violently vibrating molecules of the transistor transfer their kinetic energy to the
molecules of the heat sink. For maximum conduction:

« Material Matters: Heat sinks must be made of materials with very high thermal conductivity. Copper is
excellent but heavy and expensive. Aluminum is the industry standard due to its fantastic balance of high
conductivity, low weight, and low cost.

e Contact Area: The larger and flatter the contact patch between the transistor and the heat sink, the better.

o Thermal Interface Material (TIM): At a microscopic level, even machined metal surfaces are rough. If you
bolt a transistor to a heat sink, tiny air pockets will be trapped between them. Air is a terrible thermal conductor
(an insulator). Engineers apply a thin layer of Thermal Paste or a Silicone Thermal Pad to fill these microscopic
valleys, displacing the insulating air and drastically lowering the Case-to-Sink thermal resistance (6.s).

Convection

Once the heat has conducted throughout the bulk metal of the heat sink, it must be transferred to the surrounding
ambient air. This happens via convection. As air molecules bump into the hot surface of the heat sink, they absorb
heat. The heated air expands, becomes less dense, and naturally floats upward, drawing cooler air in from below to
replace it. For maximum convection:

o Surface Area: The more surface area in contact with the air, the faster the heat can be transferred. This is why
heat sinks are covered in intricate fins, pins, or ridges. A solid block of metal would be a terrible heat sink.

o Airflow: While natural buoyancy (free convection) works for low-power applications, high-power circuits require
forced convection using mechanical fans to constantly blast fresh, cool air over the fins.

Radiation

All hot objects emit infrared radiation, shedding heat as electromagnetic waves. While usually the least significant of
the three mechanisms at normal operating temperatures, it still contributes to cooling. Interestingly, the color of the
heat sink affects its radiative efficiency. Black anodized aluminum heat sinks radiate thermal energy significantly better
than shiny, bare aluminum heat sinks.
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Al IMAGE PLACEHOLDER
A diagram showing the three modes of heat transfer in a heat sink. Show a hot
transistor bolted to a finned aluminum heat sink. Label the flow of heat from the
transistor into the base of the heat sink as 'Conduction’ Show curly arrows of hot
air rising off the fins labeled 'Convection’ Show wavy lines radiating outward from
the black anodized surface labeled 'Radiation’.

Figure 1.16: A heat sink utilizes conduction to absorb heat, and convection/radiation to expel it.

1.12.2 2. Classification of Heat Sinks by Manufacturing Type

Because surface area is the most critical factor for convection, the manufacturing process used to create the heat sink
largely dictates its performance and application.

Extruded Heat Sinks

This is the most common and cost-effective type of heat sink. Hot, pliable aluminum is forced through a shaped steel
die (like squeezing toothpaste out of a tube) to create a long, continuous profile with parallel fins. The extrusion is
then cut to the desired length.

e Pros: Very cheap to mass-produce, easily customizable lengths, good performance for general applications.

e Cons: The manufacturing process limits how thin and closely spaced the fins can be. If fins are too thin or too close,
the aluminum extrusion will tear or jam the die. Therefore, they have a limited maximum surface-area-to-volume
ratio.

Stamped Heat Sinks
For low-power components (like small voltage regulators or TO-220 packaged transistors), a heat sink can simply be
stamped out of a flat sheet of copper or aluminum and folded into a U-shape or star shape.

e Pros: Extremely cheap, lightweight, and easily automated for mass production.

e Cons: Very low thermal mass and limited surface area. Only suitable for dissipating a few watts of power.

Skived Fin Heat Sinks

Skiving is a fascinating manufacturing process where a sharp blade slices a very thin, shallow shaving off a solid block
of copper or aluminum. Instead of cutting the shaving completely off, the blade folds it upward to form a fin. This is
repeated hundreds of times.

e Pros: Because the fins are literally carved out of the base block, there is no joint or thermal resistance between
the fin and the base. Skiving allows for incredibly thin fins packed very closely together, providing massive surface
area in a small footprint.

e Cons: Slower and more expensive manufacturing process.

Bonded / Swaged Fin Heat Sinks

When an application requires an enormous heat sink (like industrial motor drives) that is too large for an extrusion
press, manufacturers use bonded fins. Individual fins are machined separately and then permanently attached to a
thick metal base plate using a highly thermally conductive epoxy (bonding) or by mechanically crushing the base plate
metal around the base of the fin (swaging).

o Pros: Allows for the creation of massive heat sinks. It also allows mixing materials (e.g., a copper base plate for
rapid heat spreading, bonded to lightweight aluminum fins).

e Cons: The joint between the fin and the base adds a slight thermal resistance. Very expensive.
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1.12.3 3. Classification by Cooling Method

Heat sinks are also broadly categorized by how they interact with the surrounding air.

Passive Heat Sinks

A passive heat sink relies entirely on natural convection (the natural buoyancy of hot air rising) and radiation to cool
itself. It has no moving parts.

¢ Design Features: The fins must be spaced relatively far apart. If the fins are too close together, the rising
boundary layers of hot air will collide, choking the natural airflow and trapping the heat. They are often anodized
black to maximize radiation.

o Applications: Audio amplifiers, power supplies, and situations where acoustic noise (fan whine) or mechanical
failure (fan breakage) cannot be tolerated.

Active Heat Sinks

An active heat sink incorporates a mechanical fan or blower to force air through the fins at high velocity.

e Design Features: Because the air is forced, natural buoyancy is irrelevant. The fins can be packed extremely
densely to maximize surface area without worrying about choking natural airflow.

o Applications: Computer CPUs, high-power radio transmitters, and compact electronics where massive cooling
is required in a very small physical volume.

1.12.4 Conclusion

A heat sink is not merely a piece of metal; it is a meticulously engineered thermal bridge designed to manipulate
conduction, convection, and radiation. By understanding the manufacturing limitations of extrusions versus skiving,
and the fluid dynamics differentiating passive natural convection from active forced air, an engineer can select the
appropriate heat sink to ensure their amplifier circuit operates safely below its destructive thermal limits, regardless of
the power it dissipates.
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CHAPTER 2

Frequency Response of Transistor Amplifier

2.0.1 Gain, Bandwidth and Gain-Bandwidth Product

In the study of electronic circuits, an amplifier is designed to take a weak input signal and deliver a stronger replica
of that signal at its output. However, real-world signals—such as human speech, music, or high-speed data—are not
composed of a single frequency. According to Fourier analysis, any complex waveform is made up of a spectrum of
sinusoidal frequencies. For an amplifier to faithfully reproduce a complex input signal without distortion, it must apply
the same level of amplification to all the constituent frequencies of that signal. In practice, this is physically impossible;
every amplifier has limits on the range of frequencies it can handle effectively. Understanding an amplifier’s behavior
requires a deep dive into three fundamental metrics: Gain, Bandwidth, and the Gain-Bandwidth Product.

Amplifier Gain and Decibels

Gain is the most fundamental characteristic of an amplifier. It is a dimensionless ratio that quantifies how much
the amplifier increases the magnitude of the input signal. Depending on the application, we might be interested in
amplifying voltage, current, or power.

o Voltage Gain (A,): The ratio of the AC output voltage to the AC input voltage. Mathematically, A, = “/‘/’“t.

in

o Current Gain (A4;): The ratio of the AC output current to the AC input current. Mathematically, A; = Ifim.

n

o Power Gain (A4,): The ratio of the AC output power to the AC input power. Because electrical power is the
product of voltage and current, power gain can also be expressed as A4, = A, x A;.

While gain can be expressed as a simple linear ratio (e.g., an amplifier with a gain of 100 makes the signal 100
times larger), engineers universally prefer to express gain in decibels (dB). The decibel is a logarithmic unit. There
are several profound technical reasons for this preference. First, human hearing and vision respond logarithmically to
intensity, meaning a logarithmic scale accurately reflects how we perceive audio or video signals. Second, signal levels in
communication systems can span enormous ranges (from microvolts at an antenna to hundreds of volts at a transmitter).
Logarithms compress these massive numbers into a manageable scale. Finally, when multiple amplifier stages are
cascaded (connected in series), their overall linear gain is the product of the individual gains (Azprq = A1 X Ag X Ajz).
When expressed in decibels, these gains simply add together mathematically (A;oa1a) = A1(dB) + A2(aB) + A3aB));
making system-level calculations drastically simpler.

Box[Gain in Decibels] The gain of an amplifier expressed in decibels (dB) is calculated using base-10 logarithms.
For power gain, the multiplier is 10. For voltage and current gain, the multiplier is 20 (derived from the fact that
power is proportional to the square of voltage or current, and log(z?) = 2log(z)).

POU
Apap) = 10logyg ( 2 t)

Vou
Ayap) = 201ogyg ( v t)

Bandwidth and Cut-off Frequencies

As mentioned earlier, an amplifier cannot amplify all frequencies equally. Its gain is typically highest and constant over
a specific mid-range of frequencies, but it inevitably drops off (attenuates) at very low and very high frequencies.



The Bandwidth (BW) of an amplifier is defined as the continuous range of frequencies over which the amplifier’s
gain remains relatively constant and is considered "useful.” To provide a strict mathematical definition, engineers define
the boundaries of this useful range using the half-power frequencies, also known as cut-off frequencies or corner
frequencies.

These are the specific frequencies at which the output power of the amplifier drops to exactly one-half (50%) of its
maximum mid-band power. Because electrical power is directly proportional to the square of the voltage (P = V2/R),
a 50% drop in power corresponds to the voltage dropping to 1/v/2 (approximately 0.707) of its maximum mid-band
value.

If we convert this drop to decibels, 20log;;(0.707) ~ —3 dB. Therefore, the cut-off frequencies are universally
referred to as the -3 dB frequencies.

Box[Bandwidth] The bandwidth of an amplifier is the difference between its upper cut-off frequency (fz) and

its lower cut-off frequency (f1). At these specific frequencies, the voltage gain drops by 3 dB from its maximum
mid-band value.

BW = fu - fL

For an amplifier designed to process audio signals, the lower cut-off frequency f; might be around 20 Hz, and
the upper cut-off frequency fr might be 20 kHz. Thus, its bandwidth would be 20,000 — 20 = 19,980 Hz. For DC
amplifiers (like operational amplifiers), the gain extends all the way down to 0 Hz, meaning f;, = 0, and the bandwidth
is simply equal to fg.

The Gain-Bandwidth Product (GBW)

In amplifier design, there is an inescapable fundamental trade-off between the gain of the amplifier and its bandwidth.
You cannot simultaneously achieve arbitrarily high gain and arbitrarily wide bandwidth using a given active component
(like a specific BJT, FET, or Op-Amp). If you alter the circuit (usually by applying negative feedback) to increase the
bandwidth, the overall gain will drop proportionally. Conversely, if you adjust the circuit to extract the maximum
possible gain, the bandwidth will shrink.

This inverse relationship is governed by a constant parameter known as the Gain-Bandwidth Product (GBW).
For most standard single-pole amplifier designs, the product of the mid-band linear gain and the bandwidth is a
constant value dictated by the physical characteristics of the transistor or active device being used.

Concept The Gain-Bandwidth Product highlights the fundamental design compromise in electronics: you can
trade gain for bandwidth, or bandwidth for gain, but you cannot increase both simultaneously without selecting a
fundamentally faster, more expensive active component.

GBW = A,;qa x BW = Constant

Gain-Bandwidth Trade-off

Consider an operational amplifier with a specified Gain-Bandwidth Product of 1 MHz. If we configure this
amplifier (using external resistors) to have a closed-loop voltage gain of 100 (40 dB), the maximum bandwidth we
can achieve is:

GBW 1,000,000 Hz
Gain 100

If we redesign the feedback network to lower the gain to 10 (20 dB) to process faster signals, the new bandwidth
expands proportionally:

BW = =10 kHz

1,000, 000 Hz
10
This perfectly illustrates the constant sum game of amplifier design.

\_ /

BW = =100 kHz

2.0.2 Effect of Emitter Bypass Capacitor and Coupling Capacitor on Frequency Response

To understand why an amplifier’s gain rolls off at low frequencies, we must examine the specific components responsible
for low-frequency behavior in a standard RC-coupled amplifier. The core culprits are the physical capacitors introduced
into the circuit. In a classical Common Emitter (CE) BJT amplifier, there are three critical external capacitors: the
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input coupling capacitor (Cc1), the output coupling capacitor (Cc2), and the emitter bypass capacitor (Cg).
To comprehend their effect, we must remember the fundamental equation for capacitive reactance (X¢), which
is the opposition a capacitor offers to an alternating current:

1
ConfC
This equation dictates that at high frequencies (f — o0), the reactance approaches zero ohms, meaning the capacitor

acts as a perfect short circuit to AC signals. However, at low frequencies (f — 0), the reactance becomes enormously
large, eventually acting as an open circuit to purely DC signals.

Xo

The Role of Coupling Capacitors (Cc1 and Cco)

Coupling capacitors are intentionally placed in series with the input signal source and the output load. Their primary
purpose is DC isolation. An amplifier relies on a precisely calibrated DC biasing network (created by resistors) to
keep the transistor in its active region. If we connect a signal source or a load directly to the amplifier, their internal
resistances would alter the DC bias voltages, potentially driving the transistor into saturation or cut-off. The coupling
capacitors block DC current from flowing into or out of the amplifier while allowing the AC signal to pass through.

However, this DC isolation comes at a cost to the low-frequency AC response. Let us examine the input coupling
capacitor, Ccq. It sits in series between the AC signal source (Vs) and the input impedance of the amplifier (R;,).
Together, Co1 and R;;, form a high-pass RC filter.

At mid and high frequencies, the reactance X is infinitesimally small compared to R;,. Therefore, almost all
of the source voltage successfully reaches the amplifier’s input terminal. But as the frequency of the input signal
drops, the reactance X1 increases inversely. A voltage divider is formed between the capacitor and the amplifier’s
input resistance. A significant portion of the precious input signal voltage is "dropped" or lost across the coupling
capacitor itself, leaving less voltage to actually reach the base of the transistor. Because less signal reaches the active
amplification device, the overall measured gain of the circuit drops. The exact same high-pass filtering phenomenon
occurs at the output between Cco and the load resistor Rj.

The Role of the Emitter Bypass Capacitor (Cg)

The emitter bypass capacitor, Cg, is responsible for an even more drastic effect on the low-frequency response. In a
well-designed CE amplifier, an emitter resistor (Rg) is included to provide DC bias stability, protecting the circuit
against temperature fluctuations and variations in transistor 8 (beta).

While Rp is excellent for DC stability, it is disastrous for AC gain. If an AC signal flows through Rp, it creates an
AC voltage drop at the emitter. This voltage directly subtracts from the incoming base-to-ground signal, reducing the
effective base-emitter voltage (V4e) that controls the transistor. This phenomenon is known as emitter degeneration
or negative series feedback, and it severely slashes the voltage gain of the amplifier.

To fix this, the emitter bypass capacitor C'r is connected in parallel directly across Rg. Its job is to provide a
low-impedance "bypass" path to ground exclusively for the AC signal.

o At mid and high frequencies: The reactance of Cr (Xcg) is practically zero. It acts as an AC short
circuit, effectively connecting the emitter directly to ground for AC signals. The AC signal bypasses R entirely,
eliminating the negative feedback, and allowing the amplifier to operate at its maximum potential gain.

e At low frequencies: As frequency decreases, Xog grows larger. It is no longer a perfect short circuit. The AC
signal must now contend with the parallel combination of Rr and X¢g. Because the emitter is no longer solidly
grounded for AC, a fluctuating AC voltage develops at the emitter node. This reintroduces negative feedback
into the circuit exactly when we don’t want it. As the frequency drops further, the negative feedback increases,
and the amplifier’s gain plummets.

Selecting Bypass Capacitor Values

Because the internal dynamic emitter resistance of a transistor (r¢) is typically very small (often just a few ohms),
the bypass capacitor Cr must have an incredibly low reactance to effectively short it out. Therefore, to maintain
high gain at low frequencies (e.g., in sub-woofers), Cp must be a physically large electrolytic capacitor, often
hundreds or thousands of microfarads. Making it too small will cause the amplifier to lose its bass response
prematurely.

. J

In summary, the combined action of the coupling capacitors blocking the signal and the bypass capacitor failing to
prevent negative feedback causes the amplifier’s gain to roll off sharply at low frequencies. Usually, out of the three,
the emitter bypass network creates the highest break frequency, thereby dominating and determining the true overall
lower cut-off frequency (fr) of the amplifier.



https://milav.in

2.0.3 Frequency Response of a Single Stage Amplifier

By combining our understanding of low-frequency capacitor behavior with the physical limitations of transistors at high
frequencies, we can construct the complete Frequency Response of a single-stage amplifier. The frequency response
is a comprehensive graphical representation that plots the magnitude of the amplifier’s gain (usually in decibels) against
the frequency of the input signal (always plotted on a logarithmic scale to compress the wide range of frequencies).

This resulting graph, commonly known as a Bode Plot, features a characteristic "bell" or "plateau" shape and is
universally divided into three distinct operational regions: the Low-Frequency Region, the Mid-Band Region, and the
High-Frequency Region.

Voltage Gain, |4,| (dB)

Low- . High-
Frequency Frequency
Amid F-- Regien ———————

A’m,id, —3dB B e

—

> Frequency, f (log scale)

fu

Figure 2.1: Universal Frequency Response Curve (Bode Plot) of an RC-Coupled Single Stage Amplifier

1. The Mid-Band Region

The mid-band region is the flat plateau in the center of the graph. This is the optimal operating zone for the amplifier.
In this frequency range:

o The frequencies are high enough that the large external capacitors (Cc1, Co, and Cg) have near-zero reactance.
They act as perfect short circuits.

o The frequencies are low enough that the microscopic internal capacitances of the transistor (which we will discuss
next) have nearly infinite reactance. They act as perfect open circuits.

Because the capacitors are essentially "invisible" in this region, the gain is entirely determined by the fixed resistors
in the circuit and the inherent transconductance of the transistor. The gain remains constant at its maximum value,
denoted as A,,;q4. Furthermore, the phase shift between the input and output signals remains constant (exactly 180°
out of phase for a Common Emitter amplifier).

2. The Low-Frequency Region

This region is defined by frequencies below the lower cut-off frequency (f < f). As established in the previous section,
the gain drops in this region strictly due to the external capacitors (Cci, Coo, and Cg). As frequency decreases
towards DC, their capacitive reactance increases, causing them to act as voltage dividers that block the signal or
reintroduce negative feedback. The gain drops off at a steady mathematical rate, typically rolling off at 20 dB per
decade for each dominant capacitive pole in the circuit.

3. The High-Frequency Region

This region is defined by frequencies above the upper cut-off frequency (f > fg). In this regime, the external coupling
capacitors are perfect shorts, yet the gain still plummets. Why? The culprit here is internal parasitic capacitance.

Physical components are not ideal. Inside a BJT, the p-n junctions are separated by depletion regions. Any time
you have two conductive regions separated by an insulator (the depletion region), you unintentionally create a capacitor.

« Base-Emitter Capacitance (C; or Cj.): Exists across the forward-biased base-emitter junction.
« Base-Collector Capacitance (C, or Cj.): Exists across the reverse-biased base-collector junction.

e Stray Wiring Capacitance: Exists between the physical copper traces on the circuit board and the ground
plane.
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At low and mid frequencies, these parasitic capacitances are in the picofarad (pF) range, so their reactance is
massively high (open circuit) and they do nothing. However, as frequency enters the Megahertz range, their reactance
drops to a few hundred ohms. They begin to act as short circuits to ground, actively siphoning the high-frequency AC
signal away from the transistor before it can be amplified.

Concept The Miller Effect: The high-frequency roll-off is severely aggravated by a phenomenon known as
the Miller Effect. The tiny base-collector capacitance (C},) physically connects the input (base) to the output
(collector). Because the output voltage is an inverted and heavily magnified version of the input voltage, the
apparent capacitance observed at the input terminal is mathematically multiplied by the gain of the amplifier:
Cin(uiliery = Cu(1 + [Ay|). This translates a microscopic internal capacitance into a massive equivalent input
capacitance, forming a highly aggressive low-pass filter that severely limits the upper cut-off frequency fys.

In conclusion, understanding the complete frequency response curve is paramount for an electronics engineer. It
reveals the fundamental limitations of the physical components: bulky external capacitors throttle the low frequencies,
while microscopic internal parasitic capacitors strangle the high frequencies, leaving a finite, usable mid-band bandwidth
in between.

2.1 Different Coupling Techniques for Cascading: Direct, RC, LC, and Trans-
former

In practical electronic systems and real-world industrial applications, a single stage of amplification is almost never
sufficient to meet the strict voltage, current, or power gain requirements demanded by the load. To achieve the
requisite magnitude of amplification, multiple amplifier stages are connected in a sequential chain. This sequential
connection—where the output of one amplifier is fed directly or indirectly into the input of the next—is known as
cascading. When engineers design a multistage amplifier system, the method by which the Alternating Current (AC)
signal is transferred from the output terminal of one stage to the input terminal of the succeeding stage is an aspect of
paramount importance. The mechanism executing this transfer without upsetting the individual Direct Current (DC)
biasing conditions is broadly termed a coupling technique.

Box[Coupling in Multistage Amplifiers| Coupling refers to the specifically designed electrical network or methodology
employed to connect the output of one amplifier stage to the input of the following stage. Its primary purpose
is to ensure the maximum possible transfer of the desired AC signal while simultaneously isolating or carefully
managing the DC operating conditions (the Quiescent or Q-points) of the individual cascading stages.

The intelligent selection of a coupling method is one of the most critical design decisions an electronic engineer
must make. It dictates the amplifier’s frequency response, bandwidth, physical size, manufacturing cost, and overall
efficiency. The four fundamental and widely accepted types of coupling techniques used in cascading amplifier stages
are Direct Coupling, Resistance-Capacitance (RC) Coupling, Inductance-Capacitance (LC) Coupling, and Transformer
Coupling. We will explore the theoretical underpinnings, operational characteristics, advantages, disadvantages, and
practical applications of each of these methodologies in profound detail.

2.1.1 Resistance-Capacitance (RC) Coupling

Resistance-Capacitance (RC) coupling is arguably the most ubiquitous and historically fundamental method for
connecting two amplifier stages, especially prevalent in audio-frequency applications and standard pre-amplification
modules. In this classic configuration, a coupling capacitor (denoted as C¢) is strategically inserted to bridge the
output node (typically the collector terminal of a common-emitter setup) of the first transistor to the input node
(typically the base terminal) of the second transistor. A resistor (the collector load resistor, R¢) is integrated into the
output circuit of the first stage to develop the amplified signal voltage.
Detailed Working Principle:

When a weak AC input signal is applied to the base of the first stage, the transistor amplifies it, producing a significantly
larger voltage swing across the collector resistor Ro. The critical component here is the coupling capacitor Cc. Based
on fundamental circuit theory, a capacitor blocks the flow of Direct Current (DC) while permitting the passage of
Alternating Current (AC). Therefore, the substantial DC bias voltage present at the first stage’s collector is completely
prevented from infiltrating the second stage’s base. If this DC voltage were allowed to pass, it would brutally distort
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the finely tuned Q-point of the second stage, driving it into deep saturation and destroying the amplification process.
However, for the AC signal, the capacitor offers a relatively low-reactance path (depending on the signal’s frequency),
allowing the amplified wave to traverse seamlessly into the subsequent stage for further multiplication.

Advantages:

« Exceptional Frequency Fidelity: RC coupled amplifiers inherently possess a remarkably flat and consistent
voltage gain across a vast spectrum of audio frequencies (typically spanning from 50 Hz up to 20 kHz). This
linearity ensures that all notes and tones in an audio signal are amplified equally, eliminating harmonic distortion.

e Economic and Spatial Efficiency: The core components—resistors and capacitors—are fundamentally
inexpensive to manufacture, highly reliable, compact, and lightweight. This ensures that RC coupled amplifiers
are economically viable for mass production and are highly amenable to integration within modern miniaturized
Integrated Circuits (ICs).

¢ Minimal Non-linear Distortion: Because resistors and capacitors are largely linear components, they do not
introduce the severe amplitude distortions common with inductive elements like transformers.

Disadvantages:

« Inadequate Impedance Matching: The inherent output impedance of a classic RC coupled voltage amplifier
stage is comparatively high, whereas the input impedance of the subsequent bipolar junction transistor stage is
characteristically low. This severe mismatch heavily violates the maximum power transfer theorem, leading to
significant power loss between stages.

e Severe Low-Frequency Attenuation: As the frequency of the incoming signal drops toward the sub-audio
range, the capacitive reactance (X¢ = ﬁ) of the coupling capacitor skyrockets. It acts as a massive impedance
barrier, drastically attenuating the signal voltage and crippling the amplifier’s low-frequency voltage gain.

Real-World Application of RC Coupling

Because of its superlative fidelity in reproducing human voice and musical frequencies without introducing phase
or amplitude distortion, RC coupling is the absolute gold standard for voltage pre-amplifiers embedded inside
public address (PA) systems, radio receivers, hearing aids, and ultra-high-fidelity (hi-fi) consumer audio equipment
where signal purity supersedes absolute power efficiency.

2.1.2 Transformer Coupling

While RC coupling is excellent for voltage amplification, it falls woefully short when high power transfer is required.
Transformer coupling solves this by employing an electromagnetic transformer to bridge the output of one stage to the
input of the next. In this architecture, the primary winding of the transformer physically replaces the standard collector
resistor in the first stage, and the secondary winding is connected across the base circuit of the subsequent stage.

Detailed Working Principle:
The amplified, pulsating AC collector current of the first transistor is driven directly through the primary winding of
the coupling transformer. According to Faraday’s law of electromagnetic induction, this time-varying current generates
a fluctuating magnetic flux within the transformer’s core. This flux links with the secondary winding, inducing a scaled
AC voltage directly across it. This induced voltage is then directly applied to the base of the next transistor. Crucially,
the transformer provides inherent and absolute DC isolation. Because stationary magnetic fields cannot induce voltages,
the DC bias current flowing through the primary winding has absolutely zero effect on the secondary winding. Thus,
the biasing of both stages remains rigorously independent.

Advantages:

e Flawless Impedance Matching: The crowning achievement of transformer coupling is its ability to mathemat-
ically match impedances. By meticulously selecting the transformer’s turns ratio (Np/Ng), engineers can make
the high output impedance of the primary stage match the low input impedance of the secondary stage using the
relation Zp/Zgs = (Np/Ng)?. This satisfies the Maximum Power Transfer Theorem, ensuring that nearly 100%
of the AC power is transferred between stages.

o Enhanced Voltage Gain: If a step-up transformer configuration is deployed (where secondary turns exceed
primary turns), the signal voltage itself is stepped up electromagnetically before it even reaches the second
transistor, resulting in a substantially higher overall stage gain.

Disadvantages:
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« Extreme Bulk and Expense: Transformers rely on heavy iron or ferrite cores and extensive copper wire
windings. They are incredibly bulky, exceedingly heavy, and profoundly more expensive than basic passive
components.

e Severely Compromised Frequency Response: Transformers suffer from winding inductance, which brutally
limits high-frequency response, and inter-winding stray capacitance, which degrades low-frequency performance.
Consequently, the frequency response curve is jagged and highly non-linear, making it utterly unsuitable for
high-fidelity audio.

e Core Saturation Risks: If the DC collector current is too high, it can permanently magnetize the core
(saturation), leading to catastrophic harmonic distortion of the AC signal.

2.1.3 Direct Coupling

In specialized scenarios where signals change at an agonizingly slow rate—or do not change at all (DC)—capacitive and
transformer coupling fail entirely because they block zero-frequency signals. In direct coupling, the output terminal of
the preceding stage is physically and electrically hardwired directly to the input terminal of the succeeding stage, with
zero intervening coupling components.

Detailed Working Principle:
Because there is absolutely no blocking or filtering component, both the dynamic AC signal and the static DC bias
voltage are transmitted directly from the first stage into the second. The base of the second transistor is hard-tied to
the collector of the first. This creates a remarkably complex design challenge: the DC operating voltage at the collector
of the first stage simultaneously acts as the primary base bias voltage for the second stage. Designing such a circuit
requires rigorous mathematical precision to ensure that the sequential DC levels cascade properly without driving the
final transistors into immediate saturation.

Advantages:

o Absolute Low-Frequency Dominance: Because there are no reactive components (like capacitors or inductors)
in the signal path to present variable impedance based on frequency, direct-coupled amplifiers effortlessly amplify
signals down to 0 Hz (absolute DC).

e Architectural Simplicity: The complete elimination of bulky coupling capacitors, emitter bypass capacitors,
and cumbersome transformers reduces the component count to an absolute minimum. This extreme simplicity is
what makes Direct Coupling the foundational architecture for creating immensely complex internal circuits of
modern Operational Amplifiers (Op-Amps) inside silicon 1Cs.

The Menace of Thermal Drift

The most catastrophic drawback of direct coupling is the phenomenon known as "DC Drift" or thermal runaway.
Semiconductor parameters—specifically the current gain (), base-emitter voltage (Vpg), and reverse leakage
current (Iopo)—are highly sensitive to ambient temperature variations. A minor temperature change shifts the
Q-point of the first stage. Because the stages are directly linked, this tiny error voltage is treated as a valid signal
and is amplified immensely by subsequent stages. By the time it reaches the final output, the error is massive
enough to push the final transistor entirely out of its active region.

L J

2.1.4 Inductance-Capacitance (LC) Coupling

Inductance-Capacitance (LC) coupling is a specialized, high-frequency evolutionary variant of standard RC coupling. In
this architecture, the standard resistive load (R¢) at the collector of the first stage is entirely replaced by an inductor
(L), frequently referred to as a Radio Frequency Choke (RFC). A standard coupling capacitor (C¢) is retained to block
DC between the stages.

Detailed Working Principle:
An inductor fundamentally opposes changes in current. Therefore, it presents almost zero resistance to the steady Direct
Current (DC) responsible for transistor biasing. This allows the biasing current to flow to the collector with virtually
no wasteful voltage drop or heat generation (a massive improvement over power-hungry RC coupling). Conversely, for
high-frequency AC signals, the inductor presents an enormous inductive reactance (X = 27 fL). This high impedance
heavily chokes the AC signal from escaping into the DC power supply, forcing the entirety of the amplified AC energy
to route directly through the coupling capacitor into the next stage.

Advantages:

e Superior Power Efficiency: Because the DC resistance of the inductor’s copper wire is practically negligible,
the massive I2R power losses associated with standard collector resistors are entirely eliminated. This allows the
amplifier to handle much larger voltage swings and operate at much higher efficiencies.
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Disadvantages:

e Component Limitations: Quality inductors are expensive, susceptible to electromagnetic interference, and
physically bulky.

o Extremely Narrow Application Scope: At low frequencies (like human audio), the inductive reactance drops
to near zero. The inductor practically short-circuits the AC signal straight to the power supply, resulting in
zero gain. Therefore, LC coupling is strictly quarantined to Radio Frequency (RF) and very high-frequency
communication circuits.

Concept The ultimate choice of coupling technique is a masterclass in engineering trade-offs. RC coupling reigns
supreme in audio fidelity and cost but sacrifices power transfer. Transformer coupling delivers unmatched power
transfer and impedance matching but suffers in bulk, cost, and bandwidth. Direct coupling is the undisputed
champion of sub-audio and DC signal amplification, forming the bedrock of IC design, despite its vulnerability
to thermal drift. Finally, LC coupling offers optimized high-frequency efficiency, reserving its usage strictly for
specialized RF communication modules.

2.2 Frequency Response of Two Stage RC Coupled Amplifiers

In the realm of electronic design, understanding how an amplifier reacts not just to a single static frequency, but to
a vast, dynamic spectrum of frequencies is profoundly crucial. A real-world input signal-—whether it is the complex
waveform of a symphony orchestra, a rapidly pulsing digital data stream, or a biomedical EEG reading—is composed of
a multitude of distinct frequencies superimposed upon one another. The performance of an amplifier is rarely uniform
across all these frequencies. To comprehensively characterize and mathematically predict an amplifier’s behavior in
real-world scenarios, engineers rigorously analyze its frequency response.

Box[Frequency Response and Bandwidth] The frequency response of an amplifier is a comprehensive graphical
representation plotted with the magnitude of the amplifier’s voltage gain (typically measured on a logarithmic
scale in decibels, dB) on the vertical y-axis, and the frequency of the applied input signal (also strictly on a
logarithmic scale) on the horizontal x-axis. It illustrates the amplifier’s fundamental capacity to maintain a stable,
constant gain over a specific operational frequency range.

\. J

When two standard stages of RC coupled amplifiers are cascaded (connected in series to multiply their individual
gains), the overall frequency response of the system becomes heavily dependent on the reactive components—specifically
physical and parasitic capacitors—scattered throughout the circuit architecture. The typical frequency response curve
of such a two-stage RC coupled amplifier is universally recognized by its "bell-like" shape with flattened top, and is
systematically divided into three major operational regions: the Low-Frequency range, the Mid-Frequency range, and
the High-Frequency range.
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Figure 2.2: Comprehensive Frequency Response Curve of a Two-Stage RC Coupled Amplifier outlining the Half-Power
Points.
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To completely grasp the nuances of multistage amplifier design, we must rigorously analyze the physical and
electrical behavior of the circuit across these three distinct frequency domains to understand exactly why the gain
curve rises, flattens, and ultimately falls.

2.2.1 The Mid-Frequency Range: The Zone of Constant Gain

In the mid-frequency range—which, for standard audio amplifiers, typically spans from around 50 Hz to roughly 20
kHz—the voltage gain reaches its absolute maximum magnitude and remains exceptionally constant. This unwavering,
flat region is visually represented by the horizontal plateau on the frequency response curve, denoted as A, (uid)-

Why does the gain remain constant and maximized here? The stability in this region is the result of
an electrical equilibrium between two opposing sets of capacitive elements within the circuit. At mid-frequencies,
the physical coupling capacitors (C¢) linking the stages, and the emitter bypass capacitors (Cg) stabilizing the
individual transistors, encounter frequencies high enough that their calculated electrical reactance (X¢o = ﬁ)
becomes infinitesimally small. To the AC signal, these capacitors appear functionally as perfect short circuits. They
allow the signal to transfer entirely without any internal voltage drops. Simultaneously, the frequencies in this mid-band
are still low enough that they do not trigger the disruptive effects of microscopic parasitic capacitors. The tiny,
unavoidable inter-electrode capacitances inside the transistor’s silicon structure, and the stray capacitances from the
PCB wiring, maintain a massive reactance. They effectively act as perfect open circuits, ensuring that zero signal
current is accidentally leaked or shunted away to the ground. Because there is unimpeded signal flow and absolutely
zero parasitic leakage, the amplifier operates at peak efficiency, yielding constant maximum gain.

2.2.2 The Low-Frequency Range: The Impact of Physical Capacitors

As the frequency of the incoming AC signal drops significantly below the mid-band threshold (moving toward zero),
the voltage gain inevitably begins to roll off and plummet. The specific frequency point at which the voltage gain
drops to exactly 70.7% (or precisely —3 dB) of its peak mid-band value is technically defined as the Lower Cut-off
Frequency (fr).

Why does the gain exponentially decrease at low frequencies? This degradation in amplification is solely
the fault of the large, physical capacitors intentionally placed into the circuit by the designer:

1. The Coupling Capacitor (C¢): The fundamental equation for capacitive reactance dictates that as frequency
(f) decreases, reactance (X¢) increases. At low sub-audio frequencies, the reactance of the inter-stage coupling
capacitor (C¢) becomes colossal. Instead of acting as a transparent short circuit, it becomes a massive series
impedance block. A vast majority of the amplified AC voltage from the first stage is forced to drop across the
capacitor itself, leaving only a tiny fraction of the signal to successfully reach the input base of the second stage.

2. The Emitter Bypass Capacitor (Cg): In standard amplifier architecture, Cg is wired in parallel with the
emitter stabilization resistor (Rg) to provide an AC short to ground, maximizing gain. At low frequencies, the
high reactance of C'g prevents it from adequately bypassing the AC signal. Because the AC signal is forced to
flow through Rp, an alternating voltage is developed across the emitter. This generates severe negative feedback
(degenerative feedback), which violently suppresses the stage’s overall voltage gain.

2.2.3 The High-Frequency Range: The Menace of Parasitic Capacitance

As the signal frequency accelerates aggressively above the mid-band range (venturing into the realm of hundreds of
kilohertz or megahertz), the voltage gain once again begins a steep decline. The exact frequency point on the high end
where the gain again drops to 70.7% (—3 dB) of its peak is formalized as the Upper Cut-off Frequency (fx).

Why does the gain collapse at high frequencies? Unlike the low-frequency drop-off, the physical coupling
capacitors (C¢) and bypass capacitors (Cg) are completely innocent here—at mega-high frequencies, their reactance is
virtually absolute zero. The catastrophic gain reduction is instead orchestrated entirely by invisible, shunt parasitic
capacitances that inadvertently operate in parallel with the signal flow:

1. Inter-electrode Junction Capacitances: A bipolar junction transistor is physically constructed of PN
junctions. These junctions naturally exhibit microscopic capacitance (e.g., base-to-emitter capacitance Cpe, and
base-to-collector capacitance Cy.). At standard audio frequencies, these pico-farad capacitances are irrelevant
open circuits. But at extreme high frequencies, their reactance plunges dangerously close to zero. These internal
pathways essentially short-circuit the fragile AC input signal straight to the power rails or ground, bleeding away
the signal before it can be amplified.

2. Stray Wiring Capacitance: Every millimeter of copper trace on a circuit board, and every wire running adjacent
to the chassis, forms a tiny parallel plate capacitor with the surrounding environment. At high frequencies, these
stray capacitances collectively provide ultra-low impedance leakage paths, viciously shunting the high-frequency
AC energy away from the actual circuit nodes.
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3. High-Frequency Beta Degradation: At the quantum physics level, it takes a finite amount of time for charge
carriers (electrons or holes) to physically transit across the microscopic base region of the transistor. When the
frequency of the AC signal oscillates faster than the transit time of the charge carriers, the transistor physically
cannot keep up. Consequently, its core current amplification factor (8 or hy.) crashes down toward unity.

The Catastrophic Miller Effect

The most destructive phenomenon in the high-frequency region is the Miller Effect. The tiny internal base-to-
collector capacitance (Cy.) physically bridges the input and output nodes of the transistor. The Miller Effect
states that this small capacitance is mathematically amplified by the amplifier’'s own voltage gain (4,) and is
reflected back to the input terminals as a massively magnified equivalent capacitance: Chrier = Che X (1 + Ay).
This massive artificial capacitance brutally shunts the input signal, serving as the absolute primary reason for
gain destruction at high frequencies in common-emitter configurations.

\. J

2.2.4 Bandwidth and The Cascade Shrinkage Effect

The mathematical difference between the upper cut-off frequency and the lower cut-off frequency is termed the
Bandwidth (BW) of the amplifier system.

Bandwidth (BW) = fy — f1,

The bandwidth defines the critical "safe operating window" of the amplifier—the specific frequency spectrum where the
voltage gain is guaranteed to remain consistently above 70.7% of its maximum theoretical potential. The absolute
power delivered to the load at these cut-off frequencies is exactly half of the maximum power delivered at mid-band,
which is why fr and fpy are famously known in engineering as the Half~-Power Frequencies.

The Trade-off of Cascading Stages

When two or more amplifier stages are cascaded together, the total system voltage gain increases astronomically
(Arotar = Ap1 X Aye). However, the laws of physics demand a penalty: Bandwidth Shrinkage. As identical
stages are cascaded, the overall lower cut-off frequency (fr) shifts significantly higher, and the overall upper
cut-off frequency (fr) shifts significantly lower. The mathematical relation for the new bandwidth of an 'n’ stage

cascaded amplifier is:
BWoverall & BWsingle X 4/ ol/n 1

For a two-stage amplifier (n = 2), the bandwidth shrinks to roughly 64% of a single stage’s bandwidth. Thus, in
multistage amplifier design, engineers are locked in a perpetual balancing act, sacrificing bandwidth to achieve
higher gain, or sacrificing gain to preserve a wide bandwidth.

2.3 Fundamental Amplifier Characteristics: Gain and Bandwidth

In the previous unit, we meticulously analyzed the DC biasing required to "wake up" a transistor and place it into
an active, linear state. Now, we shift our focus to the AC operation of the amplifier. Once the transistor is correctly
biased, how does it actually perform when we inject a dynamic signal into it?

To evaluate and compare the performance of different amplifier designs, engineers rely on two fundamental
specifications: Gain and Bandwidth. Furthermore, these two parameters are inextricably linked by a fundamental
physical limitation known as the Gain-Bandwidth Product.

2.3.1 1. Understanding Gain

In the simplest terms, Gain is a measure of an amplifier’s ability to magnify a signal. It is the ratio of the output
signal to the input signal. Because we can measure electrical signals in terms of voltage, current, or power, there are
three distinct types of gain.

Types of Gain

1. Voltage Gain (A,): The ratio of the AC output voltage to the AC input voltage.

‘/out
Vi

A, =

If a 10 mV input signal results in a 1 V (1000 mV) output signal, the voltage gain is 100.
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2. Current Gain (4;): The ratio of the AC output current to the AC input current.

I
A =2 (2.2)
Iin

3. Power Gain (Ap): The ratio of the AC output power delivered to the load to the AC input power drawn from
the source. Power gain is equal to the product of voltage gain and current gain.

P out

Ap:Pi

= AU X Al (2.3)

Note on Decibels: Because gains can range from less than 1 to over 1,000,000, engineers frequently express gain
logarithmically using the Decibel (dB).

o Power Gain in dB = 10log4(4))

o Voltage/Current Gain in dB = 201log;(A,) (assuming equal input/output impedances).

2.3.2 2. The Concept of Bandwidth

An ideal, theoretical amplifier would provide the exact same gain regardless of the frequency of the input signal.
Whether you inject a low-frequency 50 Hz hum or a high-frequency 5 GHz microwave signal, the ideal amplifier would
magnify it equally.

Practical amplifiers do not behave this way. They have a limited frequency range over which they operate effectively.
Bandwidth is the measure of this usable frequency range.

The Frequency Response Curve
If we sweep the frequency of the input signal from very low to very high while keeping the input amplitude constant,

and we plot the resulting voltage gain on a graph, we get the Frequency Response Curve.

Voltage Gain |A,|

A

Av(mid) ”””””

0.707 Ay(miay | - - - -

— Bandwidth (BW) —

fL fH

y» Frequency f (Hz, log scale)

Figure 2.3: A typical amplifier frequency response curve. The gain falls off at both low and high frequencies.

A typical AC-coupled amplifier curve has three distinct regions:

1. Mid-band Region: The flat plateau in the middle. Here, the gain is at its maximum and is completely
independent of frequency. This maximum gain is denoted as A, (niq)-

2. Low-Frequency Region: Below a certain frequency, the gain drops off sharply. This is caused by the physical
coupling and bypass capacitors in the circuit. As frequency drops, their capacitive reactance (X¢ = ﬁ)
increases, acting like a brick wall blocking the AC signal.

3. High-Frequency Region: Above a certain frequency, the gain again drops off sharply. This is caused by the
microscopic, unavoidable parasitic capacitances built into the physical structure of the transistor itself (e.g.,
base-collector junction capacitance). At high frequencies, these parasitic capacitors act as short circuits, shunting
the high-frequency signal to ground before it can be amplified.
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Defining Bandwidth Mathematically

To formalize the definition of bandwidth, we must establish exactly where the "usable' mid-band ends and the "unusable"
roll-off begins. We define this boundary using Cutoff Frequencies.

A cutoff frequency is the specific frequency where the voltage gain drops to 70.7% (1/4/2) of its maximum mid-band
value. Why 70.7%? Because Power o Voltage?. Therefore, (0.707V)? = 0.5V2. The cutoff frequencies are the exact
points where the output power of the amplifier drops to exactly half of its maximum mid-band power. For this reason,
they are universally called the Half-Power Frequencies or the -3dB Frequencies.

o Lower Cutoff Frequency (fr): The frequency at the low end where gain drops to 3dB below maximum.

o Upper Cutoff Frequency (fy): The frequency at the high end where gain drops to 3dB below maximum.

Definition: Bandwidth (BW) is the difference between the upper and lower cutoff frequencies. It represents the
contiguous range of frequencies over which the amplifier delivers at least half its maximum power.

BW = fy — f1 (2.4)

For a DC-coupled amplifier (no coupling capacitors), fr, is zero (it can amplify DC). In this special case, the
bandwidth is simply equal to the upper cutoff frequency: BW = f.

2.3.3 3. The Gain-Bandwidth Product (GBW)

One might assume that we could build an amplifier with an insanely high gain (e.g., 1,000,000) and an insanely wide
bandwidth (e.g., 100 GHz) simultaneously. Physics, however, forbids this.

In any specific amplifier circuit utilizing a specific active device (like an op-amp or a specific BJT), the product of
the mid-band voltage gain and the bandwidth is a fixed constant. This is known as the Gain-Bandwidth Product
(GBW).

GBW = Aymiay X BW = Constant (2.5)

The Law of Trade-offs

The Gain-Bandwidth Product dictates a fundamental engineering trade-off. Because the product is a constant, Gain
and Bandwidth are inversely proportional.

o If you need more Gain, you must sacrifice Bandwidth. (The amplifier will be highly sensitive but only over a
narrow range of frequencies).

o If you need more Bandwidth, you must sacrifice Gain. (The amplifier will work over a vast frequency range,
but it won’t magnify the signal very much).

AI IMAGE PLACEHOLDER
A graph illustrating the GBW trade-off. Show three different frequency response
curves on the same axes. Curve 1 is very tall (high gain) but very narrow (low
bandwidth). Curve 2 is medium height and medium width. Curve 3 is very short
(low gain) but very wide (high bandwidth). Draw a dashed diagonal line
connecting the upper-right corners of all three curves to show that the area under
the "rectangle" of Gain x Bandwidth is a constant.

Figure 2.4: The Gain-Bandwidth trade-off. To achieve a wider bandwidth, the mid-band gain must be reduced.
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Example of GBW

Suppose an Operational Amplifier (Op-Amp) has a specified Gain-Bandwidth Product of 1 MHz.

o If you configure the circuit for a voltage gain of 100, the maximum bandwidth you can achieve is: BW =

1000000 Hz — 10, 000 Hz (10 kHz).

e If you reconfigure the circuit to demand a voltage gain of 1000, the bandwidth shrinks drastically: BW =

1,000,000 Hz __

o If you configure the circuit as a "buffer" with a gain of exactly 1 (Unity Gain), the bandwidth is maximized:
BW = L000.,000Hz _ 1 Ny
= . = ,

Because the maximum possible bandwidth occurs when the gain is exactly 1, the Gain-Bandwidth Product is often
referred to on datasheets as the Unity Gain Frequency (fr).

2.3.4 Conclusion

Gain and Bandwidth are the two primary metrics by which amplifier performance is judged. Gain tells us "how
much" amplification occurs, while Bandwidth tells us "over what range of frequencies" that amplification is valid.
The Gain-Bandwidth Product mathematically enforces a strict physical limit on the device, reminding engineers that
there is no "free lunch" in circuit design. High sensitivity always comes at the cost of frequency range, and vice versa.
Understanding this trade-off is the first step in designing amplifiers for specific applications, whether it’s a narrow-band
high-gain radio receiver or a wide-band low-gain video distribution amplifier.

2.4 The Effect of Capacitors on Low-Frequency Response

In our initial analysis of the amplifier frequency response curve, we observed that the voltage gain is not constant
across all frequencies. Specifically, the gain drops off significantly as the signal frequency decreases toward zero (DC).
This low-frequency roll-off is not an inherent property of the transistor itself; rather, it is a direct consequence of the
macroscopic capacitors intentionally placed in the circuit by the designer.

To understand why the gain drops, we must revisit the fundamental formula for capacitive reactance (X¢):

1
ConfC

Xc (2.6)

This equation reveals that the opposition a capacitor presents to an AC signal (X¢) is inversely proportional to the
frequency (f).

o At mid-band and high frequencies, f is large, so X¢ is nearly zero. The capacitors act as perfect short circuits,
allowing signals to pass freely.

o As f approaches zero (low frequencies), X approaches infinity. The capacitors act as open circuits, severely
restricting signal flow.

In a standard Common-Emitter (CE) amplifier, there are two distinct types of capacitors that dictate the low-
frequency response: Coupling Capacitors and the Emitter Bypass Capacitor. Let us analyze their specific
roles.

2.4.1 1. The Effect of Coupling Capacitors (C;, and C,,;)

Coupling capacitors (also called blocking capacitors) are placed in series with the input signal source (Cj;,) and the
output load (Chpyt)-

The Purpose of Coupling Capacitors

Their primary purpose is to block DC voltages while allowing the AC signal to pass. Consider the input coupling
capacitor Cy,. The base of the transistor is sitting at a specific DC bias voltage (e.g., 2 Volts) established by the
voltage divider network. If we connected an AC signal generator directly to the base without a capacitor, the internal
resistance of the generator would provide a DC path to ground, drastically altering the 2V bias and destroying the
Q-point. Cj, acts as a DC brick wall, perfectly isolating the delicate biasing network from the external source, while
allowing the AC signal variations to "couple" through to the base. Similarly, C,,: prevents the high DC collector voltage
from frying the external load speaker or next amplifier stage.
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Low-Frequency Attenuation by Coupling Capacitors

Because Cj, and C,y; are in series with the signal path, they form High-Pass RC Filters with the surrounding circuit
resistances.

Let’s look at the input circuit. The signal source has an internal resistance (Rg). The amplifier has an input
resistance (R;,,). Ci, sits between them. The total series resistance is Ry = Rg + R;y,. Together, C;, and Ry create
a high-pass filter. At mid-band frequencies, X¢;, = 0€2, so the full signal voltage reaches the base. However, as the
frequency drops, X¢i, begins to increase. The AC signal voltage must now divide itself between the reactance of the
capacitor (X¢yy,) and the input resistance of the amplifier (R;y,).

Because they are in series, they form an AC voltage divider. The voltage actually reaching the amplifier’s base
(Vhase) is a fraction of the source voltage (Vs):

Rin
Voase = Vs | ——= (2.7)

As frequency goes down, X¢;, goes up, and the fraction of the signal making it into the amplifier shrinks rapidly.
This directly causes the overall amplifier gain (V,,:/Vs) to plummet.
The exact frequency where Xy, = R;, marks the lower cutoff frequency (fr) caused by this specific capacitor. At

this point, the gain is reduced by 3dB.
1

fL(input) - 27T(RS + Rzn)Cm
An identical effect happens at the output with C,,; and the load resistor Ry,.

(2.8)

Al IMAGE PLACEHOLDER
A diagram showing the input circuit as a simple RC High-Pass Filter. The AC
source Vg is connected in series with Cj, and a resistor labeled R;, going to
ground. Show an AC voltage divider equation next to it, demonstrating how a
large X at low frequencies "steals" the signal voltage before it reaches R;,.

Figure 2.5: The input coupling capacitor forms a high-pass filter that attenuates low-frequency signals.

2.4.2 2. The Effect of the Emitter Bypass Capacitor (Ck)

While coupling capacitors block the signal from entering the amplifier, the emitter bypass capacitor (Cg) affects the
internal gain of the transistor itself.

The Purpose of the Bypass Capacitor

Recall from our study of biasing that an emitter resistor (Rpg) is vital for DC thermal stability. It provides Emitter
Degeneration (negative feedback). However, this negative feedback does not distinguish between DC drift and the
desired AC signal. If an AC signal tries to increase the collector current, Rg will push back, heavily suppressing the
AC voltage gain.

To solve this, a large bypass capacitor (Cp) is placed in parallel with Rgp. At mid-band frequencies, Xcg ~ 0€.
Because CF is in parallel with Rg, the total AC impedance from the emitter to ground is effectively zero. The AC
signal is completely "bypassed" around Rp, flowing entirely through the capacitor to ground. Because there is no
AC voltage drop at the emitter, there is no AC negative feedback, and the amplifier delivers its maximum possible
voltage gain. (Meanwhile, DC cannot pass through the capacitor, so the DC bias current is forced to flow through Rp,
maintaining perfect thermal stability).
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Low-Frequency Gain Reduction by the Bypass Capacitor

As the frequency of the input signal drops, the reactance of the bypass capacitor (Xcg) begins to increase. It is no
longer a perfect short circuit. The total AC impedance at the emitter (Zg) is now the parallel combination of Rg and
XcE.

Because there is now a non-zero AC impedance at the emitter, an AC voltage drop develops across it (ve = i.Zg).
This creates AC negative feedback. The formula for the voltage gain of a common-emitter amplifier with an unbypassed
emitter impedance Zg is approximately: "
— e

A, ~ ——F
Y+ Zg

(2.9)
(Where R is the collector resistor and 77, is the internal dynamic emitter resistance of the transistor).

Look closely at the denominator. As frequency drops, X¢g increases, making Zg larger. As the denominator grows,
the overall voltage gain (A,) shrinks. The lower the frequency, the more "unbypassed" the emitter resistor becomes,
and the more severe the negative feedback, dragging the gain down further and further.

The lower cutoff frequency caused specifically by the bypass capacitor occurs when its reactance equals the resistance

"looking back" into the emitter terminal:
1

fL(bypass) = m

(Where R, is the parallel combination of Ry and the internal resistance 1, + Ry /).

(2.10)

Al IMAGE PLACEHOLDER
A diagram showing a Common-Emitter amplifier circuit. Highlight the Emitter
Resistor Rp and the Bypass Capacitor Cg in parallel. Draw two arrows showing
current flow. One arrow represents high-frequency AC current flowing entirely
through the capacitor Cg (bypassing Rpg). The other arrow represents
low-frequency AC current struggling to get through C'r and being forced to flow
partially through Rp, causing negative feedback.

Figure 2.6: The Bypass Capacitor Cgp determines the internal AC gain. At low frequencies, its rising reactance
introduces negative feedback, lowering the gain.

2.4.3 3. The Dominant Lower Cutoff Frequency

In a complete amplifier circuit containing Cj,, Coyut, and Cg, all three capacitors will cause the gain to roll off at low
frequencies. However, they do not all cause the roll-off at the exact same frequency. If you calculate the individual
cutoff frequencies for all three capacitors (f7in), fL(out)s fL(bypass)), they will usually be different values.

The Dominant lower cutoff frequency is the highest of these three calculated values. Why? Because as you
sweep the frequency down from the mid-band, the gain will hit the —3dB point as soon as it reaches the highest of the
three cutoff frequencies. The other two capacitors haven’t even begun to significantly attenuate the signal yet, but the
dominant capacitor has already choked off half the power.

In practical designs, the emitter bypass capacitor (Cg) usually dictates the dominant lower cutoff frequency because
the internal emitter resistance it must bypass is typically very small (a few ohms), requiring a massive capacitance
(often hundreds of microfarads) to achieve a low reactance. If Cg is not large enough, it will choke the gain before the
coupling capacitors do.

2.4.4 Conclusion

The low-frequency limit of an amplifier is entirely dictated by its macroscopic capacitors. Coupling capacitors (C;

and Cyyt) act as series high-pass filters, physically blocking low-frequency signal voltages from entering or leaving the
amplifier stages. The emitter bypass capacitor (Cg) acts on the internal physics of the amplifier; its rising low-frequency
reactance un-bypasses the emitter resistor, unleashing AC negative feedback that actively crushes the voltage gain.



https://milav.in

Understanding the distinct mechanisms of these capacitors allows an engineer to size them correctly, ensuring the
amplifier’s bandwidth extends low enough to perfectly capture the desired signal frequencies without distortion.

2.5 Frequency Response of a Single Stage Amplifier

Having analyzed the theoretical definitions of Gain and Bandwidth, and having isolated the specific effects of macroscopic
capacitors on the low-frequency limit, we are now prepared to synthesize these concepts. In this section, we will
construct the complete frequency response curve for a standard single-stage Common-Emitter (CE) amplifier.

We will divide the spectrum into three distinct frequency bands—low, mid, and high—and mathematically justify
the behavior of the amplifier in each band using equivalent AC circuit models.

2.5.1 1. The Mid-Band Response

We begin our analysis in the middle of the frequency spectrum. The mid-band is defined as the range of frequencies
high enough that all macroscopic capacitors (Ci,, Cout, Cp) act as perfect short circuits, but low enough that the
microscopic internal capacitances of the transistor act as perfect open circuits.

The Mid-Band AC Equivalent Circuit
To determine the mid-band gain, we draw the AC equivalent circuit.

1. DC voltage sources (like Vo) are replaced with a short circuit to ground, because a constant DC supply has zero
AC variation.

2. Cin, Cout, and Cg are replaced with solid wires (short circuits).

Because CF is a short circuit, the emitter resistor Rg is completely bypassed to ground. The AC signal sees a direct
path from the emitter to ground. At the input, the AC signal sees the bias resistors Ry and Ro in parallel with each
other, and in parallel with the base of the transistor. At the output, the AC signal sees the collector resistor R¢ in
parallel with the load resistor Ry,.

Calculating Mid-Band Gain (A, (q))

Using the hybrid-7 or 7. transistor model, the internal AC resistance of the forward-biased base-emitter junction is
denoted as . The voltage gain in the mid-band is strictly a function of the external AC collector resistance divided by
the internal AC emitter resistance.

Let r. = Rc || R be the total AC resistance at the collector. The mid-band voltage gain is:

—7e

(2.11)

Av(mid) = T’é

The negative sign indicates a 180-degree phase inversion (a positive-going input produces a negative-going output).
Because r. and 7, are purely resistive (independent of frequency), the mid-band gain is a constant, flat horizontal line
on the frequency response graph. It represents the absolute maximum gain the circuit can achieve.

2.5.2 2. The Low-Frequency Response

As the input frequency decreases from the mid-band, we enter the low-frequency region. Here, we can no longer ignore
the external macroscopic capacitors.

The Low-Frequency AC Equivalent Circuit

1. The microscopic internal transistor capacitances still act as open circuits (they are irrelevant here).

2. The external capacitors (Cip, Cout, Cr) must now be drawn as actual components with significant capacitive
reactance (X¢ = ﬁ)

As detailed in the previous section, these three capacitors create three distinct high-pass RC filter networks.
e (), forms a voltage divider with the amplifier’s input resistance, attenuating the signal before it reaches the base.
o Cyyt forms a voltage divider with the load resistor Ry, attenuating the signal before it reaches the output.

o (g fails to fully bypass Rp, introducing a non-zero emitter impedance (Zg) that unleashes AC negative feedback,

reducing the internal transistor gain to A, = T,jr"éE.
e
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The Roll-Off Slope

As frequency decreases, the reactance of all three capacitors increases simultaneously, causing a rapid collapse in voltage
gain. If we plot this on a logarithmic graph (a Bode plot), the gain drops off at a specific, predictable rate. Below the
dominant lower cutoff frequency (f1), a single RC network causes the gain to drop at a rate of 20 dB per decade
(which is identical to 6 dB per octave). (A "decade" is a 10-fold change in frequency, e.g., 100 Hz down to 10 Hz. An
"octave" is a 2-fold change, e.g., 100 Hz down to 50 Hz).

If a second capacitor reaches its cutoff frequency as we continue moving lower, the slope steepens to 40 dB/decade,
and so on.

Gain (dB)

A

A'L)(mid)

» Freq (log)

Figure 2.7: The low-frequency roll-off (Bode plot approximation) caused by the coupling and bypass capacitors.

2.5.3 3. The High-Frequency Response

As the input frequency increases above the mid-band, we enter the high-frequency region. In this domain, the external
macroscopic capacitors have reactances so close to zero they remain perfect short circuits.

However, at these extremely high frequencies (typically MHz or GHz), a new set of components "wakes up": the
parasitic capacitances of the transistor.

The Source of Parasitic Capacitance

A BJT consists of layers of N-type and P-type silicon separated by depletion regions. Recall the definition of a capacitor:
two conductive plates separated by a dielectric insulator. In a reverse-biased PN junction (like the collector-base
junction in an active amplifier), the N and P regions are the conductive plates, and the depletion region acts exactly
like a dielectric insulator. Therefore, every PN junction inherently possesses a tiny amount of capacitance, usually
measured in picofarads (pF).

In a CE amplifier, we must model two primary parasitic capacitors:

1. Cpe: The base-emitter junction capacitance.
2. Cpe: The base-collector junction capacitance.

Additionally, the physical wires connecting the circuit components to each other possess tiny amounts of "stray wiring
capacitance" (Cy) to ground.

The High-Frequency AC Equivalent Circuit

1. The large external capacitors (Cin, Cout, Cg) are short circuits.

2. The tiny parasitic capacitors (Cpe, Cp., Cy) are drawn into the circuit diagram.

These parasitic capacitors are generally in parallel with the signal path to ground. Because X¢o = ﬁ, as the
frequency (f) climbs to extreme heights, the reactance of these tiny capacitors finally drops low enough to become
significant. Instead of the AC signal current flowing into the base of the transistor to be amplified, it finds an easier
path: it flows through the parasitic base-emitter capacitance (Cj) directly to ground. Similarly, amplified AC current
at the collector is shunted to ground through stray wiring capacitance instead of reaching the load.
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The Miller Effect

The base-collector capacitance (Cy.) is particularly devastating due to a phenomenon called the Miller Effect. Cj,.
connects the input (base) directly to the output (collector). Because the collector voltage is an inverted, amplified
version of the base voltage, a massive AC voltage difference appears across Cp.. This massive voltage forces a large AC
current to flow back from the collector to the base, effectively "stealing" current from the input.

Mathematically, the Miller Effect makes the tiny Cjy. look like a massive capacitor connected from the base to
ground. The effective input capacitance is:

Cin(Miller) = Cbc(l + Av) (212)

Because the amplifier’s gain (A, ) multiplies the physical capacitance, the Miller Effect is almost always the dominant
factor that chokes off the high-frequency response, creating the upper cutoff frequency (fr).

Al IMAGE PLACEHOLDER
A diagram explaining the Miller Effect. Show a transistor with a small capacitor
Cpe connected between Base and Collector. Next to it, show the equivalent Miller
circuit: the Cj. is removed, and replaced by a massive capacitor labeled
"Cpe(1 + Ay)’ connected between the Base and Ground.

Figure 2.8: The Miller Effect artificially multiplies the base-collector parasitic capacitance, shunting high-frequency
input signals to ground.

Above fg, the gain rolls off at a rate of -20 dB per decade (or -6 dB per octave) due to these parallel RC
shunting networks.

2.5.4 Conclusion

The complete frequency response of a single-stage amplifier is a tale of two extremes. The flat, desirable mid-band
gain (Ay(mig) = r¢/7Te) is bounded on both sides by capacitive physics. On the low end, the physical capacitors we
deliberately installed to block DC unfortunately act as high-pass filters, blocking low-frequency AC. On the high end,
the unavoidable microscopic parasitic capacitors inherent to the semiconductor physics act as low-pass filters, shunting
high-frequency AC to ground before it can be amplified. The usable Bandwidth of the amplifier is the finite window of
frequencies trapped between these two physical limitations.

2.6 Cascading Amplifiers: Coupling Techniques

In many practical electronic applications, a single transistor amplifier cannot provide enough gain. For example, a tiny
signal picked up by a radio antenna might need a voltage gain of 1,000,000 before it is strong enough to drive a speaker.
A single transistor cannot achieve this. The solution is Cascading.

Cascading involves connecting the output of one amplifier (Stage 1) to the input of the next amplifier (Stage 2),
and so on. The total overall gain is the product of the individual stage gains (Agptqr = A1 X Ag X Az...).

However, connecting stages together is not as simple as running a wire from the collector of the first transistor to
the base of the second. Each transistor has a carefully calculated DC bias (Q-point). If we just wire them together, the
high DC collector voltage of Stage 1 will flood into the base of Stage 2, destroying Stage 2’s Q-point and likely burning
it out.

Therefore, we must use specific Coupling Techniques to connect stages. The goal of a coupling network is to
transfer the AC signal from one stage to the next with maximum efficiency, while perfectly maintaining the DC isolation
between them. There are four primary methods of coupling: Direct, RC, LC, and Transformer.
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2.6.1 1. Direct Coupling

As the name implies, Direct Coupling is the method of connecting the output of one stage directly to the input of the
next stage using a solid wire, without any blocking capacitors or transformers.

Circuit Operation and Design

Because there are no blocking components, the DC voltage at the collector of Stage 1 is directly applied to the base of
Stage 2. This means that Stage 2 cannot have its own independent voltage divider bias network. Instead, the entire
multi-stage circuit must be designed as a single, complex, interlocking DC network. The collector voltage of ()1 is the
base bias voltage for Q2. If the Q-point of ()1 drifts due to temperature, that drift is immediately transmitted to Q2
and multiplied by the gain of Qs.

Advantages and Disadvantages

e Advantage: Perfect Low-Frequency Response. Because there are no series coupling capacitors to act as
high-pass filters, a directly coupled amplifier can amplify signals down to 0 Hz (pure DC). It is the only method
capable of amplifying slow-moving DC changes (like a temperature sensor output).

e Advantage: No bulky components. It uses only resistors and transistors, making it ideal for Integrated
Circuits (ICs) where large capacitors cannot be manufactured.

o Disadvantage: Severe Thermal Drift. Direct coupling suffers from "DC drift." Any slight temperature-induced
change in the first stage is heavily amplified by subsequent stages, causing massive instability. It requires complex
compensation circuitry to work reliably.

Al IMAGE PLACEHOLDER
A circuit diagram of a two-stage Direct Coupled amplifier. Show the Collector of
NPN Transistor ()1 connected by a solid line directly to the Base of NPN
Transistor (J2. No capacitors should be present in the signal path between them.

Figure 2.9: Direct Coupling. The collector of the first stage directly biases the base of the second stage. Excellent for
DC, terrible for thermal drift.

2.6.2 2. Resistance-Capacitance (RC) Coupling

RC Coupling is the most universally used method for cascading audio-frequency amplifiers built with discrete components.

Circuit Operation

In this configuration, a Coupling Capacitor (C¢) is placed in series between the collector of Stage 1 and the base of
Stage 2.

e DC Isolation: The capacitor acts as an open circuit to DC. It completely blocks the DC collector voltage of
@1 from reaching Q2. This allows @ and (2 to have completely independent, stable biasing networks (usually
Voltage Divider bias).

o AC Coupling: The capacitor acts as a short circuit to AC (provided the frequency is high enough). The AC
signal from the collector of ()1 passes straight through C'c and develops across the base resistor of Qs.

The "R" in RC coupling refers to the collector resistor of the first stage and the input resistance of the second stage,
which together with C'c form the coupling network.
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Advantages and Disadvantages

o Advantage: Excellent DC Stability. Because the stages are DC-isolated, thermal drift in Stage 1 does not
affect Stage 2.

e Advantage: Wide Mid-Band. It provides a very flat, even gain across the audio spectrum.

e Disadvantage: Poor Low-Frequency Response. The coupling capacitor forms a high-pass filter. Below the
lower cutoff frequency (fr), the gain drops sharply. It cannot amplify DC.

e Disadvantage: Impedance Mismatch. The relatively high output impedance of a CE amplifier does not
naturally match the lower input impedance of the next CE stage, leading to some signal power loss during the
transfer.

Al IMAGE PLACEHOLDER
A circuit diagram of a two-stage RC Coupled amplifier. Show two complete CE
amplifiers with voltage divider bias. Connect the Collector of ()1 to the Base of Q2
using a single capacitor labeled Cc.

Figure 2.10: RC Coupling. The capacitor provides perfect DC isolation, allowing independent, stable biasing for each
stage.

2.6.3 3. Inductance-Capacitance (LC) Coupling

LC Coupling (also known as Impedance Coupling) is similar to RC coupling, but the collector resistor (R¢) of the first
stage is replaced by an Inductor (an RF choke coil, L). The series coupling capacitor (C¢) remains the same.
Circuit Operation

Why replace a cheap resistor with an expensive, bulky inductor? It comes down to DC power loss versus AC impedance.
o A resistor (R¢) drops significant DC voltage (I X R¢) and turns it into wasted heat.

e An ideal inductor has zero DC resistance. Therefore, it drops almost zero DC voltage, allowing the full supply
voltage (Vo) to reach the collector. This vastly improves the DC efficiency of the amplifier.

o For the AC signal, the inductor’s reactance (X = 27 fL) provides the necessary high impedance for the signal to
develop across, acting just like a collector resistor but without the DC power waste.
Advantages and Disadvantages

e Advantage: High Efficiency. Minimal DC power is wasted in the collector load.

e Disadvantage: Bulky and Expensive. Inductors are heavy, expensive, and cannot be integrated into
microchips.

o Disadvantage: Uneven Frequency Response. The inductor’s reactance increases with frequency (X, o f).
This means the effective collector load—and therefore the gain—increases as frequency goes up. This results in a
highly uneven, slanted frequency response, making it unsuitable for high-fidelity audio. It is primarily used in
narrow-band Radio Frequency (RF) applications.

2.6.4 4. Transformer Coupling

Transformer coupling is the ultimate method for transferring power between stages, especially when driving a
low-impedance load like a loudspeaker. It uses a signal transformer instead of capacitors or resistors.
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Circuit Operation

The primary winding of the transformer replaces the collector resistor of Stage 1. The secondary winding is connected
directly to the base of Stage 2 (or to the final load).

e DC Isolation: The primary and secondary coils are physically separated by insulation and communicate only
via magnetic fields. Therefore, perfect DC isolation is naturally achieved without any capacitors.

« Impedance Matching: This is the superpower of the transformer. The Maximum Power Transfer Theorem
states that power transfer is maximized when the output impedance of the source perfectly matches the input
impedance of the load. A CE amplifier has a high output impedance (e.g., 5 kQ2), and a speaker has a low
impedance (e.g., 8Q2). If connected directly, almost all power is lost. A transformer with the correct turns ratio
(Np/Ns) can "transform” the 8Q speaker to look like 5 k€2 to the transistor, ensuring 100% efficient power transfer.

Advantages and Disadvantages
e Advantage: Perfect Impedance Matching. Unmatched efficiency for power amplifiers.
e Advantage: No DC Power Loss. Like LC coupling, the primary coil has near-zero DC resistance.

e Disadvantage: Terrible Frequency Response. Transformers are plagued by parasitic inductances and
capacitances. They resonate at certain frequencies and severely attenuate very low and very high frequencies.
They have the worst frequency response of all four methods.

e Disadvantage: Massive Size and Cost. Iron-core audio transformers are the heaviest, largest, and most
expensive components in classic electronics.

Al IMAGE PLACEHOLDER
A circuit diagram of a Transformer Coupled amplifier. The Collector of Q) is
connected to the top of the Primary coil of a transformer. The bottom of the
Primary goes to Voo. The Secondary coil connects to the Base of Q2. Show the
magnetic core lines between the coils.

Figure 2.11: Transformer Coupling provides perfect DC isolation and the ability to mathematically match impedances
for maximum power transfer.

2.6.5 Conclusion

The choice of coupling method fundamentally dictates an amplifier’s character. Direct coupling is mandatory for
amplifying ultra-slow signals (like sensor data in ICs) but requires intense thermal stabilization. RC coupling is the
universal standard for audio voltage amplifiers due to its flat frequency response and excellent stability. LC coupling is
an efficient niche solution for RF circuits. Finally, Transformer coupling, despite its horrific frequency response and
massive weight, remains the undisputed king of final-stage power amplifiers due to its unique ability to perfectly match
high-impedance transistors to low-impedance physical loads.

2.7 Frequency Response of a Two-Stage RC Coupled Amplifier

We have thoroughly analyzed the frequency response of a single-stage amplifier, noting how coupling capacitors throttle
the low frequencies and parasitic capacitances choke the high frequencies. We have also explored the mechanical
necessity of cascading stages together to achieve higher overall voltage gain, determining that RC coupling is the
standard method for audio-frequency voltage amplification.

The logical next step is to synthesize these two concepts. When we cascade two amplifier stages together using RC
coupling, what happens to the overall frequency response? Does the bandwidth stay the same, increase, or shrink? In
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this section, we will analyze the mathematics of cascading and observe its profound effect on the bandwidth of the
resulting multi-stage amplifier.

2.7.1 1. The Overall Mid-Band Gain

Let’s assume we have two identical Common-Emitter (CE) amplifiers cascaded together using an RC coupling network.
Let the mid-band voltage gain of Stage 1 be A,1, and the mid-band voltage gain of Stage 2 be A,q.
If we express the gain as a raw ratio (Vout/Vin), the overall mid-band gain (Ayotar)) is the simple mathematical
product of the individual stage gains.
Av(total) = Ap1 X Ap2 (213)

If Stage 1 has a gain of 50, and Stage 2 has a gain of 50, the total mid-band gain is 50 x 50 = 2500.

Loading Effects

It is crucial to understand that A, in a cascaded circuit is not the same as the gain of Stage 1 sitting on a test bench
by itself. Recall the formula for single-stage gain: A, = —r./r., where r. is the total AC collector load. When Stage 1
is standalone, 7. &~ Rc1. When Stage 1 is coupled to Stage 2, the AC signal sees the input impedance of Stage 2 (Z;2)
in parallel with the collector resistor R¢. Therefore, r. = Ry || Zina. Because adding a parallel resistor always lowers
the total resistance, r. drops. Consequently, the gain of Stage 1 drops when it is loaded by Stage 2. When calculating
Ayl X Ayo, you must use the loaded gain for A,;.

Gain in Decibels (dB)

Because multiplying large numbers is cumbersome, engineers prefer to use Decibels.
Ayap) = 201ogio(Ay) (2.14)

By the laws of logarithms, log(A x B) = log(A) + log(B). Therefore, when working in Decibels, the overall gain is the
sum of the individual stage gains:

Ay(total,dB) = Avi(dB) + Ava(aB) (2.15)
If both stages have a loaded gain of 34 dB, the total gain is exactly 68 dB.

2.7.2 2. The Shrinking Bandwidth Effect

While cascading stages wonderfully multiplies the mid-band gain, it has a highly detrimental effect on the bandwidth.
Cascading identical amplifier stages always reduces the overall bandwidth. Let us examine exactly why this
happens by looking at the low and high frequency roll-offs independently.

The Low-Frequency Response (f1)

Recall that below the lower cutoff frequency (f1), a single stage acts like a high-pass filter, and its gain drops by 3dB.
If Stage 1 and Stage 2 are identical, they both have the exact same lower cutoff frequency, fr.

Imagine an input signal exactly at frequency fr. Stage 1 attenuates this signal by 3dB (it passes only 70.7% of the
maximum voltage). This weakened signal is then fed into Stage 2. Stage 2 also attenuates the signal by 3dB at this
specific frequency. The total attenuation at fr is therefore 3dB 4 3dB = 6dB.

By definition, the overall cutoff frequency of an amplifier is the point where the total gain drops by 3dB. Because
the cascaded amplifier has already dropped 6dB at the original fr, the "new" overall —3dB point must be located
further to the right (at a higher frequency) on the frequency axis, where the attenuation is less severe.

Conclusion: The overall lower cutoff frequency (f7) of cascaded identical stages is higher than the lower cutoff
frequency of a single stage. The low-frequency response is degraded.

The mathematical formula for the new lower cutoff frequency for n identical cascaded stages is:

/ fL

For a two-stage amplifier (n = 2): f; = fLo~ S~ fLon 156 fr The lower cutoff frequency increases by

Vva—1 | Vo4l T 064 T
roughly 56%.
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The High-Frequency Response (f)

The exact same compounding logic applies to the high-frequency roll-off caused by parasitic Miller capacitances.

If Stage 1 and Stage 2 both have an upper cutoff frequency of fz, an input signal exactly at fr will be attenuated
by 3dB by Stage 1, and then attenuated by another 3dB by Stage 2. The total attenuation is 6dB.

To find the true —3dB point of the entire cascaded system, we must move to the left (to a lower frequency) on the
frequency axis, before the parasitic capacitances have started shunting so much signal to ground.

Conclusion: The overall upper cutoff frequency (f};) of cascaded identical stages is lower than the upper cutoff
frequency of a single stage. The high-frequency response is degraded.

The mathematical formula for the new upper cutoff frequency for n identical cascaded stages is:

fr = fuxy2/n -1 (2.17)

For a two-stage amplifier (n = 2): f}; = fu X \/v/2 — 12 fg x 0.64 The upper cutoff frequency drops to roughly 64%
of its original value.

Gain (dB)

A

Two-Stage Cascaded (A1 X Ay2)

Single Stage (Ay1)

Cascaded BW
- Single Stage BW -

» Freq (log)

Figure 2.12: The effect of cascading on frequency response. The mid-band gain is massively increased, but the
bandwidth is significantly narrowed. The lower cutoff shifts up, and the upper cutoff shifts down.

2.7.3 3. The Conservation of the Gain-Bandwidth Product

Does this shrinking bandwidth violate the Gain-Bandwidth Product theorem we discussed earlier? Absolutely not; in
fact, it proves it perfectly.

Let’s review the physical reality of our two-stage amplifier: 1. We drastically increased the total voltage gain (from
A, to A2%). 2. As a direct consequence of the laws of physics, the bandwidth narrowed (the lower end came up by 56%,
the upper end came down by 36%).

The amplifier became a much more powerful magnifying glass, but its "field of view" (frequency range) became
much narrower. The trade-off is inescapable.

Cascading Non-Identical Stages

It is worth noting that the severe bandwidth shrinkage formula applies to cascading identical stages (stages with the
same cutoff frequencies). If an engineer needs a multi-stage amplifier with a very wide bandwidth, they will intentionally
design the stages to have staggered tuning.

For example, Stage 1 might be designed to have an excellent low-frequency response but a mediocre high-frequency
response. Stage 2 might be designed with small capacitors to have a terrible low-frequency response but an excellent
high-frequency response. The overall cascaded bandwidth will simply be the intersection of the two overlapping
pass-bands. The dominant lower cutoff f; will be dictated entirely by the "worst" low-frequency stage (Stage 2 in this
example), and the dominant upper cutoff f}; will be dictated by the "worst" high-frequency stage (Stage 1). While
this "Stagger-Tuning" avoids the exponential mathematical shrinkage of identical stages, the overall bandwidth is still
strictly limited to the narrowest window common to both stages.

2.7.4 Conclusion

Cascading amplifiers via RC coupling is an essential technique for achieving the massive voltage gains required in
practical electronics. The overall mid-band gain in decibels is simply the sum of the individual loaded stage gains.
However, this massive amplification comes at a strict mathematical cost to the bandwidth. Because identical high-pass
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and low-pass filter networks compound their attenuation (3dB + 3dB = 6dB), the usable frequency window of a
multi-stage amplifier is significantly narrower than the window of any single stage within it.
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CHAPTER 3

Hybrid Parameters

3.1 Two-Port Networks, h-Parameters, and Equivalent Circuits

3.1.1 Introduction to Two-Port Networks

In the study of electrical and electronic circuits, we often encounter complex networks that can be simplified and
analyzed by focusing on their input and output terminals. A port is defined as any pair of terminals through which a
signal can enter or leave a network.

Box[One-Port and Two-Port Networks|] A one-port network is an electrical circuit with only one pair of terminals
for accessing it. A common example is a simple resistor, a capacitor, or a two-terminal power source. The current
entering one terminal of the port is exactly equal to the current leaving the other terminal.

A two-port network is an electrical network that has two separate pairs of terminals: one pair is designated for
the input signal (Port 1), and the other pair is designated for the output signal (Port 2).

In a standard two-port network, we typically denote the input terminals as Port 1 (with voltage V; and current
I) and the output terminals as Port 2 (with voltage V5 and current I3). By convention, both currents I; and I are
assumed to be entering the network from the positive terminals of their respective ports. This standard convention
ensures consistency when deriving and applying mathematical formulas for the network parameters.

Concept The primary advantage of the two-port network model is that it allows us to treat a highly complex
circuit as a "black box." We do not need to know the intricate details of the internal circuitry—such as the number
of resistors, capacitors, inductors, or internal nodes. Instead, we can completely characterize the network’s external
behavior by relating the four terminal variables: Vi, Iy, V5, and Is.

Real-world examples of two-port networks include transformers, transmission lines, passive filters, and most notably
in modern electronics, transistors. When analyzing a transistor amplifier, the input signal is applied to one pair of
terminals (e.g., base and emitter), and the amplified output is taken from another pair of terminals (e.g., collector and
emitter).

3.1.2 The Need for Hybrid (h) Parameters

To mathematically relate the four terminal variables (Vi, I1, Vo, I) of a two-port network, we can formulate several
different sets of parameters. You may already be familiar with:

o Z-parameters (Impedance parameters): These parameters express the port voltages (V1, V) in terms of the
port currents ([1, Is). Measuring Z-parameters requires leaving the ports open-circuited (I = 0).

o Y-parameters (Admittance parameters): These express the port currents in terms of the port voltages.
Measuring Y-parameters requires short-circuiting the ports (V' = 0).

However, when dealing with certain active electronic components, particularly bipolar junction transistors (BJTs),
Z and Y parameters present severe practical difficulties.

For a BJT operating in its active region, the input impedance is typically very low, while the output impedance
is very high. Measuring Z-parameters requires creating an open-circuit at the terminals, which is difficult to achieve
accurately at high frequencies due to parasitic capacitances. Conversely, measuring Y-parameters requires creating a



perfect short-circuit, which can lead to unstable conditions, oscillation, or excessive and destructive currents in active
devices.

To overcome these significant challenges, engineers utilize Hybrid parameters (h-parameters). They are called
"hybrid" because they are derived using a mixture of both short-circuit and open-circuit conditions. Consequently, the
parameters themselves are a hybrid mixture of units: they include an impedance, an admittance, and two dimensionless
ratios. This unique mixture perfectly suits the physical characteristics of transistors, making h-parameters the industry
standard for small-signal, low-frequency BJT modeling.

3.1.3 Mathematical Definition of h-Parameters

In the h-parameter model, we strategically select the input current I; and the output voltage V5 as the independent
variables. The input voltage V; and the output current Is are then expressed as dependent variables.
The governing linear algebraic equations for the two-port h-parameter model are written as:

Vi = hi1li + hiaVs (3.1)
Iy = ho1l1 + haaVo

Let us break down the physical meaning of each of the four h-parameters by systematically setting the independent
variables to zero. Setting a current to zero means opening the circuit, and setting a voltage to zero means shorting the
circuit.

1. h11 - Input Impedance with Output Shorted:
If we short-circuit the output terminals so that Vo = 0, Equation 3.1 simplifies to V4 = hi11;. Therefore, we
define:
Vi

h11 - T
11V5=0

Since it is the ratio of an input voltage to an input current, h1; represents an impedance and is measured in
Ohms ().

2. h1s - Reverse Voltage Gain with Input Open:
If we open-circuit the input terminals so that I; = 0, Equation 3.1 simplifies to V3 = h1aV5. Therefore:

Vi

hia = —
Valr—o

This parameter represents the ratio of the input voltage to the output voltage. It is a dimensionless quantity (a
pure number) and indicates what fraction of the output voltage is fed back internally to the input port.

3. h91 - Forward Current Gain with Output Shorted:
If we again short-circuit the output terminals (V5 = 0), Equation 3.2 simplifies to Is = ho1I;. Therefore:

This parameter represents the ratio of the output current to the input current. It is also dimensionless and is
frequently referred to as the forward current transfer ratio. In a transistor, this is an absolutely critical parameter
as it indicates the fundamental current amplification capability of the device.

4. hgo - Output Admittance with Input Open:
If we open-circuit the input terminals (I; = 0), Equation 3.2 simplifies to Is = hgaVa. Therefore:
I

has = —
Valrn=o

Because it is the ratio of an output current to an output voltage, hoo represents an admittance. It is measured
in Siemens (S) or Mhos (U).

Consistency of Units in Calculations

A common pitfall for students is treating all h-parameters as if they have the same units. Always remember their
hybrid nature: hi; is in Ohms, hgsy is in Siemens, while h1s and ho; are unitless. When substituting these values
into circuit equations, strict attention must be paid to units to ensure dimensional consistency.
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3.1.4 The h-Parameter Equivalent Circuit

The mathematical equations defining the h-parameters can be directly translated into a schematic equivalent circuit
model. This equivalent circuit is an incredibly powerful analytical tool because it replaces the physical BJT or abstract
two-port network with standard linear electrical components (resistors and dependent sources). This allows us to
analyze the entire complex system using fundamental network theorems like Kirchhoff’s Voltage Law (KVL) and
Kirchhoft’s Current Law (KCL).

Let us construct the equivalent circuit step-by-step from our defining equations:

1. The Input Circuit (Modeling Port 1):
Look at Equation 3.1: V4 = hi1l7 + h12Vs. This equation takes the exact mathematical form of KVL applied to a
simple series loop.

e V] acts as the total applied voltage across the terminals of Port 1.
e hy1lq represents the voltage drop across a resistor of value hy; due to the current I; flowing through it.

o hi12Vh represents a wvoltage-controlled voltage source (VCVS). The voltage generated by this source is directly
dependent on the voltage present at the output port, V5.

Therefore, the input circuit is modeled as a Thevenin equivalent circuit: a series combination of an input resistance
(h11) and a dependent voltage source (h12V2).

2. The Output Circuit (Modeling Port 2):
Now look at Equation 3.2: Is = ho1l1 + hooVa. This equation takes the exact mathematical form of KCL applied to a
parallel node configuration.

e Iy acts as the total current entering the terminals of Port 2.

o ho1l; represents a current-controlled current source (CCCS). The current delivered by this source is governed by
the current flowing into the input port, I;.

o hgoVs represents the current flowing through a component with an admittance of hoo (which is equivalent to a
resistance of 1/hg2).

Therefore, the output circuit is modeled as a Norton equivalent circuit: a parallel combination of a dependent
current source (ha1/1) and an output admittance (hag).

+ I ' I, +
Vi o ——{ Tnp | : oV
@ : ha1lh
: —
[c; E ©

Figure 3.1: The general h-parameter equivalent circuit of a two-port network.

In the diagram above, observe the clear conceptual separation between the input side (Thevenin-like) and the
output side (Norton-like). The two sides are dynamically coupled together by the dependent sources. The input side is
affected by the state of the output voltage through the dependent source hi2Va, which elegantly models the reverse
internal feedback of the device. Concurrently, the output side is driven by the input current through the dependent
source hs1 11, which models the forward signal amplification.

3.1.5 Application to Transistor Configurations

While the generalized numerical parameters (hi1, hi2, ho1, hee) are universally applicable to any linear two-port network,
they are most famously and widely applied to Bipolar Junction Transistors. Depending on how the BJT is connected
in a circuit (Common Emitter, Common Base, or Common Collector), a second subscript is appended to the 'h’ to
denote the specific configuration:

« e for Common Emitter (CE) configuration.
e b for Common Base (CB) configuration.

¢ ¢ for Common Collector (CC) configuration.
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Furthermore, to make the notation more intuitive for electronics engineers, the numeric subscripts (11, 12, 21, 22)
are replaced by descriptive letters denoting their function:

o i for Input (11)

o r for Reverse (12)
o f for Forward (21)
o o for Output (22)

For example, when analyzing a transistor in the ubiquitous Common Emitter (CE) configuration, the general
h-parameters are specifically mapped as follows:

e hje = hq1: Short-circuit input impedance.

hre = hi1s: Open-circuit reverse voltage gain.
o hfe = hgi: Short-circuit forward current gain (in DC analysis, this is closely related to 3 or hrg).

e hoe = hog: Open-circuit output admittance.

Practical Transistor Data and Approximations

If you consult the manufacturer’s datasheet for a standard general-purpose NPN transistor, such as the 2N3904,
you will find typical h-parameter values listed for the Common Emitter configuration under specific DC bias
conditions (for example, at a collector current I = 1 mA and Vog = 10 V). Typical small-signal values might be:

o hie = 3.5 kQ (A moderate input resistance).
e hye~ 1.3 x 10~* (Notice how extremely small the reverse voltage feedback is).
e hge ~ 150 (Demonstrating a significant forward current amplification).

o hoe = 8.5 uS (The corresponding output resistance 1/hge is around 117 k2, which is quite high and often
acts like an open circuit).

Because h,. is typically very small in modern BJTs, the voltage source h,.Vs produces a negligible effect.
Consequently, in approximate engineering analyses, h,. is often assumed to be zero. Similarly, because h,, is very
small (meaning 1/h, is very large), it is often neglected (treated as an open circuit) to vastly simplify manual
calculations without sacrificing significant accuracy.

In summary, the h-parameter two-port model serves as an indispensable conceptual and mathematical bridge
between complex semiconductor device physics and practical, day-to-day circuit design. By converting a non-linear
BJT into a linear equivalent circuit composed of standard components, engineers can straightforwardly calculate crucial
amplifier characteristics such as voltage gain (A, ), current gain (A;), input impedance (Z;;,), and output impedance
(Zout)-

3.2 h-Parameters for Transistor Amplifier

In the analysis of electronic circuits, particularly when dealing with small-signal transistor amplifiers, it is highly
advantageous to represent the complex internal mechanisms of a semiconductor device as a simplified "black box" or
a two-port network. A two-port network has one pair of input terminals (a port) and one pair of output terminals.
By mathematically modeling the transistor in this manner, we can efficiently analyze its performance, predict circuit
behavior, and interface it with other electronic components without needing to repeatedly solve complex semiconductor
physics equations.

Among the various parameter sets—such as z-parameters (impedance), y-parameters (admittance), and ABCD-
parameters (transmission)—the hybrid parameters or h-parameters are universally preferred and predominantly
used for bipolar junction transistor (BJT) circuits.

3.2.1 The Two-Port Network Model

A transistor amplifier can be viewed as a two-port network where the input port is excited by an AC signal source, and
the output port is connected to a load. For this mathematical abstraction, let us denote the input voltage and current
as V1 and Iy, respectively, and the output voltage and current as V5 and I3, respectively.
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In the specific formulation of the h-parameter model, the input current (/1) and the output voltage (V2) are
strategically chosen as the independent variables, while the input voltage (V1) and the output current (I3) are treated
as the dependent variables.

The generalized linear equations governing the two-port network using h-parameters are expressed as follows:

Vi = hili + higVs (3.3)
Iy = ho1ly + hoo Vs (3.4)

Box[Hybrid Parameters (h-parameters)] The coefficients hii, hi2, ho1, and hgy form the set of hybrid parameters.

They are aptly named "hybrid" because their dimensions constitute a mixed bag: one parameter represents an
impedance (Ohms), one represents an admittance (Siemens or Mhos), and the remaining two are dimensionless
transfer ratios.

I Iy
¥ v

11
-
Vi Va

Figure 3.2: General h-Parameter Equivalent Circuit for a Two-Port Network

3.2.2 Defining the Individual h-Parameters

To comprehensively understand the physical significance and measurement techniques of each parameter, we mathemat-
ically isolate them by simulating alternating current (AC) short-circuit or open-circuit conditions at the designated
ports:

1. Input Impedance (hi1; or h;): By creating an AC short circuit across the output terminals (setting Vo = 0),
the first equation simplifies to V7 = hqi117. Therefore, we find:

Since it represents the ratio of an AC voltage to an AC current, its standard unit is Ohms (£2). This parameter
effectively dictates the intrinsic input impedance of the transistor when the output load is bypassed or shorted.

2. Reverse Voltage Transfer Ratio (hj2 or h,): By open-circuiting the input terminals for AC signals (setting
I, = 0), the first equation becomes V; = h13V5. Therefore:

Being a ratio of two identical units (voltages), this parameter is fundamentally dimensionless. In physical terms,
a transistor is not perfectly unilateral; changes at the output port (such as voltage swings at the collector) can
inadvertently induce minor variations at the input port due to the Early effect. The h, parameter quantifies this
non-ideal reverse feedback.

3. Forward Current Transfer Ratio (h2; or hy): Reverting to an AC short-circuit across the output terminals
(setting V5 = 0), the second equation reduces to Is = hoiI;. Thus:
I

ha1 = T
11va=0

This is purely a ratio of two currents, making it dimensionless. This is arguably the most critical parameter in
amplifier design, representing the raw forward current amplification factor (gain) of the device.
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4. Output Admittance (hg2 or h,): By maintaining an AC open-circuit at the input (setting Iy = 0), the second

equation yields Iy = hosVa. Therefore:
hoo = 2
22 = T
Valn=o
Since it is the ratio of current to voltage, it represents an admittance and its unit is Siemens (S) or Mhos (U).
The parameter h, accounts for the fact that the output current is not perfectly constant but varies marginally
with changes in the output voltage. Geometrically, this correlates to the finite upward slope of the active-region

output characteristic curves on a transistor graph.

Concept In practical engineering and manufacturer datasheets, the IEEE standard notation replaces numeric
subscripts with descriptive alphabetical subscripts: i for input, r for reverse, f for forward, and o for output. A
secondary trailing letter (e, b, or ¢) is explicitly appended to specify the transistor’s orientation: Common Emitter
(CE), Common Base (CB), or Common Collector (CC). As a result, the forward current gain for a Common
Emitter amplifier is universally denoted as h ..

3.2.3 Why Are h-Parameters So Popular?

The h-parameter modeling system dominates bipolar transistor circuit analysis due to several compelling practical
advantages:

« Ease of Laboratory Measurement: Obtaining empirical data requires configuring short-circuit and open-
circuit conditions. In an AC laboratory setting, a robust short circuit is effortlessly accomplished using a large
bypass capacitor. Conversely, an effective AC open circuit is attained by inserting a sufficiently large inductor or
resistor in series, completely avoiding the destructive DC shorts that could permanently damage the active device.

e Datasheet Standard: Because of their inherent ease of measurement, semiconductor manufacturers predomi-
nantly supply verified h-parameter values in their component datasheets.

e Ideal Unit Combination: The hybrid nature of the parameter units is remarkably well-suited to the distinct
physical traits of a BJT, which intrinsically features a relatively low input impedance and a markedly high output
impedance.

Limitations of the h-Parameter Model

It is imperative to recognize that traditional h-parameters are strictly valid only under small-signal, low-
frequency operating conditions. The derived values are tremendously dependent on the designated quiescent
operating point (DC Q-point) and the ambient temperature. At elevated frequencies, parasitic junction capacitances
heavily influence behavior, rendering the simplified resistive h-parameter model inaccurate. High-frequency circuit
analysis necessitates advanced frameworks like the hybrid-m capacitance model.

3.3 Transistor Amplifier Parameters using h-Parameters

Once the foundational h-parameter equivalent circuit of a transistor is robustly established, we can seamlessly evaluate
the core performance metrics of any practical amplifier circuit. The primary parameters of engineering interest are the
Current Gain (A;), Input Impedance (R;), Voltage Gain (4,), Output Impedance (R,), and Power Gain (A,).

In the subsequent sections, we introduce the definitive standardized formulas used to calculate these performance
metrics. As mandated, we will omit the algebraic derivations, focusing entirely on practical implementation. Crucially,
these generic equations apply universally across any configuration (CE, CB, or CC); the engineer merely substitutes
the corresponding designated h-parameter set.

For the following formulations, let Ry symbolize the equivalent AC load resistance interconnected across the output
terminals, and Ry signify the internal Thevenin resistance of the driving AC signal source coupled to the input.

3.3.1 Current Gain (4;)

Current gain determines the ratio of the amplified output load current (I7) to the initial input signal current (I;). By

standard convention, the load current I, flows opposite to the generalized network output current I (i.e., I, = —I5).
The formula for exact current gain is:

—hy

A= —1—
1+ hoRy,
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Insight: This key parameter indicates the multiplier effect of the input current. If the load is hypothetically an
absolute short-circuit (Rz, = 0), the denominator becomes unity, and the current gain maximizes at exactly A; = —hy.

3.3.2 Input Impedance (R;)

Input impedance characterizes the effective resistance that the amplifier presents back to the driving signal source. It is
formally calculated as the ratio of the applied input voltage to the consequential input current (V3/17).
The fundamental formula for input impedance is:

R, =h; + h-A; Ry,

By deliberately expanding the current gain term within the expression, it can also be represented as:
hyh. Ry,
1+ hoRp

Insight: A moderately high input impedance is generally sought to prevent detrimental "loading effects"—wherein the
amplifier inadvertently draws excessive current and causes the source voltage to sag. In highly simplified approximate
analysis, the term regarding h, is occasionally ignored because h, is extremely minuscule, loosely suggesting R; =~ h;.

R, =h; —

3.3.3 Voltage Gain (4,)

Voltage gain is arguably the most recognizable metric, defining the amplification ratio of the output voltage developed
across the load (V3) strictly concerning the input signal voltage (V7).

The concise mathematical expression for voltage gain is:
_ ARp
=%
Alternatively, utilizing exclusively h-parameters and defining the mathematical determinant of the core h-parameter
matrix as Ah = (hjh, — hyhy), the expanded voltage gain equation becomes:

__—hiRe
Y h; + AhRL
Insight: This determines the core signal magnification property of the circuit configuration. Notably, in a Common-

Emitter (CE) amplifier, the resulting calculation is persistently negative. This algebraic negative sign explicitly
corroborates a fundamental 180° phase inversion between the injected input signal and the resultant output waveform.

Ay

3.3.4 Output Impedance (R,)

Output impedance represents the internal Thevenin equivalent resistance of the amplifier as "seen" by the external load.
It is methodically measured by looking retrospectively into the output terminals while the independent signal source
voltage is deactivated (set to zero volts), yet actively preserving the inherent source resistance Ry within the network
loops.

The formula for output impedance is:
1

hih,
ho o hz+Rs

Insight: Output impedance behaves analogous to a battery’s internal resistance. To guarantee maximal voltage
delivery to the subsequent stage or load, an exceptionally low output impedance is targeted. Notice how the calculation
intertwines the source resistance Ry, beautifully demonstrating the reciprocal, non-isolated transmission characteristics
inherent to physical transistors.

R, =

3.3.5 Power Gain (A4,)

The ultimate measurement of amplification capability is power gain, formulated as the direct ratio of the active AC
power functionally delivered to the load versus the total AC input power injected into the initial amplifier port.

Since electrical power is fundamentally the arithmetic product of systemic voltage and systemic current, the resultant
power gain evaluates directly as the product of the numerical magnitudes of the previously calculated gains:

Ap = |Ay] - Ai]

Another prominent, mathematically equivalent variation derived by substituting A, = A; Ry /R; gives:

A, = A2
P zRZ_
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Calculating Practical Amplifier Parameters

\.

An engineer is analyzing a linear Common Emitter (CE) amplifier circuit driven by the following established
h-parameters extracted from a technical datasheet: hje = 1.1 kQ, hye = 2.5 x 1074, h te =50, and hoe = 25 pA/V.
The operational load resistance is set at Ry, = 1 k{2 and the driving source resistance is R; = 1 k). Accurately
calculate the true Current Gain (A;) and the resulting Input Impedance (R;).

Solution: 1. Current Gain (A4;):

—hge 50 ~50

= _ - = —48.78
1+ hoeRr 1+ (25x 1076 S)- (1000 Q) 1+ 0.025

Note: The negative mathematical sign correctly illustrates the expected phase inversion of the directional output
current.
2. Input Impedance (R;):

IRs = lige 4 s - Al < Mg

R; = 1100 + (2.5 x 10™%) - (—48.78) - (1000) = 1100 — 12.195 = 1087.8 Q ~ 1.09 k2

Note: This rigorously demonstrates that for characteristic, low-frequency operational values, the effective input
impedance remarkably approximates the isolated intrinsic input parameter (R; & hje).

3.3.6 Summary of Analytical Formulas

For rapid engineering reference and systematic circuit resolution, the unapproximated performance parameters of a
BJT amplifier utilizing extensive exact h-parameter analysis are meticulously tabulated below.

Table 3.1: Comprehensive Summary of Exact Transistor Amplifier Parameters

Performance Parameter Mathematical Formula
Current Gain (4;) A = 1—1—_:LL:RL
Input Impedance (R;) R; = h; + h A; R,
hrh¢Ry,
A s Ri=h; — ———
lternjzt; R, =h 1+ huR,
Voltage Gain (A4,) Ay = %‘L
' —hsRy
Alt te: A, =
e S0 = T (hihg — hohy )Ry,
1
Output Impedance (R,) R, = ik
ho — hi+Rs
Power Gain (A4,) Ap = |Ay] - |Af]
R
Alternate: A, = AL

zRi

3.3.7 Typical h-Parameter Values for Diverse Configurations

Because h-parameters describe the external characteristics of the specific circuit loop geometry, they remain entirely
dependent on the designated structural configuration in which the transistor is soldered. While definitive physical
values wildly fluctuate contingent on the particular discrete part number, semiconductor material, and chosen quiescent
biasing conditions, typical ranges for a small-signal, general-purpose NPN silicon transistor are categorically compared
below:

o Common Emitter (CE): Known for moderate input impedance (~ 1 k), moderate output impedance
(~ 40 k), robust current gain (~ 50), and highly capable voltage gain. Because it provides excellent overall
power gain, it reigns as the universally accepted standard configuration for cascading audio and radio frequency
amplification.

o Common Base (CB): Uniquely characterized by profoundly low input impedance (~ 20 ), extraordinarily high
output impedance (~ 1 M), current gain strictly capped just below absolute unity (« ~ 0.99), and prominent
voltage gain. The CB configuration is frequently deployed in demanding high-frequency architectural applications
and specialized impedance matching cascades.
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o Common Collector (CC): Conspicuously features exceptionally high input impedance (~ 100 k2 up to several
megaohms), exceptionally low output impedance (~ 50 ), considerable current gain, and a fractional voltage
gain marginally less than unity. Commonly identified as an "emitter follower," its primary architectural duty is
not raw signal boosting, but rather acting as a rigid voltage buffer that comfortably drives heavy, low-impedance
dynamic loads without crippling the upstream signal stage.

3.4 The Two-Port Network and Hybrid Parameters

Up to this point, our analysis of amplifiers has relied heavily on intuitive, approximate models (like the simple 7/, or
hybrid-m model). While excellent for rapid estimations and understanding general circuit behavior, these simplified
models fall short when an engineer requires extreme precision, or when analyzing complex integrated circuits at high
frequencies.

To achieve absolute mathematical rigor in circuit analysis, engineers treat the transistor not as a physical arrangement
of silicon layers, but as an abstract mathematical "black box" called a Two-Port Network. In this section, we
will explore the theory of the two-port network and derive the specific set of mathematical constants—the Hybrid
Parameters (h-parameters)—used universally to describe Bipolar Junction Transistors.

3.4.1 1. The Two-Port Network Concept

Imagine an electronic device hidden entirely inside an opaque black box. You cannot see its internal schematic, and
you do not know if it contains resistors, capacitors, inductors, or transistors.

However, protruding from this black box are four wire terminals. We group these four terminals into two pairs, or
"ports":

1. Input Port (Port 1): Two terminals where we inject a signal.
2. Output Port (Port 2): Two terminals where we extract the amplified or modified signal.

Any linear electronic circuit with an input and an output can be modeled as a two-port network. A transistor,
having three physical terminals (Base, Emitter, Collector), is easily adapted to this model by making one terminal
"common" to both the input and the output (e.g., Common-Emitter configuration).

The Four Variables

To completely describe the electrical behavior of this black box without knowing what is inside, we only need to measure
four external variables at the ports:

e 17: The AC voltage across the input port.

e I1: The AC current flowing into the input port.
e Vo: The AC voltage across the output port.

e I5: The AC current flowing into the output port.

By definition, a linear network can be perfectly described by a set of two simultaneous linear equations relating
these four variables. Depending on which two variables we choose as "independent" (known) and which two we
choose as "dependent" (unknown), we generate different sets of network parameters (e.g., Z-parameters, Y-parameters,
ABCD-parameters).

Il 12
T —
Port 1 (Inputl; ! Linear Network | Vport 2 (Output)

Figure 3.3: The generic Two-Port Network model. It is completely defined by the relationship between Vi, I, Vo, and
Is.
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3.4.2 2. The Hybrid Parameters (h-parameters)

For Bipolar Junction Transistors, engineers universally use the Hybrid Parameters (h-parameters).

Why "hybrid"? Because unlike Z-parameters (where all parameters are measured in Ohms) or Y-parameters (where
all parameters are measured in Siemens), the h-parameters are a mixed bag. One is an impedance, one is an admittance,
and two are dimensionless ratios. They are a "hybrid" of different dimensional units.

To generate the h-parameter equations, we choose Input Current (/;) and Output Voltage (12) as our
independent variables. We then express the remaining two variables (V4 and I3) as linear functions of them:

Vi = hily + hi2Vs (3.5)
Iy = ho1l1 + hoo Vi (3.6)

The constants hi1, hi2, ho1, and hay are the four h-parameters. They completely define the AC characteristics of
the transistor. Let’s define exactly what each one physically means by creating specific test conditions.

Defining the Parameters via AC Short and Open Circuits

1. Input Impedance (hy; or h;) Assume we place a perfect AC short circuit across the output port, forcing Vo = 0.
Looking at the first equation: V3 = hi1111 4+ h12(0). Solving for the parameter gives:

hip = — (3.7)

Because it is Voltage / Current, it is an impedance (measured in Ohms, ). Specifically, it is the Short-Circuit Input
Impedance. It is standard to rename this h; (’i’ for input).

2. Forward Current Gain (ho; or hy) Keeping the output short-circuited (V2 = 0), look at the second equation:
Iy = ho1I1 4 hao(0). Solving for the parameter gives:

I

ha1 = T
1 Vo=0

(3.8)

Because it is Current / Current, it is a dimensionless ratio. Specifically, it is the Short-Circuit Forward Current
Gain. It is standard to rename this hy (’f’ for forward). Note: In a Common-Emitter configuration, hy. is the exact
same thing as the transistor’s AC f.

3. Reverse Voltage Gain (hi2 or h,) Now, instead of shorting the output, assume we leave the input port
completely open, forcing I; = 0. Looking at the first equation: Vi = hy1(0) + h12Va. Solving for the parameter gives:

hip = ~* (3.9)

Because it is Voltage / Voltage, it is a dimensionless ratio. Specifically, it is the Open-Circuit Reverse Voltage
Gain. It measures how much of the output signal "leaks" backward into the input. It is standard to rename this A, ('r’
for reverse).

4. Output Admittance (hay or h,) Keeping the input open-circuited (I3 = 0), look at the second equation:
I = ho1(0) + hooVa. Solving for the parameter gives:

hoy = —= (3.10)

Because it is Current / Voltage (the reciprocal of resistance), it is an admittance (measured in Siemens, S, or Mhos,
U). Specifically, it is the Open-Circuit Output Admittance. It is standard to rename this h, (’o’ for output).
3.4.3 3. The h-Parameter Equivalent Circuit

Equations are excellent for computers, but human engineers need visuals. We can translate the two h-parameter
mathematical equations directly into an equivalent AC circuit diagram.

Let’s look at the first equation: V; = h;I; + h,Va. This equation states that the input voltage (V;) is the sum of
two voltage drops. This perfectly describes a series circuit (by Kirchhoff’s Voltage Law).

e h;I; represents the voltage drop across a resistor of value h;.

o h,V; represents a voltage generated by a Voltage-Controlled Voltage Source (VCVS).
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Therefore, the input port is modeled as a resistor (h;) in series with a dependent voltage source (h,V2).
Now let’s look at the second equation: Iy = hyly + h,Vs. This equation states that the total output current (I) is
the sum of two separate currents. This perfectly describes a parallel circuit (by Kirchhoff’s Current Law).

o hyl represents a current generated by a Current-Controlled Current Source (CCCS).
o hoV; represents the current flowing through a resistor. Since h, is an admittance, the resistance value is 1/h,.

Therefore, the output port is modeled as a dependent current source (hsl;) in parallel with a resistor (1/h,).

AI IMAGE PLACEHOLDER
A diagram of the complete h-parameter equivalent circuit. On the left (input),
show the terminals with voltage V7 and current I;. Connected in series are a
resistor labeled h; and a diamond-shaped dependent voltage source labeled ’h,. V5’
On the right (output), show terminals with voltage V2 and current I5. Connected
in parallel across the output are a diamond-shaped dependent current source
labeled *hyl;’ pointing downward, and a resistor labeled "1/h,’.

Figure 3.4: The h-parameter Equivalent Circuit. A direct physical translation of the mathematical equations
Vi =h;l1 + h, Vo and Iy = hf[l + hoVa.

3.4.4 4. Transistor Configuration Subscripts

Because a transistor can be wired in three different configurations (Common-Emitter, Common-Base, Common-
Collector), the manufacturer provides three separate sets of h-parameters on the datasheet.

To distinguish them, a second subscript is added to the parameter name: ’e’ for Common-Emitter, b’ for Common-
Base, and ¢’ for Common-Collector. For example, the parameters for a Common-Emitter amplifier are written
as:

¢ hj.: CE Input Impedance
e hge: CE Forward Current Gain (AC Beta)
e hre: CE Reverse Voltage Gain

e hye: CE Output Admittance

3.4.5 Conclusion

The two-port network model and its resulting h-parameters provide a flawless, mathematically rigorous framework
for analyzing transistor amplifiers. Unlike simplified physical models, the h-parameter equivalent circuit accounts for
every subtle interaction within the device, including reverse signal leakage (h,) and non-ideal output impedance (1/h,).
By extracting these four exact parameters from a manufacturer’s datasheet, an engineer can mathematically predict
the exact voltage gain, current gain, input impedance, and output impedance of any amplifier topology with absolute
confidence.

3.5 h-Parameters for Transistor Amplifiers

In the previous section, we derived the generic h-parameter equivalent circuit for an arbitrary two-port network. Now,
we will apply this abstract mathematical model specifically to the Bipolar Junction Transistor (BJT).

A transistor has three terminals (Base, Emitter, Collector), but a two-port network requires four terminals.
Therefore, one of the transistor’s terminals must be shared (common) between the input port and the output port. This
leads to three distinct transistor configurations: Common-Emitter (CE), Common-Base (CB), and Common-Collector
(CC). Each configuration interacts with signals differently and thus possesses its own unique set of four h-parameters.
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3.5.1

1. The Common-Emitter (CE) h-Parameters

The Common-Emitter configuration is the most widely used amplifier topology because it provides both voltage and
current gain. In this setup, the Base is the input terminal, the Collector is the output terminal, and the Emitter is
grounded, making it common to both ports.

Let us map the generic two-port variables to the physical CE transistor:

Input Current (I;) = Base Current (1)
Input Voltage (V1) = Base-Emitter Voltage (Vi)
Output Current (f2) = Collector Current (/)

Output Voltage (V2) = Collector-Emitter Voltage (V)

Substituting these specific transistor variables into the generic h-parameter equations yields the fundamental CE
mathematical model:

%e = hier + hpeVee (311)
I. = hfer + hoeVee (312)
Physical Interpretation of CE Parameters
By applying the short-circuit and open-circuit AC tests, we can understand exactly what these specific CE parameters
represent:
1. hije (Input Impedance with Output Shorted): h;e = Vi /I (when V.. = 0). This is the resistance "looking

into" the base of the transistor when the collector is AC grounded. For a typical low-power transistor, h;. is
relatively low, typically ranging from 1 kQ to 5 k. (In the simpler 7/ model, h;. ~ 8r.).

. hre (Reverse Voltage Ratio with Input Open): h,. = Vje/Vee (when I, = 0). This defines the "Early Effect."

When the collector voltage changes, it actually reaches back through the depletion region and slightly alters the
base-emitter voltage. This parameter is extremely small (typically around 10~%). Because it is so small, A, is
very frequently assumed to be zero in simplified calculations.

. hfe (Forward Current Gain with Output Shorted): hy. = I./I;, (when V.. = 0). This is the most famous

parameter. It is the AC current gain of the transistor, universally referred to as AC Beta (8,.). It is highly
variable, typically ranging from 50 to 500 depending on the specific transistor model and operating point.

. hoe (Output Admittance with Input Open): h,. = I./V.e (when I, = 0). An ideal transistor would be a

perfect current source with infinite output impedance. Real transistors are not ideal; as V.. increases, I. increases
very slightly. hoe quantifies this non-ideal slope. It is typically very small, around 10 to 50 uS (microsiemens),
which corresponds to a very high parallel output resistance (1/hee) of 20 k2 to 100 k<.

Al IMAGE PLACEHOLDER
A diagram showing the specific Common-Emitter h-parameter equivalent circuit.
Input terminals are Base (B) and Emitter (E). Output terminals are Collector (C)
and Emitter (E). The series input components are h;e and hy,.V... The parallel
output components are hf.Ipy and 1/hee. The Emitter wire runs continuously along
the bottom.

Figure 3.5: The exact h-parameter equivalent circuit for a Common-Emitter Transistor.
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3.5.2 2. The Common-Base (CB) h-Parameters

In the Common-Base configuration, the Emitter is the input, the Collector is the output, and the Base is grounded
(common).
Mapping the variables:

o Input Current (/;) = Emitter Current ()

o Input Voltage (V1) = Emitter-Base Voltage (V)

o Output Current (I2) = Collector Current (1)

o Output Voltage (V2) = Collector-Base Voltage (V)

The CB h-parameter equations are:
Veb = hivle + hypVep (3.13)

Ic=hgple + hopVer (3.14)

Physical Interpretation of CB Parameters

1. hyp (Input Impedance): Very low. The signal is injected directly into the forward-biased emitter junction.
Typically 109 to 50Q. (Note: h; is exactly equivalent to 77, in the simplified model).

2. h.y (Reverse Voltage Ratio): Even smaller than h,.. The reverse feedback from collector to emitter is
practically non-existent.

3. hyy (Forward Current Gain): This is the AC Alpha (aqc) of the transistor. Because I is always slightly less
than I., hyy is always slightly less than 1 (typically 0.98 to 0.99). Note that current flows out of the collector
when it flows into the emitter, so hyy is technically a negative number.

4. ho, (Output Admittance): Extremely small (very high output resistance). The CB configuration acts as a
near-perfect current source.
3.5.3 3. The Common-Collector (CC) h-Parameters

In the Common-Collector configuration (also known as an Emitter Follower), the Base is the input, the Emitter is the
output, and the Collector is AC grounded (common).
Mapping the variables:

o Input Current (I;) = Base Current (Ip)

o Input Voltage (V1) = Base-Collector Voltage (Vi)

o Output Current (/2) = Emitter Current (1)

o Output Voltage (Vo) = Emitter-Collector Voltage (Ve)

The CC h-parameter equations are:
Ve = hicly + hpeVee (315)

I. = hfc-[b + hocVee (316)

Physical Interpretation of CC Parameters

1. hic (Input Impedance): Identical to the CE input impedance (h;.).

2. hy. (Reverse Voltage Ratio): Because the output voltage (emitter) almost perfectly "follows" the input voltage
(base), the reverse voltage ratio is approximately 1.

3. hf. (Forward Current Gain): Since I, = I + I. and I. = I}, then I, = (8 + 1)I,. Therefore, the CC current
gain hy. = B+ 1. (Note: Like the CB configuration, directionality makes this technically a negative number:
hye = —(hfe +1)).

4. hoe (Output Admittance): Identical to the CE output admittance (hoe).
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3.5.4 4. The Approximate h-Parameter Model

While the exact h-parameter circuit is perfectly accurate, it is often overly complex for routine engineering work.
Because h, and h, are typically so incredibly small, their actual impact on the final calculations is often negligible (less
than a 5% difference).

To speed up calculations, engineers use the Approximate h-Parameter Model.

o We assume h,e =~ 0. This removes the dependent voltage source (h,.Vee) from the input side entirely.

o We assume hye ~ 0 (meaning infinite output resistance). This removes the parallel resistor (1/hye) from the
output side entirely.

The resulting approximate circuit for a Common-Emitter amplifier is incredibly simple. It consists solely of an
input resistor (hse) and a dependent current source (hy.lp). This approximate model is mathematically identical to the
basic 7, model, proving that the simplified models we used earlier are actually just the exact h-parameter model with
the tiny error terms removed.

Al IMAGE PLACEHOLDER
A diagram of the Approximate CE h-parameter circuit. Show only the input
resistor h;. between Base and Emitter, and the dependent current source h .1}
between Collector and Emitter. State clearly that hA,. = 0 and h,. = 0.

Figure 3.6: The Approximate h-Parameter Circuit. By ignoring the very small reverse leakage and output admittance,
the model becomes vastly simpler while remaining highly accurate.

3.5.5 Conclusion

The h-parameters bridge the gap between abstract network theory and the physical reality of transistors. By measuring
four specific AC parameters (h;, ., hy, hy) under short and open-circuit conditions, a manufacturer completely
characterizes the complex internal physics of a transistor. Recognizing that different circuit topologies (CE, CB, CC)
require their own specific sets of subscripted parameters is crucial for accurate analysis. Furthermore, understanding
which parameters are physically dominant allows engineers to confidently utilize approximate models, trading a tiny
fraction of mathematical perfection for massive gains in calculation speed.

3.6 Transistor Amplifier Parameters using h-Parameters

The primary reason engineers construct the h-parameter equivalent circuit is to calculate the five fundamental
performance metrics of an amplifier: Voltage Gain (A, ), Current Gain (A4;), Power Gain (A,), Input Impedance (R;),
and Output Impedance (R,).

While the rigorous mathematical derivations of these formulas from the core h-parameter equations (Vi = h;I1 +h, Vs
and Iy = hyly + hoVa) are complex and time-consuming, the resulting formulas themselves are standardized. In this
section, we will present these standard formulas for both the exact and approrimate models. We will use the generic
parameters (h;, hy, hy, ho) so that the formulas apply universally to all three configurations (CE, CB, CC)—you simply
add the appropriate second subscript (’e’, 'b’; or 'c¢’) depending on the circuit you are analyzing.

3.6.1 1. Current Gain (A4;)

Current Gain is the ratio of the AC output current (I, flowing into the load resistor Ry) to the AC input current (I).
Note: Because current traditionally flows out of the output port into the load, I, = —Is.
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Exact Formula

The exact current gain is heavily dependent on the external load resistor (Ry,) because the output current splits between
the internal output admittance (h,) and the external load.
—h
A= — T
14+ hoRy

(The negative sign indicates that if a positive current enters the input port, the output current flows in the opposite
direction out of the port).

(3.17)

Approximate Formula

In the approximate model, we assume h, ~ 0 (meaning the internal parallel output resistance is infinite). If h, = 0, the
entire denominator simply becomes 1.

Ai(appmx) ~ —hf (3.18)

This confirms our basic understanding: in a Common-Emitter amplifier, the current gain is roughly just the fq. (hye)
of the transistor.

3.6.2 2. Input Impedance (R;)
Input Impedance is the resistance "seen" by the AC signal source looking into the input port of the amplifier. It is the
ratio of input voltage to input current: R; = Vi/1;.

Exact Formula

Because of the reverse voltage feedback (h,V3), what happens at the output port physically affects the input port.
Therefore, the input impedance depends on the load resistor (Rr).

hhy Ry

R; = hy + hy ARy = hy — — L2k
* L 1+ hoR;

(3.19)

Approximate Formula

In the approximate model, we assume the reverse leakage is zero (h, ~ 0). If h, = 0, the entire second term disappears.
Ri(approx) ~ h; (320)

This incredibly simple result is why the approximate model is so popular. The input impedance is simply the internal

h; parameter (which is 8r in the basic model).

3.6.3 3. Voltage Gain (A,)

Voltage Gain is the ratio of the AC output voltage (V3) to the AC input voltage (V7).

Exact Formula

Using Ohm’s law, we know that Vo = I1 Ry, = —Is Ry. Substituting this into the h-parameter equations yields a formula
reliant on both the input impedance (R;) and the current gain (A4;).
Vo  A;Rp —hRp,

Ay=—== = 3.21
Vi R; hi + (hiho — hghy )Ry, (3.21)

To simplify the denominator, engineers define a term called the h-parameter determinant (Ah): Ah = h;ho—hsh,
Thus, the formula is often written:

—h; Ry,
Ay=—""""— 3.22
Y h; + AhRp ( )
Approximate Formula
If we use our approximate values (R; = h; and A; = —hy), the voltage gain formula simplifies drastically:
A; RL —h RL
Av(approx) = Happroz) ~ ! (323)
Ri(approm) hi

For a Common-Emitter amplifier, substituting hy. ~ f and h;e = Pr, gives _gr]ZL = _T,EL. This is exactly the

fundamental voltage gain formula we derived in earlier units!
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3.6.4 4. Output Impedance (R,)

Output Impedance is the resistance "looking back" into the output port of the amplifier. It determines how well the
amplifier can drive a load. To calculate it, the input source voltage (Vg) must be turned off (short-circuited), leaving
only its internal resistance (Rg).

Exact Formula

Because of the internal feedback loop, the output impedance is heavily dependent on the internal resistance of the
signal source (Rg) driving the input.
1
R, =
hih,
ho — hi+Rs
Note: This formula actually calculates the admittance (Y,). The impedance is the reciprocal of this entire fraction.
R, =1/Y,.

(3.24)

Approximate Formula

If we assume h, = 0, the entire second term in the denominator disappears.
1
Ro(approx) ~ hf (325)
o

Because h, is very small, the approximate internal output impedance of the transistor is extremely high. Crucial Note:
This is the internal resistance of the transistor itself. In a real circuit, the total output impedance (Zyt) seen by the
external load is this internal R, in parallel with the physical collector resistor Rc. Since 1/h, is usually much larger
than R¢, the total practical output impedance is usually just Rc.

3.6.5 5. Power Gain (4,)
Power Gain is the ratio of AC output power to AC input power. Since P =V x I, the power gain is simply the product

of the Voltage Gain and the Current Gain.

Exact Formula
Ap = A, x A; (3.26)

Because both A, and A; are usually negative in a CE amplifier (due to phase inversion), their product will be positive,
indicating a true increase in power. Alternatively, since P = I?R, we can write:

Ry
Approximate Formula
Substituting our approximate values for voltage and current gain:
—hrRy h2R
Ap(approz) = ( }{ ) X (=hy) = J;l (3.28)
(2 (]

Al IMAGE PLACEHOLDER
A summary table comparing the EXACT formulas vs the APPROXIMATE
formulas for A;, R;, A,, and R,. Clearly highlight that the approximate formulas
assume h, = 0 and h, = 0, leading to massively simplified equations that are
mathematically identical to the r, model.

Figure 3.7: Summary of h-parameter amplifier formulas.
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3.6.6 Conclusion

The exact h-parameter formulas reveal the deeply interconnected nature of a transistor. The input impedance depends
on the output load, and the output impedance depends on the input source. These exact formulas are necessary for
microwave engineering or highly sensitive analog design. However, the approximate formulas (h, = 0, h, = 0) prove
that for 95% of standard audio and low-frequency applications, the reverse leakage and output admittance can be
safely ignored. The resulting approximate equations (A; ~ hy, R; = h;, A, = —hyRp/h;) provide engineers with rapid,
highly accurate tools for designing and evaluating practical amplifier circuits.
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CHAPTER 4

Applications of Diodes and Transistors

4.1 Wave Shaping and Voltage Multiplier Circuits

4.1.1 Introduction

In the realm of electronic circuits, the ability to manipulate, alter, and condition electrical signals is of paramount
importance. While amplifiers scale the magnitude of signals, wave-shaping circuits change the very shape of the waveform
to suit specific application needs. Among the most fundamental non-linear wave-shaping circuits are clippers and
clampers, which primarily utilize diodes, resistors, and capacitors. Furthermore, when high DC voltages are required
from a lower AC source without the bulk of a step-up transformer, voltage multipliers become the architecture of
choice. This section explores these three critical classes of circuits in deep technical detail, discussing their operation,
architectural variations, and indispensable real-world utility.

4.1.2 Clipper Circuits

Box[Clipper Circuit] A clipper circuit (frequently referred to as a limiter, amplitude selector, or slicer) is an

electronic circuit designed to prevent the output voltage of a signal from exceeding a predetermined voltage level.
It effectively "clips" or slices off the top, bottom, or both halves of the waveform without distorting the remaining
portion of the signal.

Clippers are extensively used to protect sensitive electronic components from high-voltage spikes, to generate specific
waveforms (such as converting a sinusoidal wave into a quasi-square wave), and to strip away unwanted noise that
often rides on the peaks of an information signal.

Types of Clipper Circuits

Depending on how the primary semiconductor element (the diode) is arranged relative to the load, clippers are primarily
classified into two fundamental categories: Series Clippers and Shunt (Parallel) Clippers.

1. Series Clippers: In this topological configuration, the diode is connected in series with the load resistance.

o Series Positive Clipper: The diode is oriented such that it becomes forward-biased only during the negative
half-cycle of the input signal, and reverse-biased during the positive half-cycle. As a result, the positive half
of the input waveform is completely blocked (clipped), and only the negative half appears across the load.

o Series Negative Clipper: By completely reversing the diode’s polarity, the negative half-cycle is blocked from
passing through, allowing only the positive half-cycle to propagate to the load.

2. Shunt Clippers: Here, the diode is connected in parallel (shunt) with the load. A series resistor is placed before
the diode to limit the current and prevent a direct short-circuit of the source.

e Shunt Positive Clipper: During the positive half-cycle, the diode is forward-biased, effectively acting as a
closed switch. It short-circuits the load, forcing the output voltage to drop to nearly zero. Conversely, during
the negative half-cycle, the diode is reverse-biased (an open switch), forcing the signal to travel across the
load.

e Shunt Negative Clipper: With the diode orientation flipped, it shorts out the load during the negative
half-cycle while permitting the positive half-cycle to develop an output voltage.



Real-World Analogy: The Bridge Overpass

Imagine an architectural overpass spanning a highway with a strict maximum height restriction. Standard vehicles
pass through safely and unaffected. However, if an oversized cargo truck (analogous to an excessive voltage spike)
attempts to pass, its top gets scraped off so it physically fits under the bridge. A clipper performs exactly this
function on an electrical waveform, shearing off any amplitude that exceeds the safe "height" boundary of the
circuit.

Biased Clippers and Dual Combinations

In many practical scenarios, engineers do not wish to clip an entire half-cycle, but rather only the portion of the signal
that exceeds a precise, non-zero threshold. This refined control is achieved using biased clippers, where a dedicated
DC voltage source is connected in series with the diode.

« Biased Shunt Positive Clipper: The diode is wired in series with a DC battery possessing a potential Vp.
The diode will only enter conduction when the input voltage strictly exceeds Vg + Vp (where Vp is the natural
forward voltage drop of the diode, roughly 0.7V for silicon). Therefore, only the topmost peak of the wave—above
this combined threshold—is sheared off.

o Dual (Combination) Clipper: By strategically placing two biased diodes in parallel, featuring opposite
polarities and distinct bias voltages, both the positive and negative peaks can be clipped at entirely independent
levels. This topology is heavily employed to tightly regulate a signal within a strictly defined voltage window, or
to rapidly flatten a sine wave into a square wave for digital clocking systems.

The Reality of Diode Voltage Drops

In theoretical analysis, diodes are often treated as ideal switches. In applied engineering, however, one must
account for the barrier potential. A standard silicon p-n junction requires approximately 0.7 V to achieve forward
conduction. Consequently, an unbiased positive shunt clipper will not clip the signal precisely at 0V, but rather
allow up to +0.7V to pass before clamping the rest.

Voltage
4 Input Signal

> Time

Output (B1 Clipper)

Figure 4.1: Waveform analysis of a biased positive clipper. The dashed blue line represents the unconstrained input
sinusoidal wave, and the solid red line demonstrates the sharply clipped output above V5.

4.1.3 Clamper Circuits

Box[Clamper Circuit] A clamper circuit (commonly termed a DC restorer) is designed to add a stable DC

voltage level to an alternating AC signal. In stark contrast to clippers, clampers do not structurally alter the
shape or peak-to-peak amplitude of the input waveform; they simply translate (shift) the entire waveform upward
or downward along the vertical voltage axis to establish a brand-new DC reference point.

To accomplish this voltage translation, a basic clamper requires three critical passive and active components: a
capacitor, a diode, and a resistor. The capacitor acts as a dynamic storage element to supply the DC shift. The
diode provides a rapid, low-resistance path to charge the capacitor, and the resistor facilitates a highly controlled,
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incredibly slow discharge of the capacitor, ensuring the newly established DC baseline is reliably maintained across
multiple continuous cycles.

Detailed Working Principle

Let us trace the electromechanical operation of a Positive Clamper, intended to shift the entire waveform upwards so
that its lowest negative peaks rest precisely at the zero-volt axis.

1. The Charging Phase: During the very first negative half-cycle of the incoming AC signal, the diode becomes
strongly forward-biased. Acting essentially as a short circuit, it allows a heavy surge of current to flow, which
instantaneously charges the capacitor to the absolute peak value of the negative half-cycle (let’s call this magnitude
Vin).

2. The Holding Phase: As the input alternating voltage reverses polarity and enters the positive half-cycle, the
diode abruptly becomes reverse-biased, presenting an open circuit to the system. The capacitor, which is now
completely charged to V,,, sits electrically in series with the input voltage source. Applying Kirchhoff’s Voltage
Law (KVL) around the loop reveals that the total output voltage is the superposition of the input voltage and
the stored capacitor voltage: Vi = Vip + Vi

3. The Discharging Phase: The parallel load resistor R is specifically selected to possess a massively high ohmic
value. This ensures that the RC time constant (7 = R x (') is substantially greater than the total time period
(T') of the input wave (a standard rule of thumb is 7 > 107"). This extraordinarily long time constant prevents
the capacitor from bleeding off its stored charge during the half-cycle when the diode is turned off.

Variations of Clamper Configurations

o Positive Clamper: Translates the waveform vertically upwards. The most negative trough of the AC waveform
is perfectly clamped to the 0V reference line.

o Negative Clamper: The orientation of the diode is flipped. Consequently, the capacitor draws charge during
the positive half-cycle, pushing the entire waveform deeply downwards. The highest positive crest is thus clamped
toOV.

o Biased Clamper: By strategically inserting a DC battery in series with the clamper’s diode, the resting point of
the waveform can be forcibly clamped to any arbitrary user-defined voltage level (whether positive or negative),
rather than being tethered to zero volts.

Historical Application: Television Receivers

In the era of analog broadcast television receivers, the incoming composite video signal required exceedingly
precise DC reference levels to display absolute black and white colors correctly on the screen. However, when the
signal was transmitted through the numerous capacitively coupled amplifier stages inside the TV set, this crucial
DC reference was systematically stripped away. Clamper circuits (referred to internally as "DC restorers") were
deployed right before the picture tube to dynamically re-establish the correct "black level," ensuring the picture
did not wash out.

\. J

4.1.4 Voltage Multiplier Circuits

Box[Voltage Multiplier] A voltage multiplier is a specialized electrical circuit topology that converts low-voltage

AC electrical power into a dramatically higher DC voltage. It achieves this multiplication not through heavy
magnetic induction, but purely by means of a cascaded network of alternating capacitors and steering diodes.

Voltage multipliers are an indispensable engineering solution when exceptionally high voltages (ranging from tens
to hundreds of kilovolts) are demanded at relatively low output currents. Utilizing a traditional, iron-core step-up
transformer for such high voltages is often prohibitively bulky, dangerous, and economically unviable. Multipliers bypass
this by cleverly leveraging the charging and discharging characteristics of capacitors, elegantly steered by one-way
diodes, to progressively step up the voltage stage-by-stage.
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The Half-Wave and Full-Wave Voltage Doublers

The most fundamental building block of this family is the voltage doubler, which reliably outputs a DC voltage roughly
twice the peak magnitude (V},,) of the driving AC voltage.

o Half-Wave Voltage Doubler: This circuit relies on a two-stroke pumping action. During the negative half-cycle
of the AC input, the first diode (D;) becomes forward-biased, immediately charging the primary capacitor (C)
up to the peak input voltage (V;;,). Upon the arrival of the positive half-cycle, D; shuts off (reverse-biased) while
the second diode (D3) violently turns on. The input source voltage and the voltage already banked in C now act
in series aiding (V, + V;, = 2V},,) to force a massive charge into the secondary capacitor (C2). The final output
load is connected exclusively across Cs, enjoying a steady 2V,,, DC supply.

e Full-Wave Voltage Doubler: This variant employs a bridge-like, center-grounded arrangement. During the
positive half-cycle, the top capacitor charges fully to V;,. During the ensuing negative half-cycle, the bottom
capacitor independently charges to V;,,. Because the final output load spans across both capacitors wired in series,
it receives a total potential difference of 2V,,. This architecture provides noticeably superior voltage regulation
and lower ripple compared to the half-wave topology.

Cascading: Triplers and Quadruplers

By seamlessly chaining additional diode-capacitor combinations to the tail end of a half-wave doubler, engineers can
continue to multiply the voltage indefinitely—at least in theory.

e Voltage Tripler: Incorporates a third diode and a third capacitor stage. By tapping the output across the first
and third capacitors in series, the system yields a staggering 3V/,.

e Voltage Quadrupler: Introduces a fourth sequential stage. Taking the output across the second and fourth
alternating capacitors yields a theoretical output of 4V,,.

This iconic, ladder-like cascaded architecture is universally known as the Cockcroft-Walton multiplier circuit,
globally famous for its foundational role in powering early high-energy particle accelerators.

Operational Limitations of Voltage Multipliers

Despite their elegance, voltage multipliers suffer from acute limitations. They are exclusively suitable for extremely
low-current (often microampere range) applications. If the load demands higher current, the capacitors will
discharge far too rapidly between AC cycles, leading to a catastrophic increase in ripple voltage and terrible
voltage regulation. Additionally, every discrete component in the ladder must be rigorously selected to possess a
high Peak Inverse Voltage (PIV) rating, lest they be destroyed by the very multiplied stresses they help generate.
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4.1.5 Summary and Comparative Overview

To crystallize our mastery of these three transformational circuits, the following comparative table highlights their
fundamental operational divergences.

Defining Clipper Circuit Clamper Circuit Voltage Multiplier

Feature

Primary Limits or physically cuts off a | Shifts the waveform’s absolute | Converts a low-amplitude AC

Objective portion of the incoming DC reference level without voltage into a heavily
waveform. altering its fundamental shape. | magnified DC voltage.

Essential Resistors, Diodes, (Optional Capacitors, Diodes, High-value | Cascaded Capacitors,

Components | DC Bias). Resistors. High-PIV Diodes.

Impact on

Destructively alters the

Perfectly preserves the original

Fundamentally converts an AC

shaping, noise suppression.

circuit stabilization.

Wave Shape | structural shape. shape. wave into a flat DC line.
Typical Transient overvoltage Television receivers, DC X-ray machines, cathode ray
Applications | protection, analog wave baseline restoration, pulse tubes (CRT), lasers, ion

pumps.

Table 4.1: Technical Comparison of Clippers, Clampers, and Voltage Multipliers.
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Concept Core Engineering Principle: Diodes serve as automatic, voltage-controlled electronic switches. In
clippers, they route hazardous over-voltage signals harmlessly away from the primary load. In clampers, they act
as synchronous valves that trap charge within a capacitor to permanently shift the DC baseline. In multipliers,
they function as sequential one-way turnstiles, progressively pumping electrical charge into a ladder of capacitors
to synthesize extreme voltages.

4.2 Special Diodes and Optoelectronic Devices

In modern electronics, diodes serve many specialized purposes beyond simple rectification. Some are designed specifically
for emitting light or interacting with optical signals, while others are engineered to provide rapid switching or protection
against inductive voltage spikes. This section explores a variety of these specialized components, including display
technologies, protective diodes, and optoelectronic isolators.

4.2.1 Seven Segment Display

A seven-segment display is an electronic display device used for displaying decimal numerals. It is widely used in digital
clocks, electronic meters, basic calculators, and other devices that require the visual output of numerical information.

Box[Seven Segment Display] A seven-segment display consists of seven individual Light Emitting Diodes (LEDs)
or Liquid Crystal Display (LCD) elements arranged in a rectangular "figure-eight" pattern. By turning specific
segments on or off, it can display any digit from 0 to 9, as well as select alphabetical characters.

The seven segments are traditionally labeled with letters ’a’ through ’g’. An optional eighth segment, typically a
decimal point (labeled ’dp’), is often included for displaying non-integer numbers. The physical arrangement ensures
that turning on segments ’b’ and ¢’ produces the number 1, while turning on all segments except 'g’ produces the
number 0.

There are two primary configurations for LED-based seven-segment displays, determined by how the internal diodes
are connected to the external pins:

o« Common Cathode (CC): In a common cathode display, all the cathode terminals of the seven LEDs are
connected together to the ground (0V) pin of the package. To illuminate a specific segment, a positive voltage
(logic HIGH) must be applied to the corresponding anode pin through a current-limiting resistor.

o Common Anode (CA): In a common anode display, all the anode terminals of the LEDs are tied together and
connected to a positive supply voltage (V,.). To light up a segment, its specific cathode pin must be pulled to
ground (logic LOW), usually via a microcontroller pin, a sinking transistor, or a dedicated decoder IC.

Concept The choice between common anode and common cathode displays depends heavily on the driving circuitry.
Many microcontroller pins can sink more current than they can source, making common anode displays slightly
more favorable in direct-drive scenarios. Regardless of the configuration, both require external current-limiting
resistors in series with each segment to prevent the LEDs from drawing excessive current and burning out.

4.2.2 Infrared (IR) LED

An Infrared Light Emitting Diode (IR LED) is a special purpose LED that emits infrared light. This light is completely
invisible to the human eye but is easily detectable by specific electronic sensors, making it ideal for covert communication
and sensing.

Box[Infrared (IR) LED] An IR LED is a solid-state semiconductor device that emits electromagnetic radiation in
the infrared spectrum (typically at wavelengths between 700 nm and 1 mm) when it is forward biased.

Unlike standard visible-light LEDs, which use materials like Gallium Arsenide Phosphide (GaAsP) to produce
red, green, or yellow light, IR LEDs are typically constructed using Gallium Arsenide (GaAs) or Aluminum Gallium
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Arsenide (AlGaAs). These materials have a specific energy bandgap that forces the emission of infrared photons when
electrons and holes recombine. The forward voltage drop of an IR LED is generally lower than that of visible LEDs,
typically ranging from 1.2V to 1.5V.

IR LEDs are heavily used in optical communication and remote control systems. For example, when you press a
button on a television remote control, a microcontroller modulates the IR LED to flash on and off at a high frequency
(often 38 kHz) in a specific digital pattern. The television receiver detects this invisible flashing, filters out ambient
infrared noise from sunlight or lightbulbs, and interprets the command.

IR Obstacle Avoidance Sensor

In modern robotics and industrial automation, IR LEDs are frequently paired with IR receivers (photodiodes or
phototransistors) to create non-contact proximity sensors. The IR LED continuously emits infrared light into the
environment. If an obstacle is present in front of the sensor, the IR light reflects off the object and strikes the
receiver. The sensor circuit measures the intensity of the reflected light to detect the presence or approximate
distance of the obstacle.

\_ /

4.2.3 OLED and AMOLED Displays

Traditional display technologies, such as Liquid Crystal Displays (LCDs), do not emit their own light; they rely on a
separate LED or fluorescent backlight to illuminate the screen. In contrast, Organic Light-Emitting Diode (OLED)
technology uses organic compounds that emit light directly when an electric current is applied, revolutionizing display
contrast and form factors.

OLED (Organic Light-Emitting Diode)

An OLED is formed by placing a series of organic thin films between two conductive electrodes. When an electrical
current passes through these organic layers, a bright light is emitted through a process called electrophosphorescence.

Box[OLED] An OLED is a light-emitting diode in which the emissive electroluminescent layer is a thin film of

organic semiconductor material that emits light in response to an electric current. This layer is situated between
two electrodes, at least one of which is transparent (usually the anode, made of Indium Tin Oxide).

OLEDs offer several significant advantages over traditional LCDs:

o True Blacks and Infinite Contrast: Because each pixel in an OLED display generates its own light, a black
pixel is achieved by completely turning off the power to that specific diode. This consumes no power and creates
a "true black," providing a practically infinite contrast ratio.

e Wider Viewing Angles: OLED displays maintain exceptional color accuracy and brightness over very wide
viewing angles compared to standard LCDs, which often suffer from color shifting when viewed from the side.

e Ultra-Thin Form Factor: Without the need for a bulky backlight, diffusion layers, or polarizers, OLED panels
can be made exceptionally thin and even fabricated on flexible plastic substrates, allowing for curved or foldable
displays.

AMOLED (Active-Matrix Organic Light-Emitting Diode)

Standard OLED displays (often called PMOLED or Passive-Matrix OLED) control rows and columns of pixels
sequentially. This sequential scanning means each pixel is only powered for a fraction of a second during each refresh
cycle, requiring high instantaneous currents to maintain average brightness. Active-Matrix OLEDs solve this limitation
using a sophisticated backplane.

Concept AMOLED technology integrates a Thin-Film Transistor (TFT) array backplane alongside the organic
emitting layers. This matrix incorporates a storage capacitor and at least two transistors per pixel. One transistor
controls the charging of the capacitor, and the second provides a constant current source to the OLED pixel based
on the capacitor’s voltage.



https://milav.in

This active matrix allows each individual pixel to maintain its state (on, off, and specific brightness level) constantly
until it is explicitly commanded to change. AMOLED displays consume significantly less power for large, high-resolution
screens and provide much faster refresh rates, making them the standard technology for modern smartphones, premium
smartwatches, and high-end televisions.

Burn-in Phenomenon

A notable disadvantage of both OLED and AMOLED technologies is "burn-in" or image retention. Because the
organic materials degrade slowly over time with use, displaying static, high-contrast images (such as a smartphone’s
battery icon or a news channel’s permanent ticker) at high brightness for extended periods can cause uneven wear
across the screen. This unequal degradation results in a permanent "ghost" image faintly visible even when the
screen is displaying other content.

\.

4.2.4 Freewheeling (Flyback) Diode

When electric current flows through an inductor (such as an electric motor, a mechanical relay coil, or a transformer),
energy is stored in a magnetic field surrounding the coils. If the current path is suddenly broken—for example, when a
control transistor switches off—the magnetic field rapidly collapses.

According to Faraday’s law of induction, this rapid change in current (di/dt) induces a voltage (V = L - %) across
the inductor that opposes the change. Because the time (dt) is very small when a switch opens, the induced voltage
can be massive, often hundreds or thousands of volts. This massive inductive kickback can easily exceed the breakdown
voltage of the switching transistor, destroying it instantly.

Box|[Freewheeling Diode| A freewheeling diode (also commonly referred to as a flyback, snubber, suppressor, or

catch diode) is placed in parallel across an inductive load to provide a safe, closed-loop path for the inductive
kickback current to flow when the load is switched off, thereby preventing high-voltage damage to the switching
semiconductor.

In a typical relay driving circuit, the freewheeling diode is connected across the relay coil in a reverse-biased
orientation relative to the primary power supply.

1. Switch On: During normal operation, when the transistor is conducting, current flows through the relay coil to
the ground. The diode is reverse-biased by the supply voltage and acts like an open switch, having no effect on
the circuit.

2. Switch Off: When the transistor suddenly turns off, the collapsing magnetic field reverses the polarity of the
voltage across the coil to maintain current flow. The voltage at the transistor collector shoots up. However, the
moment this induced voltage exceeds the supply voltage, the freewheeling diode becomes forward-biased.

3. Discharge: The diode conducts, routing the inductive current safely back into the coil itself. The energy stored
in the inductor dissipates harmlessly as heat through the diode’s forward voltage drop and the coil’s internal
resistance, clamping the maximum voltage spike to just the supply voltage plus the diode’s forward drop (e.g.,
Vee +0.7V).

4.2.5 Switching Diode

While standard rectifier diodes (like the ubiquitous 1N4007) are perfectly designed to convert low-frequency 50Hz/60Hz
AC mains power into DC, they struggle with high-frequency signals. Standard rectifiers have a large junction capacitance
and are relatively slow to transition from a conducting forward-biased state to a blocking reverse-biased state. In
high-frequency digital circuits, RF applications, or fast-switching power supplies, a specialized switching diode is
mandatory.

Box[Switching Diode] A switching diode is a semiconductor diode specifically engineered to turn on and off

extremely rapidly. Its most defining characteristic is a drastically reduced reverse recovery time (¢,,) and minimal
parasitic junction capacitance.

The reverse recovery time (t,,) is the finite amount of time it takes for a diode to completely flush out stored
minority charge carriers and stop conducting after the forward bias voltage is abruptly replaced by a reverse bias.
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During this brief recovery window, the diode actually conducts current in the reverse direction.

A standard power rectifier might have a t,.,. of several microseconds, which would severely distort or short-circuit
high-frequency signals, leading to massive power losses and circuit malfunction. In contrast, small-signal switching
diodes, such as the industry-standard 1N4148, have a t,, in the low nanosecond range (typically around 4 ns).

Because of their agility, switching diodes are utilized heavily in digital logic circuits, pulse generators, signal steering
networks, voltage clamping/clipping circuits, and any application where signal integrity at high frequencies is critical.
However, to achieve these fast speeds, switching diodes are physically much smaller and generally cannot handle high
continuous currents or massive reverse voltages like standard rectifiers can.

4.2.6 Opto-coupler (Optoisolator)

In complex electronic systems, it is frequently necessary to transmit a control signal between two separate circuit
blocks while maintaining complete electrical isolation between them. This is absolutely crucial for protecting sensitive,
low-voltage digital control circuits (like microcontrollers or logic gates) from the hostile environments of high-voltage,
high-noise power circuits (like AC mains switches, heavy motor drivers, or industrial contactors).

Box[Opto-coupler] An opto-coupler, also known as an optoisolator or photocoupler, is a semiconductor component

that transfers electrical signals between two isolated circuits by using light. It provides galvanic isolation, meaning
that no direct electrical conduction path exists between the input terminals and the output terminals.

A standard opto-coupler consists of an infrared LED and a photosensitive receiving device (usually a phototransistor,
photodiode, or phototriac) permanently enclosed in a single, light-proof epoxy package.
The operation of an opto-coupler can be broken down into three fundamental stages:

1. Input Stage (Electrical to Optical): A low-voltage electrical signal from the control circuit drives the internal
IR LED. This current causes the LED to emit infrared light. The intensity of the emitted light is directly
proportional to the magnitude of the input current.

2. Isolation Barrier (Optical Transmission): The emitted infrared light travels across a microscopic, transparent,
electrically non-conductive gap (such as a clear glass dielectric or an air gap). This physical separation provides
absolute electrical isolation, preventing voltage spikes, ground loops, or noise from crossing over.

3. Output Stage (Optical to Electrical): The phototransistor located on the opposite side of the gap detects
the infrared light. When illuminated, the photons excite charge carriers in the phototransistor’s base region,
turning it on and allowing current to flow from its collector to its emitter. This perfectly replicates the input
signal on the high-power output side without any physical wire connection.

Microcontroller Interfacing with Mains Power

Consider a scenario where a 5V Arduino microcontroller needs to turn a 230V AC industrial water pump on and off.
Directly connecting a 5V circuit to a 230V circuit is exceptionally dangerous; a single component failure or voltage
transient could send 230V rushing back into the sensitive microcontroller, destroying it and potentially creating a
fire hazard. By interposing an opto-coupler, the microcontroller merely switches on the internal, harmless 1.5V
LED. The phototransistor on the output side detects the light and triggers a heavy-duty TRIAC or relay to turn
on the pump. The two circuits remain perfectly isolated, ensuring safety.

Concept The primary specification of any opto-coupler is its isolation voltage, which dictates the absolute maximum
voltage difference it can safely withstand between the input side and the output side before the internal dielectric
breaks down (often ranging from 1500V to over 5000V RMS). Another critical parameter is the Current Transfer
Ratio (CTR), which defines the ratio of the output collector current to the input forward current, essentially
indicating the current gain of the device.

4.3 Transistor used as a Tuned Amplifier

In the realm of electronic communication, the ability to select and amplify a specific frequency or a narrow band of
frequencies while rejecting all others is a fundamental requirement. This process is essential in radio and television
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receivers, wireless communication systems, radar technology, and high-frequency instrumentation. A circuit designed
specifically for this purpose is known as a tuned amplifier.

Box[Tuned Amplifier] A tuned amplifier is an electronic amplifier in which the load impedance is a tuned circuit
(usually a parallel Inductor-Capacitor or LC network). It is designed to amplify signals over a narrow band of
frequencies centered around its resonant frequency, while significantly attenuating signals outside this band.

4.3.1 The Need for Tuned Amplifiers in RF Applications

Standard audio frequency (AF) amplifiers utilize resistive or simple inductive loads. While these are excellent for
amplifying a wide range of frequencies uniformly (such as the 20 Hz to 20 kHz audio spectrum), they are completely
inadequate for radio frequency (RF) applications. In the RF spectrum, multiple signals from various transmitters are
present simultaneously at the receiving antenna. If a broad-band amplifier were used, it would amplify all these signals
equally, resulting in an unreadable jumble of noise and overlapping information.

To isolate a single broadcasting station from thousands of others, the receiver’s amplifier must possess selectivity.
By replacing the standard resistive load of a transistor amplifier with a tuned LC circuit, the amplifier’s gain becomes
highly frequency-dependent, acting as both an amplifier and a band-pass filter simultaneously.

4.3.2 Construction and the Physics of the Tank Circuit

A typical single-tuned transistor amplifier utilizes an NPN or PNP bipolar junction transistor (BJT) in a Common
Emitter (CE) configuration. The conventional collector load resistor (R¢) is replaced by a parallel LC tank circuit.

To understand the amplifier, we must first understand the "tank circuit." The parallel combination of an inductor
(L) and a capacitor (C) is referred to as a tank circuit because it stores electrical energy. When energized, energy
continuously transfers back and forth between the capacitor’s electric field and the inductor’s magnetic field. This
phenomenon is known as the "flywheel effect." However, because all physical inductors possess some internal wire
resistance (R), energy is slowly lost as heat during each cycle, causing the oscillations to decay.

The role of the transistor in a tuned amplifier is to act as a synchronous switch. The transistor injects a small pulse
of amplified current into the tank circuit during each cycle at the exact right moment to replace the energy lost to the
inductor’s resistance. This is conceptually identical to pushing a child on a playground swing at the precise moment
they reach the peak of their backward arc to keep them swinging indefinitely.

4.3.3 Resonance and Frequency Response

The impedance of the parallel LC circuit is highly dependent on the frequency of the incoming signal. It reaches its
absolute maximum value at a specific frequency called the resonant frequency (f,.). At this frequency, the inductive
reactance (X = 2w fL) exactly equals the capacitive reactance (X¢ = ﬁ)

The resonant frequency is given by the fundamental formula:

- 1
" 2mv LC

The voltage gain (A,) of a Common Emitter amplifier is directly proportional to its effective collector load impedance
(Z1). In this configuration, Zy, is the impedance of the tank circuit.

1. At the resonant frequency (f = f.): The circulating currents between the inductor and capacitor are equal
and opposite, effectively canceling each other out from the perspective of the external circuit. The impedance of
the tank circuit becomes purely resistive and reaches a massive theoretical value. Mathematically, the dynamic
resistance at resonance is Z, = ﬁ. Because this load impedance is so high, the voltage gain of the amplifier
reaches its absolute maximum.

2. At frequencies off-resonance (f # f,): The impedance of the tank circuit drops sharply. If the frequency is
lower than f,, the capacitive reactance becomes large and the inductive reactance becomes small, meaning the
signal easily bypasses the load through the inductor. If higher, the signal bypasses through the capacitor. In
either case, the effective load impedance plummets, which in turn drastically reduces the amplifier’s voltage gain.
Unwanted frequencies are thereby suppressed.



https://milav.in

Key Concept

Concept The primary function of a tuned amplifier is to exploit the variable impedance of an LC tank circuit to
achieve massive voltage gain at resonance and minimal gain everywhere else, achieving perfect selectivity.

4.3.4 Q-Factor, Bandwidth, and Skirt Selectivity

The sharpness of the tuned amplifier’s frequency response curve is determined by the Quality Factor (@) of the tank
circuit. The Q-factor is a dimensionless parameter defined as the ratio of the energy stored in the oscillating resonator
to the energy dissipated per cycle.

For a parallel resonant circuit, the Q-factor is predominantly determined by the parasitic internal resistance of the
inductor (R):
X 2nfpL
=R~ "R

A higher Q-factor indicates a narrower bandwidth and a sharper resonance peak. The bandwidth (BW) of the tuned
amplifier is the range of frequencies over which the voltage gain is at least 70.7% (1/v/2, or —3 dB) of its maximum
resonant value. The bandwidth is calculated as: s

T

BW = =
Q

Calculating Bandwidth of an AM Receiver Amplifier

An RF engineer is designing a tuned transistor amplifier for an AM radio receiver tuned to a broadcasting station
at 1000 kHz. The LC tank circuit utilizes an inductor with an internal resistance resulting in a Q-factor of 50 at
this frequency. What is the bandwidth of this amplifier, and is it suitable for AM transmission?

Solution: Given:

e Resonant frequency, f, = 1000 kHz
e Quality factor, @ = 50

Using the bandwidth formula:
fr 1000 kHz

Q 50
This means the amplifier will strongly amplify frequencies within the range of 990 kHz to 1010 kHz. Since a
standard AM broadcast requires a bandwidth of exactly 10 kHz to 20 kHz to pass the carrier and audio sidebands,

this @Q-factor is perfectly optimal. It will pass the desired station completely while firmly rejecting adjacent
stations broadcasting at 1020 kHz or 980 kHz.
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BW = = 20 kHz

While a single-tuned amplifier is simple, it suffers from poor "skirt selectivity." The ideal band-pass filter would
have a perfectly rectangular frequency response: flat at the top and vertical on the sides (the "skirts"). A single-tuned
amplifier has a bell-shaped curve. To achieve steeper skirts and a flatter top, engineers utilize Double Tuned
Amplifiers. These circuits utilize two inductively coupled LC circuits—effectively an RF transformer with capacitors
on both the primary and secondary windings. By adjusting the magnetic coupling between the coils to a "critical
coupling" point, the frequency response curve flattens out at the top and drops precipitously on the sides, dramatically
improving the ability to reject interference from tightly packed radio channels.

4.3.5 Advantages and Limitations
Advantages:
e Superb Selectivity: The ability to isolate extremely narrow frequency bands out of the noisy RF spectrum.

« Minimal Power Dissipation: Unlike resistive loads that dissipate substantial DC power as heat (I2R), reactive
components (ideal L and C) do not consume real power. This leads to high power efficiency.

e Inherent Harmonic Filtering: Because the bandwidth is narrow, tuned amplifiers naturally filter out the
harmonic distortion (2nd, 3rd harmonics) generated by the non-linearities of the transistor itself.

Limitations:

o Low-Frequency Impracticality: At low audio frequencies, the required physical size for the inductor and
capacitor would be massive and prohibitively expensive.
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o High-Frequency Instability: At very high frequencies (VHF and UHF bands), the internal parasitic capacitances
of the transistor (specifically the base-collector junction capacitance, Cj.) form a feedback loop. This stray
capacitance couples the output tank energy back to the input base, causing unwanted positive feedback. This
frequently causes the amplifier to break into continuous, uncontrolled self-oscillation. This condition must be
suppressed using complex neutralization techniques, where a specialized external capacitor feeds an out-of-phase
signal back to the input to cancel out the internal parasitic feedback.

4.4 Darlington Pair and its Applications

In many practical electronic applications, particularly in power electronics, mechatronics, and interfacing circuits, a
single bipolar junction transistor (BJT) frequently fails to provide sufficient current gain. For instance, attempting to
drive a heavy DC motor from the microscopic output current of a digital logic chip is impossible with one standard
transistor. While cascading multiple standard amplifier stages (where the output of one feeds the input of the next
through coupling capacitors) is a common solution for voltage amplification, the Darlington Pair is the quintessential
configuration for achieving massive, direct-coupled current amplification.

Box[Darlington Pair] A Darlington Pair is a compound semiconductor structure consisting of two bipolar junction

transistors connected in tandem such that the emitter of the first transistor is directly, physically tied to the base
of the second transistor, and their collectors are shorted together. This monolithic arrangement functions to the
outside world as a single "super transistor" boasting a substantially multiplied current gain.

4.4.1 Circuit Configuration and Mathematical Derivation of Gain

Named after its inventor Sidney Darlington, who patented the brilliant concept in 1953, the Darlington pair is typically
formed using either two NPN transistors or two PNP transistors. Let us perform an analysis using the NPN configuration.
The circuit consists of transistor ()1 (acting as the input or driver transistor) and transistor Q2 (acting as the output
or power transistor).

The structural connectivity is as follows:

¢ The base of Q1 acts as the input base for the entire compound pair.

e The emitter of @)1 is directly wired to the base of Q3. Consequently, the entire emitter current exiting ()1 becomes
the base drive current entering Q5.

e The collectors of @1 and @2 are tied together to form a single, unified collector terminal.
e The emitter of (5 acts as the output emitter for the compound pair.

Calculating the Compound Current Gain (5):
Let 81 be the standard DC current gain (hrg) of Q1, and Sz be the current gain of Q2. When a microscopic control
current Ig; flows into the base of )1, its collector pulls a current of Iy = 81 - Ip1. According to Kirchhoff’s Current
Law, the emitter current of Q1 is the sum of its base and collector currents:

Ipm=1Ip1+Icn =11+ pilpgr = Ip1(1 + p1)

Because the emitter of Q1 is hard-wired to the base of (J2, this exact current injects into Qo:

Ipy =1Ig1 = Ip1(1+ B1)

The output transistor ()2 now amplifies this already-amplified current. The collector current of ()9 is:

Ico =P Ipa = P2 - [Ipi1(1+ B1)]

The total collector current (I) drawn by the entire Darlington pair from the power supply is the sum of the
individual collector currents:

Icgotary = Ic1 + Loz
Io(totary = (B1IB1) + (B2Ip1 + B1B21B1)
Ic(totary = IB1 - [B1 + B2 + B132]
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Therefore, the overall current gain ;.4 of the Darlington pair is:

I ota
Brotal =~ = B + B + B1y
B1

Because modern transistors have § values frequently exceeding 100, the 51 and (s terms are negligible compared to
the massive multiplicative term ($182. Thus, we use the highly accurate engineering approximation:

Brotal = 1 X B2

Key Concept

Concept The fundamental defining characteristic of a Darlington pair is that its overall current gain is approximately
the product of the individual current gains of the two constituent transistors. If @1 has a 8 of 150 and Q)2 has a
of 100, the Darlington pair exhibits an astonishing current gain of 15,000.

4.4.2 Advanced Electrical Characteristics

Beyond raw current amplification, cascading the junctions alters the electrical characteristics of the device in several
crucial ways that dictate circuit design.

1. Ultra-High Input Impedance: The input impedance of a standard BJT in common-emitter mode is relatively
low (a few kilohms). However, for a Darlington pair, the input impedance (Z;,,) is heavily multiplied. Mathematically,
Zin = (1 P2+ RE, where Rg is the equivalent resistance at the output. Because of the (1 - 82 term, the input impedance
easily reaches into the hundreds of kilohms or even megaohms. From the perspective of a preceding sensor circuit, the
Darlington pair draws essentially zero current, preventing the sensor’s delicate output voltage from "sagging" or loading
down.

2. Doubled Base-Emitter Voltage Drop (Vpg): A standard silicon transistor requires a forward base-emitter
voltage drop of approximately 0.7 V to turn on. In a Darlington pair, the input signal must sequentially forward-bias
two P-N junctions in series (Q1’s base-emitter junction followed by (Q2’s base-emitter junction).

VBE(total) =VBp1+VBra=~=07V+07V=14V

Therefore, a logical signal must exceed 1.4 V before the Darlington pair conducts any current whatsoever. This must
be accounted for in low-voltage logic systems (like modern 1.8 V microcontrollers).

3. Increased Saturation Voltage and Power Dissipation: When a normal BJT is fully turned "on" (driven
hard into saturation), the voltage across its collector and emitter (Vo pg(sqar)) drops to a very efficient 0.2 V. However, a
Darlington pair can never achieve this. Because the collector of ()1 is tied to the collector of @2, the absolute minimum
voltage across Q2 is equal to the saturation voltage of Q1 plus the Vpg of Q.

VCE(sat)total = VCE(sat)Ql + VBE(QQ) ~02V+07V=09V

In practical power darlingtons, this drop is often between 1.2 V and 2.0 V.

Thermal Runaway and Heat Sinking

Because the Vop(s) of a Darlington pair is relatively high, driving a heavy 10 A load means the transistor
will continuously dissipate significant power as heat (P = I x V = 10 A x 1.5 V = 15 Watts). Furthermore,
semiconductors exhibit a negative temperature coefficient. As the junction heats up, its required Vg drops,
causing it to conduct even more current, generating more heat, leading to a catastrophic cycle known as thermal
runaway. When designing with high-current Darlington pairs, utilizing large aluminum heatsinks and thermal
compound is absolutely mandatory.
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Microcontroller to Heavy Load Interfacing

An embedded systems engineer must control a massive DC solenoid valve that requires 3 Amperes of current from
a 24 V supply. The control signal originates from an ATmega328 microcontroller pin, which can safely source a
maximum of only 15 mA. The engineer selects a Darlington pair with 51 = 80 and B2 = 50. Is this sufficient, and
what base current is required?

Solution: First, calculate the total current gain of the pair:

Brotar = 80 x 50 = 4000
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Next, calculate the absolute minimum base current required to satisfy the 3 A load requirement:

Ic  3A 3000 mA

In — - —
B g 4000 4000

=0.75 mA

The required control current is a mere 0.75 mA. Since the microcontroller can easily provide up to 15 mA, the
engineer can comfortably use a base resistor to supply 2 mA to 3 mA (overdriving it slightly to ensure firm
saturation), guaranteeing the massive 3 A solenoid is engaged safely and reliably without stressing the fragile
microcontroller.

\_ J

4.4.3 The Complementary Darlington (Sziklai Pair)

An important variation of the standard Darlington pair is the Sziklai Pair, also known as the Complementary Darlington.
Instead of using two transistors of the same polarity (two NPNs), the Sziklai pair utilizes one NPN and one PNP
transistor. The base of the compound device acts like the base of the first transistor, but the overall polarity of the
device mimics the first transistor.

The major advantage of the Sziklai pair over the standard Darlington is that it requires only a single Vgg drop
(0.7 V) to turn on, rather than 1.4 V. It also boasts a slightly lower saturation voltage, making it thermally more
efficient. It is heavily utilized in the push-pull output stages of high-fidelity audio amplifiers.

4.5 A Relay Driver Circuit Using Transistors and ICs

In modern automation and robotics, low-power logical devices such as microcontrollers (Arduino, ESP32, PIC),
microprocessors, and digital logic gates function as the computational "brains" of a system. However, they are
fundamentally weak in terms of raw physical power output. A typical microcontroller I/O pin operates at 3.3 V or 5 V
and can source or sink an absolute maximum of 20 mA.

Conversely, electromechanical relays—the physical "muscles" used to switch heavy AC mains appliances, industrial
heaters, and heavy machinery—contain an internal electromagnet. Energizing this electromagnetic coil requires higher
voltages (often 12 V or 24 V) and substantial currents (ranging from 50 mA to over 300 mA). Attempting to wire a
microcontroller pin directly to a relay coil is a critical engineering error; the microcontroller pin will instantly overheat
and permanently burn out.

To bridge this massive power divide, we must utilize a Relay Driver Circuit.

Box[Relay Driver| A relay driver is a specific type of current amplification circuit. It acts as an intermediary buffer

that receives a delicate, low-voltage logic signal and amplifies it to a high-voltage, high-current output capable of
reliably energizing and de-energizing an electromechanical relay without reflecting any hazardous electrical stress
back to the control electronics.

4.5.1 The Mechanics of the Inductive Problem

To understand relay drivers, one must first understand the relay coil. The coil is essentially a massive inductor.
According to Faraday’s law of induction and Lenz’s law, an inductor fundamentally opposes any sudden change in
current flow. When a transistor turns ON and supplies current to the coil, a strong magnetic field builds up, pulling
the mechanical switch contacts closed. This state is stable.

The crisis occurs when the transistor turns OFF. The control signal goes low, the transistor opens its circuit, and
the current trying to flow through the coil instantly drops to zero (dt — 0). Because the magnetic field now has no
current to sustain it, it collapses violently inward at the speed of light. This rapidly collapsing magnetic field cuts
through the thousands of turns of wire in the coil, inducing a massive backward-flowing voltage spike. This is defined

by the equation:
v=1%
S dt

Because dt is infinitesimally small, the generated voltage (V') can easily reach several hundreds or even thousands of
volts. This phenomenon is known as Back EMF or Inductive Kickback.

If a transistor is connected directly to the coil, this hundreds-of-volts spike will slam directly into the transistor’s
collector. Since the transistor is only rated for maybe 40 V or 60 V, the spike will instantly punch through the silicon
P-N junction, permanently short-circuiting and destroying the transistor.
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4.5.2 The Basic Transistor Relay Driver and the Flyback Diode

The most fundamental relay driver utilizes a single NPN bipolar junction transistor (like a BC547, 2N2222, or BC337)
operating strictly as a digital switch—operating only in cutoff (fully off) or saturation (fully on).
Essential Circuit Components:

o The Switching Transistor: The relay coil is wired between the positive high-voltage supply rail (e.g., +12 V)
and the transistor’s collector. The transistor’s emitter is tied to common ground.

o The Base Resistor (Rp): Connected between the microcontroller output pin and the transistor’s base. It
calculates precisely to limit the base current to a safe level for both the microchip and the transistor, while
guaranteeing the transistor is pushed hard into saturation.

o The Freewheeling Diode (Flyback / Snubber Diode): This is the most critical protective component in
the circuit. A standard rectifier diode (like the 1N4007) or a fast Schottky diode is placed in parallel across the
relay coil. Importantly, it is installed in a reverse-biased orientation during normal operation (cathode to positive,
anode to the collector).

Working Mechanism: During normal operation when the transistor is ON, the diode is reverse-biased and acts
like an open circuit; it does absolutely nothing. When the transistor turns OFF, the massive Back EMF spike is
generated. The polarity of the coil instantly reverses. The previously positive terminal becomes deeply negative, and
the terminal attached to the collector becomes massively positive. The moment this happens, the freewheeling diode
becomes forward-biased. Instead of the high voltage destroying the transistor, the diode acts as a short circuit, cleanly
shunting the massive voltage spike back across the coil in a continuous loop. The energy safely burns itself out against
the internal copper resistance of the coil wire. The transistor remains perfectly protected.

4.5.3 Driving Heavy Loads with the TIP122 Darlington Transistor

While standard signal transistors like the 2N2222 are excellent for driving small printed-circuit-board (PCB) relays,
they fail completely when tasked with driving heavy-duty industrial contactors or massive automotive relays that
require continuous coil currents of 1 Ampere or more.

This is where the TIP122 becomes an invaluable engineering asset. The TIP122 is a monolithic NPN Darlington
power transistor housed in a robust, heat-sinkable TO-220 package.

e Massive Current Capacity: It can effortlessly handle continuous collector currents of up to 5 Amperes, making
it perfectly suited for the largest industrial relays and DC motors.

o Extreme Amplification: With a guaranteed minimum DC current gain (5 or hrg) of 1000 (often reaching
2500 in practice), even a massive 5 A load requires a mere 2 mA to 5 mA of base drive current. An Arduino can
control it directly without any pre-amplification.

e Internal Architecture: The internal silicon die of the TIP122 is highly engineered. It is not merely two bare
transistors. It contains internal base-emitter bleed resistors (R; ~ 8 k2, Ry ~ 120 2) built directly into the
silicon to drain stray capacitance and drastically speed up the transistor’s turn-off time.

e Built-in Protection: Crucially, the TIP122 includes a built-in anti-parallel damper diode directly across its
collector and emitter. While helpful, standard engineering practice dictates that an external freewheeling diode
should still be placed directly across the inductive relay coil to keep the high-voltage spike localized away from
the PCB traces.

4.5.4 Integrated Circuit Relay Drivers: ULN2003 and ULN2803

When designing complex electronic panels—such as a home automation hub controlling 8 different lights, an industrial
PLC, or a scrolling LED matrix—the system requires driving multiple relays simultaneously. If a designer attempts to
use individual discrete transistors, base resistors, and flyback diodes for every single relay, the printed circuit board
becomes excessively massive, visually chaotic, and difficult to troubleshoot.

To solve this spatial and architectural problem, semiconductor manufacturers created integrated Darlington arrays,
the universally recognized industry standards being the ULN2003 and ULIN2803.

Detailed Features of the ULN2003:

o Seven Darlington Arrays: A single compact 16-pin Dual In-line Package (DIP) IC contains seven entirely
independent, high-voltage NPN Darlington transistor pairs with common emitters.

» Voltage and Current Ratings: Fach of the seven channels can handle switching voltages up to 50 V and can
continuously sink 500 mA of current.
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o Parallel Parity: A unique feature of these ICs is that if a single relay requires 1 Ampere of current (exceeding
the 500 mA limit of one channel), the designer can simply tie two input pins together and two output pins
together, effectively doubling the current capacity to 1 A.

e No External Components Required: The ULN2003 contains precision internal 2.7 k{) base resistors
manufactured specifically to interface directly with 5 V TTL and CMOS logic. A microcontroller pin is wired
directly to the IC input pin with zero external resistors required.

o The Magic COM Pin: The genius of the ULN series lies in Pin 9, labeled the "COM" (Common) pin. The IC
features built-in freewheeling diodes for every single channel, all internally tied to this single COM pin. By simply
wiring Pin 9 to the positive supply voltage of the relays (e.g., +12 V), all seven channels are instantaneously
protected from inductive kickback. No external diodes are needed.

The ULN2803 Architecture: The ULN2803 operates on the exact same internal physical architecture as the
ULN2003 but is housed in a slightly longer 18-pin package. The critical difference is that the ULN2803 features
eight independent Darlington pairs instead of seven. In the realm of digital electronics, this is a profound advantage.
Microcontrollers process data in 8-bit bytes, and their physical hardware output ports are usually grouped in sets of
8 pins (e.g., PORTB, PORTC). The ULN2803 is structurally perfect for this, allowing an entire 8-bit data port to
mathematically map directly to eight separate relays symmetrically through a single IC chip.

Designing a Discrete Transistor Relay Driver

An engineering student needs to drive a 12 V electromechanical relay using an ESP32 microcontroller (3.3 V logic
output). The relay coil has an internal resistance of 400 2. The student selects a standard 2N2222 transistor
(minimum S = 100). Calculate the precise value of the required base resistor Rp.

Solution: 1. Determine the required Collector Current (I¢): This is the current the relay coil will draw.

Using Ohm’s Law:
Vouppty _ 12V

Reoii 400 Q
The transistor must be able to sink 30 mA.

2. Determine the required Base Current (Ip): To ensure the transistor acts as a hard switch, we must drive
it into saturation. We first calculate the bare minimum base current:

I 30 mA

Io= =0.03 A=30mA

= 0.3 mA

In professional engineering, applying exactly the minimum current is dangerous due to temperature fluctuations
and component tolerances. We apply a standard "overdrive factor" (typically 5 to 10 for small transistors) to
guarantee deep saturation. Let’s use an overdrive factor of 5:

IB(sat) =0.3 mA x 5=1.5 mA

3. Calculate the Base Resistor (Rp): The voltage dropped across the base resistor is equal to the mi-
crocontroller’s output logic voltage minus the forward voltage drop of the transistor’s base-emitter junction
(VBg = 0.7 V).

Veg = Viegic = VBE =33V -07TV =26V

Using Ohm’s law to find the resistance:

Vi, 26V

= = ~ 1733 Q
IB(sat) 1.5 mA

Rp

The student should select the nearest standard E12 series resistor, which is 1.8 k2. Using a 1.8 k(2 resistor will
provide perfectly safe and reliable switching for the 12 V relay.

4.6 Wave-Shaping Circuits: Clippers, Clampers, and Multipliers

Up to this point, our primary focus has been on linear amplification—taking a small AC signal and creating a perfect,
magnified replica of it at the output. However, many electronic systems, particularly in digital communications, radar,
and power supplies, require deliberately altering the physical shape or DC level of a waveform.

In this section, we transition from linear amplifiers to non-linear wave-shaping circuits. Utilizing the one-way
conduction property of the humble PN junction diode, we will explore three foundational circuit categories: Clippers
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(which chop off parts of a waveform), Clampers (which shift a waveform up or down), and Voltage Multipliers
(which convert low AC voltages into massive DC voltages).

4.6.1 1. Clipper Circuits (Limiters)

A Clipper circuit (also known as a Limiter or Slicer) is designed to "clip" off or remove a specific portion of an AC
waveform without distorting the remaining part. Think of it as electronic scissors that cut off any voltage that exceeds
a certain pre-defined threshold.

Clippers are extensively used to protect delicate circuits from high-voltage spikes, to generate square waves from
sine waves, and to remove noise from the peaks of digital signals. They are categorized based on two factors: the
physical orientation of the diode (Series or Shunt) and the portion of the wave they remove (Positive or Negative).

Series Clippers

In a series clipper, the diode is placed in series with the signal path and the load.

e Negative Series Clipper: The diode points toward the load. During the positive half-cycle of the input sine
wave, the diode is forward-biased and acts like a closed switch, passing the positive wave to the load. During the
negative half-cycle, the diode is reverse-biased, acts like an open switch, and blocks the signal. The output is just
the positive pulses. (Note: This is identical to a standard half-wave rectifier).

e Positive Series Clipper: The diode is reversed, pointing away from the load. It passes the negative half-cycles
and clips off the positive half-cycles.

Shunt Clippers (Parallel Clippers)

In a shunt clipper, a resistor is in series with the signal, and the diode is placed in parallel (shunt) with the load. This
is the more common and useful configuration.

e Positive Shunt Clipper: The diode points downward to ground. During the positive half-cycle, the diode
becomes forward-biased. A forward-biased ideal diode acts as a short circuit (0V). Therefore, all positive voltage
is shunted directly to ground, and the output across the load is OV. During the negative half-cycle, the diode
is reverse-biased (open circuit), and the full negative wave passes to the load. The positive peak is completely
"clipped" off.

e Negative Shunt Clipper: The diode points upward from ground. It short-circuits and destroys the negative
half-cycle, allowing only the positive half-cycle to pass.

V;n ‘/out

o —~

Positive Shunt Clipper

Figure 4.2: A Positive Shunt Clipper. The diode short-circuits the positive half-cycle to ground, clipping it completely.

Biased Clippers

What if we don’t want to clip the entire half-cycle, but only the tip of it? We can add a DC voltage source (a battery,
Vp) in series with the diode. In a Biased Positive Shunt Clipper, the diode will not turn on and short the signal to
ground until the AC input voltage exceeds the DC battery voltage (V;, > Vg). The output waveform will look exactly
like the input, until the voltage hits Vg, at which point it is perfectly sliced off flat. By adjusting the battery voltage,
we can arbitrarily set the clipping threshold to any level we desire.

4.6.2 2. Clamper Circuits (DC Restorers)

While a clipper removes part of a waveform, a Clamper does not alter the shape of the AC wave at all. Instead, it
vertically shifts the entire waveform up or down on the voltage axis, effectively adding a specific DC offset to a pure
AC signal. For this reason, clampers are often called DC Restorers.

They are heavily used in television and radar receivers where the absolute DC level of a video signal contains critical
brightness information that must be preserved or restored after passing through AC coupling capacitors.

A basic clamper circuit consists of three components: a Capacitor (C), a Diode (D), and a Resistor (R).
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How a Clamper Works

Consider a Positive Clamper. The capacitor is in series with the input, and the diode is in parallel with the load
(pointing upward).

1. The Charging Phase: When the input sine wave goes through its very first negative half-cycle, the diode
becomes forward-biased. It acts as a short circuit to ground. The capacitor is now directly connected across the
negative input source. It rapidly charges up to the absolute peak value of the negative wave (—V;;,). Because the diode
is shorted, the output voltage during this initial moment is 0V,

2. The Shifting Phase: When the input wave swings back positive, the diode becomes reverse-biased (an open
circuit). The capacitor, however, is now fully charged and acts like a battery holding a permanent DC voltage of V.
By Kirchhoff’s Voltage Law, the output voltage is now the sum of the input AC source plus the DC voltage stored on
the capacitor: Vour = Vipac) + Vin(DO).

If the input is a 10V peak-to-peak sine wave (swinging from +5V to —5V), the capacitor charges to 5V. The output
will now swing from 0V to +10V. The entire waveform has been clamped so that its lowest point rests exactly on the
0V baseline. The shape is identical, but it has been vertically shifted upwards by 5 Volts.

AI IMAGE PLACEHOLDER
A diagram of a Positive Clamper circuit (Series Capacitor, Shunt Diode pointing
UP, parallel Resistor). Next to it, show the input waveform swinging equally above
and below 0V. Then show the output waveform with the exact same shape, but
shifted entirely above the OV axis, resting its bottom tips on the baseline.

Figure 4.3: A Positive Clamper adds a DC offset, shifting the entire waveform above zero without altering its shape.

Note: To work correctly, the RC time constant of the resistor and capacitor must be significantly longer than the
period of the input AC wave. This ensures the capacitor holds its charge and acts as a steady DC battery between
peaks.

4.6.3 3. Voltage Multiplier Circuits

Voltage Multipliers are specialized circuits that use networks of diodes and capacitors to convert a low AC input voltage
into a much higher DC output voltage. They are essentially a combination of rectifier and clamper principles.

Why use a multiplier instead of a standard step-up transformer? Transformers are heavy, massive, and expensive.
For applications that require incredibly high DC voltages but very little current (e.g., cathode ray tubes, photomultiplier
tubes, X-ray machines, bug zappers), voltage multipliers are vastly smaller, lighter, and cheaper.

The Half-Wave Voltage Doubler

The simplest multiplier is the voltage doubler. It consists of two diodes (D;, D3) and two capacitors (C1,Cs). It
effectively uses a clamper to shift the wave, and a peak rectifier to capture the top of the shifted wave.

1. Negative Half-Cycle: D; is forward-biased, Dy is reverse-biased. C; acts as a clamper capacitor and charges
to the peak input voltage (V,,,). 2. Positive Half-Cycle: D; turns off. The input source (V) is now in series with
the charged capacitor Cy (V;;,). Their voltages add together to equal 2V},,. This combined 2V},, forward-biases Do and
charges the output capacitor Cy to exactly 2V,,.

The output across Cs is a relatively steady DC voltage equal to twice the peak of the input AC wave.
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Figure 4.4: A Half-Wave Voltage Doubler. C1 and D; clamp the wave up to V,,,. Cy and D5 then rectify the new peak,
producing 2V, DC.

Voltage Triplers and Quadruplers

The beauty of the doubler circuit is that it can be cascaded almost infinitely. By adding a third diode and capacitor,
the output of the doubler (2V,,,) can be added to the input (V},) to charge a third capacitor to 3V,, (a Voltage Tripler).
Adding a fourth stage produces 4V,,, (a Voltage Quadrupler).

These cascaded networks are often called Cockcroft-Walton Generators (named after the physicists who used
them to power particle accelerators). While they can theoretically generate millions of volts from a 120V wall outlet,
they suffer from extremely poor voltage regulation; the moment a significant load current is drawn from the output,
the capacitors drain rapidly, and the massive DC voltage collapses.

4.6.4 Conclusion

Wave-shaping circuits leverage the non-linear switching characteristics of diodes to forcefully alter electrical signals.
Clippers act as precise voltage shears, protecting equipment by slicing away dangerous or unwanted peaks. Clampers
act as DC elevators, shifting entire waveforms up or down without distorting their shape, ensuring signals align with
the absolute voltage requirements of processing stages. Finally, Voltage Multipliers ingeniously cascade clamping and
rectifying principles to pump low AC voltages into massive DC potentials, proving that heavy transformers are not the
only way to achieve high voltage in specialized, low-current applications.

4.7 Specialized Diodes and Optoelectronic Displays

While the standard PN junction diode is the workhorse of rectification and wave-shaping, modifications to its
semiconductor materials and physical structure have spawned an entirely new class of specialized components. In this
section, we will explore diodes designed specifically for high-speed switching, inductive protection, and light emission.
We will then see how these light-emitting properties are harnessed to create advanced optical displays, ranging from
simple digital readouts to the stunning screens found on modern smartphones.

4.7.1 1. The Switching Diode

Standard rectifier diodes (like the 1N4007) are designed to handle high currents at low frequencies (e.g., 50 Hz or 60 Hz
mains power). However, in digital computers or high-frequency communication circuits, a diode might need to switch
between forward-biased (ON) and reverse-biased (OFF) millions of times per second.

A standard diode fails at this task due to Reverse Recovery Time (¢,,). When a forward-biased diode is
suddenly subjected to a reverse voltage, it does not instantly block current. The minority charge carriers that flooded
the junction during forward conduction take time to be swept back out or recombine. During this brief window, the
diode conducts heavily in the reverse direction.

A Switching Diode (like the 1N4148) is physically designed with a very small junction area and special doping
techniques (such as gold doping) to drastically reduce the lifetime of these minority carriers. This results in a reverse
recovery time of just a few nanoseconds, allowing the diode to cleanly switch states at frequencies in the hundreds of
megahertz. The trade-off is that they cannot handle high currents or massive reverse breakdown voltages.

4.7.2 2. The Freewheeling (Flyback) Diode

A Freewheeling Diode (also known as a flyback, snubber, or catch diode) is a standard or fast-recovery diode used
specifically to protect delicate electronic switches (like transistors or microcontrollers) from the destructive physics of
inductors.

Inductors (found in motors, relays, and transformers) store energy in a magnetic field. According to Faraday’s
Law (V = L%), an inductor strongly opposes any rapid change in current. If a transistor is driving a relay coil and
suddenly turns OFF, the current path is instantly broken (di/dt approaches infinity). The collapsing magnetic field of
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the inductor responds by generating a massive, high-voltage spike (often hundreds or thousands of volts) in a desperate
attempt to keep the current flowing. This "inductive kickback" will instantly arc across the transistor, destroying it.

To solve this, a freewheeling diode is placed in parallel with the inductive load, but in a reverse-biased orientation
relative to the normal power supply.

o When the transistor is ON, the diode is reverse-biased and does nothing.

e When the transistor turns OFF, the inductor generates the massive reverse voltage spike. This spike instantly
forward-biases the freewheeling diode.

o The diode acts as a safe, low-resistance short-circuit path, allowing the inductor’s current to safely loop ("freewheel")
around through the diode and the coil until the magnetic energy dissipates as heat, protecting the transistor.

AI IMAGE PLACEHOLDER
A circuit diagram showing a DC voltage source, a switch (or transistor), and an
Inductor (relay coil) in series. In parallel with the inductor is a diode pointing
UPWARDS (reverse-biased relative to the DC source). Draw a circular arrow
showing the "freewheeling" current looping through the diode and inductor when
the switch opens.

Figure 4.5: A Freewheeling Diode provides a safe path for inductive kickback, protecting the driving circuitry.

4.7.3 3. Optoelectronics: Harnessing Light

When a standard silicon diode is forward-biased, the recombination of electrons and holes releases energy. In silicon,
this energy is released as invisible heat. However, if the diode is constructed from compound semiconductors like
Gallium Arsenide (GaAs) or Gallium Phosphide (GaP), the bandgap energy dictates that the recombination energy is
released as a photon of light.

The Infrared (IR) LED

An Infrared Light Emitting Diode (IR LED) is manufactured from materials (typically GaAs) with a bandgap
energy that emits photons in the infrared spectrum (wavelengths longer than visible red light, invisible to the human
eye). IR LEDs are the foundation of short-range optical communication. They are the invisible light source in every
television remote control, optical mouse, and night-vision security camera illuminator.

The Opto-coupler (Opto-isolator)

An Opto-coupler is a brilliant safety component that combines an IR LED and a phototransistor inside a single,
light-tight microchip package. Its purpose is to transfer a signal between two completely separate circuits while
maintaining absolute, physical electrical isolation between them.

1. The input circuit drives the IR LED, converting the electrical signal into infrared light. 2. The light shines
across a tiny physical gap (made of clear, insulating glass or plastic). 3. The phototransistor on the other side detects
the light and converts it back into an identical electrical signal in the output circuit.

Because there is no physical wire connecting the input to the output, an opto-coupler can prevent a 10,000V
lightning strike on a motor controller (output side) from traveling back and destroying the delicate 5V microprocessor
(input side) controlling it.
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Al IMAGE PLACEHOLDER
A diagram showing the internal structure of an Opto-coupler IC. On the left, an
input circuit drives an LED. Squiggly arrows representing light travel across a
physical gap to the base of a Phototransistor on the right. Emphasize the physical
isolation gap between the two sides.

Figure 4.6: An Opto-coupler uses light to transmit signals across a physical gap, providing thousands of volts of
electrical isolation.

4.7.4 4. Display Technologies

The visible Light Emitting Diode (LED) has evolved from simple indicator lights into the dominant technology for
visual data display.

The Seven-Segment Display

To display decimal numbers (0-9) cheaply and efficiently, engineers use the Seven-Segment Display. It consists of
seven distinct, rectangular LEDs arranged in a figure-eight pattern. By selectively turning on specific combinations of
these seven segments (labeled ’a’ through ’g’), any decimal digit can be rendered.

They come in two electrical configurations to simplify wiring:

o« Common Anode: All the positive anodes of the seven LEDs are tied together to a single power pin (+Veoe).
To light a segment, the driving microcontroller must pull that specific segment’s cathode pin to Ground (0V).

¢ Common Cathode: All the negative cathodes are tied together to Ground. To light a segment, the microcon-
troller must apply a positive voltage to that segment’s anode pin.

These displays are universally found in digital clocks, microwaves, and cheap industrial meters due to their extreme
reliability and low cost.

Figure 4.7: The standard layout of a Seven-Segment LED display.

OLED (Organic Light Emitting Diode)

Standard LEDs are made of rigid, crystalline inorganic crystals. OLEDs use a film of organic (carbon-based) molecules
or polymers situated between two electrodes. When current passes through the organic film, it glows.

Because the organic layer is incredibly thin and can be printed onto flexible plastic substrates, OLED displays can
be manufactured to be paper-thin, flexible, or even rollable. Unlike older LCD screens that require a bulky, always-on
backlight, every single pizel in an OLED screen is its own independent light source. If a pixel needs to be black, it
simply turns off completely, resulting in infinite contrast ratios and perfect "true black" levels.
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AMOLED (Active-Matrix OLED)

While a standard OLED is excellent, controlling millions of tiny pixels individually on a high-resolution smartphone
screen requires complex wiring. AMOLED solves this by adding an "Active Matrix" backplane. Behind every single
organic pixel, there is a tiny, dedicated Thin-Film Transistor (TFT) and a tiny storage capacitor.

When the processor wants to light a pixel, it sends a brief signal to that pixel’s transistor. The transistor charges the
capacitor, and the capacitor holds that charge, keeping the OLED pixel illuminated steadily until the next frame update.
This Active Matrix allows for incredibly fast refresh rates, zero motion blur, and significantly lower power consumption,
making AMOLED the premium display technology for modern flagship smartphones and high-end televisions.

4.7.5 Conclusion

The evolution of the PN junction from a simple one-way valve into the diverse array of components we see today is a
testament to materials science. By manipulating junction size, we create ultra-fast switching diodes for computers.
By placing diodes in parallel with inductors, we create freewheeling safety nets. By changing the silicon to Gallium
Arsenide, we generate invisible infrared light to drive opto-couplers, providing ultimate electrical isolation. Finally, by
transitioning to organic polymers and active-matrix transistor backplanes, the simple LED has been transformed into
the stunning, paper-thin AMOLED screens that define modern visual technology.

4.8 The Transistor as a Tuned Amplifier

Throughout our study of amplifiers, our primary goal has been achieving a wide, flat bandwidth. An audio amplifier,
for instance, must uniformly amplify all frequencies from 20 Hz to 20,000 Hz to reproduce music faithfully. However,
in the realm of Radio Frequency (RF) and wireless communications, a wide bandwidth is actually a severe liability.

If a radio antenna picks up thousands of different radio stations simultaneously, an amplifier with a wide bandwidth
would amplify all of them equally, resulting in a chaotic, unintelligible wall of noise at the speaker. To solve this,
communication systems rely on Tuned Amplifiers. A tuned amplifier is designed to deliberately have an extremely
narrow bandwidth. It amplifies only one specific, desired frequency (or a very tight band of frequencies) while actively
rejecting and ignoring all other frequencies above and below it.

4.8.1 1. The LC Resonant Tank Circuit

The secret to a tuned amplifier is not found in the transistor itself, but in the load connected to its collector. Instead of
using a standard resistor (R¢) as the load, a tuned amplifier uses a parallel combination of an Inductor (L) and a
Capacitor (C'). This combination is known as an LC Tank Circuit.

To understand how the tank circuit achieves frequency selectivity, we must look at how inductors and capacitors
react to AC signals.

o Capacitive Reactance (X¢ = ﬁ) As frequency (f) increases, the capacitor’s opposition to current drops.
At high frequencies, it acts like a short circuit.

o Inductive Reactance (X = 2w fL): As frequency (f) increases, the inductor’s opposition to current increases.
At low frequencies, it acts like a short circuit.

If we put an inductor and a capacitor in parallel, they fight against each other.
e At low frequencies, the inductor shorts the signal to ground. The total impedance is nearly zero.
e At high frequencies, the capacitor shorts the signal to ground. The total impedance is nearly zero.

However, there is exactly one magical frequency where the upward pull of the inductor perfectly balances the
downward pull of the capacitor (X7 = X¢). This is called the Resonant Frequency (f;). At resonance, the parallel
LC tank circuit acts like an open circuit with an theoretically infinite impedance. (In reality, the tiny internal resistance
of the copper wire in the inductor prevents the impedance from reaching infinity, but it still reaches a massive, sharp
peak).

(4.1)
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Al IMAGE PLACEHOLDER
A graph showing Impedance (Z) on the Y-axis and Frequency (f) on the X-axis for
a parallel LC tank circuit. Draw a sharp, bell-shaped curve that peaks extremely
high at a specific center frequency labeled f,. Label the curve "Parallel Resonance'.

Figure 4.8: The impedance of a parallel LC tank circuit spikes dramatically at its resonant frequency (f,.), and drops
to near zero everywhere else.

4.8.2 2. Circuit Operation of a Tuned Amplifier

Now, let us place this LC tank circuit into the collector of a standard Common-Emitter amplifier.
Recall the fundamental formula for the voltage gain of a CE amplifier: A, = —r./r.. In this circuit, the AC collector
load (r¢) is not a fixed resistor; it is the impedance of the LC tank circuit (Zipx). Therefore, the gain formula becomes:

Av — _Ztank (42)

/
TC

Because Zi,,1 changes drastically with frequency, the gain of the amplifier now changes drastically with frequency.

1. Below Resonance (f < f,): The inductor acts like a short circuit (Zygnx = 0). Therefore, the voltage gain (A,)
is zero. The amplifier ignores the signal.

2. Above Resonance (f > f,.): The capacitor acts like a short circuit (Ziunx =~ 0). Again, the voltage gain is zero.
The amplifier ignores the signal.

3. At Resonance (f = f,): The LC tank hits its massive peak impedance (Znr = Mazximum). Therefore, the
voltage gain hits its absolute maximum. The amplifier heavily magnifies this specific signal.

By making the capacitor a Variable Capacitor (like the tuning dial on an old analog radio), the user can manually
change the capacitance (C). According to the resonant frequency formula, changing C' physically shifts the resonant
frequency (f,.) left or right across the spectrum. This allows the user to "tune" the amplifier to specifically magnify the
98.1 MHz signal of a rock station, while simultaneously crushing the 97.9 MHz classical station right next to it into
silence.

+Vee

‘/out

Figure 4.9: A Single-Tuned Amplifier. The parallel LC tank replaces the standard collector resistor. The arrow through
the capacitor indicates it is user-adjustable (tunable).
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4.8.3 3. Selectivity and the Quality Factor (Q)

The defining characteristic of a tuned amplifier is its Selectivity—its ability to distinguish between the desired
frequency and adjacent unwanted frequencies.

A highly selective amplifier has a very steep, sharp frequency response curve. It grabs the desired station and
brutally cuts off anything even slightly outside that exact frequency. A poorly selective amplifier has a wide, lazy,
rounded curve; it will pick up the desired station, but also "bleed" in the stations sitting next to it on the dial.

Selectivity is determined entirely by the Quality Factor (Q) of the LC tank circuit. The Q-factor is a dimensionless
number that describes how "pure" the inductor is. Real inductors are made of miles of tightly wound copper wire. This

wire has inherent internal resistance (R,,).
_Xp  2nfiL
©= Ry Ry
If the wire is thick and the resistance is very low, the Q-factor is very high (e.g., @ = 100). A high-Q tank circuit
produces a massive, razor-sharp impedance peak at resonance. This creates a highly selective amplifier. If the wire is
thin and the resistance is high, the Q-factor is low (e.g., @ = 10). A low-Q tank circuit produces a short, fat, lazy

impedance peak. This creates a poorly selective amplifier.

(4.3)

Bandwidth of a Tuned Amplifier

Unlike an audio amplifier where bandwidth spans the whole audio spectrum, the bandwidth (BW) of a tuned amplifier
is deliberately tiny. It is defined as the frequency difference between the upper and lower -3dB (half-power) points
on the sharp resonant peak. The bandwidth is directly mathematically tied to the Q-factor and the center resonant
frequency:

Ir

BW 0 (4.4)
If an amplifier is tuned to an FM radio station at 100 MHz (100,000,000 Hz) and has a tank circuit with a Q of 500,
its bandwidth is: BW = 100 MHz/500 = 0.2 MHz = 200 kHz. This 200 kHz window is exactly the bandwidth required
to cleanly receive one FM radio station without hearing the stations beside it.

4.8.4 Conclusion

Tuned amplifiers represent a complete paradigm shift from standard linear amplifiers. By replacing a broadband
resistive load with a highly reactive, frequency-dependent LC tank circuit, we transform the transistor into a highly
selective frequency filter. The ability to manually alter the capacitance allows us to sweep the resonant frequency across
the radio spectrum, actively selecting which specific signals to magnify and which to ignore. The sharpness of this
selection—the bandwidth—is entirely dictated by the Quality factor of the inductor, making the physical construction
of the coil the most critical aspect of any wireless receiver design.

4.9 The Darlington Pair and Its Applications

In electronics, we frequently encounter situations where a massive amount of current needs to be controlled by an
incredibly tiny signal. For instance, a delicate digital microprocessor chip might output a signal of only 1 milliampere
(1 mA), but it needs to turn on a heavy industrial motor that requires 10 Amperes (10,000 mA).

To achieve this, the amplifier must provide a current gain (A; or 3) of 10,000. A standard, single Bipolar Junction
Transistor (BJT) typically has a maximum S of about 100 to 300. Even a high-gain "super-beta" transistor rarely
exceeds 1,000. A single transistor cannot bridge this gap.

The elegant and universally adopted solution to this problem was invented in 1953 by Sidney Darlington at Bell
Labs. He discovered that by directly wiring two transistors together in a specific configuration, they act as a single
"super transistor" with an incredibly high current gain. This configuration is known as the Darlington Pair.

4.9.1 1. Circuit Configuration of the Darlington Pair

A Darlington pair is constructed by connecting two standard bipolar junction transistors (either two NPNs or two
PNPs) in a cascade arrangement.
Let the first (input) transistor be @1, and the second (output) transistor be Q2. The connections are as follows:

e Collectors Tied Together: The collector of ()1 is wired directly to the collector of Q. This combined
connection becomes the "Super Collector" of the pair.

e Emitter to Base: The emitter of ); is wired directly to the base of (3. This is the crucial link. The entire
output current of the first transistor is forced directly into the control base of the second transistor.



https://milav.in

e Super Terminals: The base of (J; acts as the "Super Base" for the pair. The emitter of ()2 acts as the "Super
Emitter" for the pair.

Because they are so commonly used, semiconductor manufacturers actually build Darlington pairs internally on a
single piece of silicon and package them in a standard three-pin transistor case (e.g., the TIP120). To the user, it looks
and acts exactly like one single transistor.

1m- - Super -Collector {€)---

Super Bas¢ (B,

. Super Emitter'(E)

Figure 4.10: The Darlington Pair configuration. Two NPN transistors wired together to form one "super transistor".

4.9.2 2. DC Analysis and Current Gain (Spariington)

The magic of the Darlington pair lies in how the currents multiply. Let us trace a tiny current injected into the Super
Base and see what emerges from the Super Emitter.

Let Ip; be the tiny input current entering the base of 1. The first transistor (1) has a current gain of ;. It
amplifies the input current. The emitter current of the first transistor is:

Igi = (B1+ 1)Ip (4.5)

Because the emitter of ()1 is wired directly to the base of Q)9, this entire current becomes the input base current for
the second transistor (Ipe = Ig1).

The second transistor (Q2) has a current gain of . It takes this already-amplified current and amplifies it again.
The emitter current of the second transistor (which is the Super Emitter output current, Ig, , ) is:

1By = (B2 + 1)Ip2 = (B2 + 1)(B1 + 1) I (4.6)

If we assume typical large 3 values, (f + 1) &~ . Expanding the equation gives the total overall current gain of the
Darlington pair (8p):
Bp = 71?0”” ~ P11 % B2 (4.7)
Bl
The result is staggering: The overall current gain is the product of the individual gains. If )1 has a S of 100,
and @2 has a g of 100, the Darlington pair acts as a single transistor with a 8 of 10,000. A 1 mA input easily yields a
10 Ampere output.

4.9.3 3. Characteristics of the Darlington Pair

While the massive current gain is its primary feature, the Darlington configuration inherently alters several other
electrical characteristics.

Extremely High Input Impedance (Z;,)

In a standard Common-Emitter amplifier, the AC input impedance looking into the base is roughly 8r.. Because the
Darlington pair has a combined beta (8p) that is thousands of times larger, its input impedance is proportionally
massive. A typical Darlington pair might present an input impedance of several mega-ohms (M€). This is incredibly
beneficial. A high input impedance means the Darlington pair draws almost zero power from the previous stage,
ensuring it does not "load down" or distort delicate signal sources.
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Doubled Base-Emitter Voltage Drop (Vpg)

To turn on a standard silicon NPN transistor, the base voltage must be at least 0.7V higher than the emitter. Look at
the schematic of the Darlington pair. To push current from the Super Base through to the Super Emitter, the current
must pass through two base-emitter PN junctions in series (the BE junction of @1, and then the BE junction of Q2).
Therefore, to turn on a Darlington pair, the input voltage must overcome two diode drops:

VBE(Dartingtony = VBE1 + VBE2 = 0.7V + 0.7V = 1.4V (4.8)

This 1.4V threshold must be accounted for in biasing calculations.

Higher Saturation Voltage (Vog(sat))

When a transistor is fully turned "ON" (saturated) and acting as a closed switch, it ideally drops OV across its collector
and emitter. A standard transistor typically drops about 0.2V in saturation. In a Darlington pair, Q2 can never be
fully saturated. Why? Because the collector of )1 is tied to the collector of (J2. For Q)2 to saturate, its base voltage
must be higher than its collector voltage. But the base of Q2 is driven by the emitter of ()1, which must always be
lower than the collector of @)1 (which is tied to Q2’s collector). Therefore, the minimum voltage drop across a fully
"ON" Darlington pair is roughly 0.7V to 1.0V. This higher saturation voltage means a Darlington pair switching heavy
current will dissipate more heat (P = I X Vop(sar)) than a single transistor, requiring larger heat sinks.

Slower Switching Speeds

When the input signal to a Darlington pair turns OFF, the first transistor (Q1) turns off quickly. However, the base of
()2 is now left "floating" with no path to ground to discharge its stored minority carriers. Q)2 stays ON for a significantly
longer time before finally shutting off. To fix this, practical Darlington ICs include an internal "bleed resistor" connected
across the base and emitter of ()2 to drain these charges, but Darlington pairs remain inherently slower than single
transistors.

Al IMAGE PLACEHOLDER
A table summarizing the pros and cons of the Darlington Pair. PROS: Massive
current gain (81 x f2), Ultra-high input impedance. CONS: Double Vpg turn-on
voltage (1.4V), Higher saturation voltage (causes more heat), Slower switching
speeds.

Figure 4.11: Summary of Darlington Pair characteristics.

4.9.4 4. Applications of the Darlington Pair

Due to their extreme current gain and high input impedance, Darlington pairs are deployed wherever a weak signal
must interface with a heavy, power-hungry load.

o Microcontroller Interface Drivers: The fragile output pins of an Arduino or Raspberry Pi (which provide
only 20 mA at 5V) use Darlington arrays (like the famous ULN2003 IC) to drive heavy 12V relays, stepper
motors, and high-power LED strips.

e Audio Power Amplifiers: The final output stage of a stereo amplifier uses heavy-duty Darlington pairs to
provide the massive current necessary to physically move the heavy voice coils of loudspeakers without drawing
significant power from the delicate pre-amplifier stages.

e Touch Sensors and Skin Resistance Meters: Because the input impedance is so high, a Darlington pair can
be turned on by the microscopic amount of current flowing through the moisture on a human finger touching two
metal contacts.

 Regulated Power Supplies: Used as the "pass transistor' in series voltage regulators, allowing a tiny, precise
Zener diode control circuit to regulate a massive output load current.
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4.9.5 Conclusion

The Darlington Pair is a triumph of circuit ingenuity. By cascading two transistors such that the emitter of the first
directly drives the base of the second, it multiplies their current gains (/31 x (3) to create a virtual "super transistor"
with astronomical current amplification capabilities. While engineers must carefully manage its drawbacks—such as
the doubled 1.4V turn-on threshold and increased heat dissipation due to higher saturation voltages—its ability to
allow delicate microchips to control heavy industrial machinery makes it an irreplaceable component in modern power
electronics.

4.10 Relay Driver Circuits: Bridging the Digital and Physical Worlds

Modern electronics are dominated by low-voltage digital microprocessors. An Arduino, a Raspberry Pi, or a standard
logic gate operates at 3.3V or 5V and can typically supply a mere 20 milliamperes (20 mA) of current. However,
the real world requires heavy lifting: turning on 120V AC light bulbs, starting 24V DC motors, or engaging heavy
industrial contactors.

The traditional electromechanical Relay is the perfect bridge. It is a magnetically operated switch. A small DC
current flows through an electromagnet (the coil), which physically pulls a heavy metal armature, closing high-power
contacts that control the mains voltage.

However, even the small electromagnet inside a relay requires too much power for a delicate microprocessor to drive
directly. A typical 5V relay coil might draw 100 mA. If an Arduino attempts to sink or source 100 mA, its internal
circuitry will burn out instantly. To solve this, we must place a Relay Driver Circuit between the microprocessor
and the relay. This circuit acts as a power amplifier, taking the tiny 20 mA digital signal and using it to safely switch
the heavy 100 mA (or more) required by the coil.

4.10.1 1. The Basic Transistor Relay Driver

The most fundamental relay driver uses a single NPN bipolar junction transistor acting as a saturated switch.

Circuit Operation

1. The Load: The relay coil is connected between the positive supply voltage (e.g., +12V) and the collector of the
NPN transistor. 2. The Switch: The emitter of the transistor is tied to Ground (0V). 3. The Control: The digital
output pin of the microprocessor is connected to the base of the transistor via a current-limiting resistor (Rp).

When the microprocessor outputs a digital LOW (0V), the transistor is in cutoff. No collector current flows, the
relay coil is dead, and the relay switch is open. When the microprocessor outputs a digital HIGH (5V), base current
flows through Rp. This base current is multiplied by the transistor’s 3, causing a massive collector current to flow
from the +12V supply, through the coil, and down to ground. The relay clicks ON.

The Essential Freewheeling Diode

As discussed in the previous section, the relay coil is an inductor. When the transistor turns OFF, the magnetic
field in the coil collapses, generating a lethal high-voltage spike capable of destroying the transistor. Therefore, a
Freewheeling Diode must always be placed in parallel with the relay coil, reverse-biased relative to the +12V supply,
to safely shunt this spike.

+12V

Microcontroller (5V)

Figure 4.12: A standard single-transistor relay driver. Note the critical placement of the reverse-biased freewheeling
diode across the coil.
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4.10.2 2. High-Power Driving: The TIP122 Darlington Transistor

If the relay is particularly large (e.g., an automotive starter relay), its coil might require 1 Ampere to engage. A
standard small-signal transistor like the 2N2222 cannot handle this current, nor can it provide enough gain (a 5mA
input with a 8 of 100 only yields 500mA).

The solution is to use a packaged Darlington Pair IC, such as the TIP122. The TIP122 is an NPN epitaxial
Darlington transistor housed in a rugged TO-220 package (which includes a metal tab for bolting onto a heat sink).

Because it is a Darlington pair, its minimum DC current gain (hpg) is an astronomical 1,000. It can effortlessly
switch up to 5 Amperes of continuous collector current. Furthermore, modern Darlington power ICs like the TIP122
usually include a built-in freewheeling diode between the collector and emitter internally, though engineers often add
an external one directly across the coil anyway for maximum safety. With a TIP122, a weak 1mA signal from a fragile
microprocessor can easily slam shut a massive industrial relay.

4.10.3 3. Integrated Driver Arrays: ULN2003 and ULN2803

In modern digital systems (like a home automation controller or an industrial PLC), you rarely need to drive just one
relay. You often need to drive arrays of 4, 8, or 16 relays simultaneously.

Wiring eight separate transistors, eight base resistors, and eight freewheeling diodes on a circuit board takes up a
massive amount of physical space and manufacturing time. To solve this, the semiconductor industry created Integrated
Circuit (IC) Darlington Arrays. The most famous and widely used of these are the ULN2003 and the ULN2803.

The ULN2003 (7-Channel Array)

Housed in a 16-pin Dual In-line Package (DIP), the ULN2003 contains seven independent Darlington pairs.
e FEach individual channel can sink 500 mA of current, capable of driving most standard PCB-mounted relays.

o It includes built-in base resistors (specifically tuned for 5V TTL/CMOS logic). You connect the microcontroller
pin directly to the IC input pin without needing an external resistor.

e Most brilliantly, it includes seven built-in freewheeling diodes. The cathodes of all seven diodes are tied
together internally and brought out to a single pin labeled "COM" (Common). The engineer simply connects
the COM pin to the positive relay supply voltage, and all seven channels are instantly protected from inductive
kickback.

The ULN2803 (8-Channel Array)

The ULN2803 is essentially identical to the ULN2003, but it is housed in an 18-pin package and contains eight
independent Darlington pairs. Because digital systems are based on 8-bit bytes, having an 8-channel driver allows a
single 8-bit output port on a microprocessor to seamlessly control an exact matching bank of 8 relays.

Al IMAGE PLACEHOLDER
A diagram showing the internal schematic of a single channel inside a ULN2003.
Show the input pin going through a base resistor into a Darlington pair. Show the
Collector going to the output pin. Crucially, show the internal clamping diode
connected from the Collector up to the single "COM’ pin.

Figure 4.13: The internal structure of one channel of a ULN2003/ULN2803 IC. Notice the integrated base resistor and
the integrated freewheeling diode tied to the COM pin.

4.10.4 Conclusion

Microprocessors may be the "brains" of modern electronics, but without relay drivers, they are completely paralyzed,
unable to interact with the high-power physical world. The standard NPN transistor serves as the basic switch. For
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heavier loads, the TIP122 Darlington transistor provides the necessary massive current gain. For dense digital systems,
the ULN2003 and ULN2803 ICs provide a brilliant, space-saving solution, packing multiple high-gain Darlington pairs,
base resistors, and critical freewheeling diodes into a single, cheap microchip, cementing their status as indispensable
tools in electromechanical engineering.
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CHAPTER 5

Regulated Power Supply

5.1 Regulated Power Supply and Linear Regulators

5.1.1 Regulated Power Supply

Almost all electronic devices, from your smartphone to complex medical imaging equipment, require a stable direct
current (DC) voltage to operate reliably. The AC power available from the wall outlet must be converted into a stable
DC voltage. A regulated power supply is an electronic circuit designed to maintain a constant output DC voltage,
irrespective of fluctuations in the input AC mains voltage or variations in the load current demanded by the connected
device.

Box[Regulated Power Supply| A regulated power supply is an electronic circuit that provides a stable, constant DC
output voltage, regardless of changes in the input voltage (line voltage), changes in the load current, or variations
in temperature.

\. J

Key Concept

Concept The primary objective of any voltage regulator is to act as a buffer between fluctuating power sources and
sensitive electronic loads, ensuring that the load always receives the exact voltage it needs to function correctly.

V.

-

To understand the role of a regulated power supply, it is helpful to look at the complete block diagram of an
AC-to-DC power conversion system.

230V — St(’p—d(BWIIl{ . PulsatiJLg - Unregula‘ged VoltageR>gula:cad Load
—>A C anstormer Ac ectifier el ilter DC | Regulator [ DO (Rp)

Figure 5.1: Block Diagram of a Regulated Power Supply

The process involves several stages:

1. Transformer: Steps down the high-voltage AC mains (e.g., 230V) to a lower, manageable AC voltage.

2. Rectifier: Converts the alternating current (AC) into pulsating direct current (DC). This is typically achieved
using a bridge rectifier.

3. Filter: Smooths out the pulsations (ripples) from the rectifier output, providing an unregulated DC voltage.
The voltage here is still subject to changes if the input AC voltage changes or if the load draws more current.

4. Voltage Regulator: The final and most crucial stage for stability. It takes the unregulated, fluctuating DC
voltage from the filter and outputs a highly stable, perfectly flat DC voltage to the load.

Water Pressure Analogy

Imagine supplying water to a delicate fountain. The main water supply pipe (input AC) has highly fluctuating
pressure. A tank with a hole at the bottom acts as a filter, smoothing out the rapid surges, but the water level
(voltage) in the tank still drops if you draw water quickly (load variation) or if the main supply pressure drops. A
voltage regulator acts like an intelligent, active valve placed between the tank and the fountain. It constantly



senses the pressure going to the fountain and automatically opens wider or closes slightly to guarantee the fountain
receives a perfectly constant flow of water, regardless of what happens in the tank or how much water the fountain
uses.

Two critical parameters define the performance of a regulated power supply:

o Line Regulation (Source Regulation): It is the measure of the regulator’s ability to maintain a constant
output voltage when the input line voltage varies. It is defined as the change in output voltage (AV,,;) for a
given change in input voltage (AV;,), keeping load current constant.

e Load Regulation: It is the measure of the regulator’s ability to maintain a constant output voltage when the
load current changes from no-load (zero current) to full-load (maximum rated current). It is defined as the change
in output voltage (AV,,;) for a specified change in load current (AIy), keeping the input voltage constant.

5.1.2 Shunt Voltage Regulator

A shunt voltage regulator provides voltage regulation by placing a regulating element in parallel (shunt) with the
load. The term “shunt" literally means to turn aside or to divert. In this type of circuit, the regulating element diverts
a portion of the total current away from the load to maintain a constant voltage across the load terminals.

The simplest and most common form of a shunt voltage regulator uses a Zener diode.

Zener Diode Shunt Regulator

A Zener diode is uniquely designed to operate in the reverse breakdown region. When reverse-biased beyond its specific
breakdown voltage (Zener voltage, V), it maintains a very stable voltage across its terminals over a wide range of
reverse currents.

Ig 1is
+Vino—{ ] 0 +Vour
L1,
vz /\ R

[

Figure 5.2: Basic Zener Diode Shunt Voltage Regulator

The circuit consists of a series resistor (Rg) and a Zener diode connected in parallel with the load resistor (Ry).
The series resistor Rg is crucial; it limits the total current flowing from the unregulated source and drops the excess
voltage so that the load and Zener see exactly V.

Working Principle: According to Kirchhoff’s Current Law, the total current Is flowing through the series resistor
is the sum of the Zener current /7 and the load current I;:

Is =17+ 1
The voltage across the load is determined by the Zener voltage:
Vour = Vz
Let us examine how it maintains regulation under two different conditions:

1. When Input Voltage (V;,) Fluctuates (Line Regulation): If the input voltage Vj,, increases, the total
current Ig increases. Since the load resistance Ry, is constant, it demands a constant current I;, for a fixed V.
The extra current generated by the increased input voltage is entirely absorbed by the Zener diode (I increases).
The increased Ig causes a larger voltage drop across the series resistor Rg, canceling out the increase in Vj, and
leaving the output voltage V,,; constant.

2. When Load Resistance (R;) Fluctuates (Load Regulation): If the load resistance decreases (i.e., the
load draws more current, I, increases), the total current Ig from the source remains relatively constant because
Vin and V,,; are constant. To supply the increased load current, the Zener diode automatically decreases its
own current Iz. It “shunts" less current, giving the extra current to the load. Conversely, if the load draws less
current, the Zener diode absorbs the excess by increasing I;. In both cases, V,,; remains locked at V.
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Limitations of Shunt Regulators

Shunt regulators are extremely simple but suffer from major efficiency drawbacks. Even when the load is
disconnected (zero load current), the Zener diode must absorb all the current flowing through Rg, dissipating
significant power as heat. They are only suitable for low-power applications where load currents are small and
relatively constant.

5.1.3 Transistorized Series Voltage Regulator

To overcome the severe efficiency and power limitations of shunt regulators, modern power supplies almost exclusively
use series voltage regulators. In a series regulator, the control element (a transistor) is placed in series with the
load. By continuously adjusting its internal resistance (effectively acting as a variable resistor), the series transistor
absorbs any excess input voltage, ensuring the voltage presented to the load remains perfectly constant.

Because the control element is in series with the load, it only handles the current actually demanded by the load.
There is no wasted "shunt" current, making this approach much more efficient, especially for high-current applications.

Basic Transistorized Series Regulator (Emitter Follower)

The most fundamental form of a series regulator is the emitter follower regulator. It uses an NPN transistor as the
series pass element, controlled by a basic Zener diode reference voltage.

C
Ve Q1 (Series Pass)
' B
R E
© +V:7ut
Vy Ry

Figure 5.3: Basic Transistorized Series Voltage Regulator

In this circuit, transistor ()1 acts as a variable resistor. The Zener diode sets a stable reference voltage (V) at the
base of the transistor. The output voltage (V,,;) is taken from the emitter of the transistor.
The mathematical relationship governing this circuit is straightforward. Applying Kirchhoff’s Voltage Law (KVL)
around the base-emitter loop yields:
Vout = Vz — VBE

Where Vpg is the base-emitter voltage drop of the transistor (typically around 0.7V for a silicon transistor).
Working Principle:

e When Output Voltage Decreases: Suppose the load current increases, causing a momentary dip in the output
voltage (Vyyut). Because the base voltage is held rigidly constant at Vi by the Zener diode, a decrease in V¢
(which is the emitter voltage) causes the base-emitter voltage (Ve = Vz — Vo) to increase. A higher Vpp turns
the transistor “on" more strongly, decreasing its collector-emitter resistance. This allows more current to flow
from the unregulated input to the load, thereby pulling the output voltage back up to its original level.

e When Output Voltage Increases: Conversely, if the input voltage surges or load current decreases, causing
Vot to rise, Vg decreases. The transistor turns “off" slightly, its internal resistance increases, and it restricts
current flow to the load, forcing the output voltage back down.

Concept The basic series regulator essentially copies the stable reference voltage from its base to its emitter (hence
“emitter follower"), minus a small 0.7V drop. It provides current amplification, allowing a tiny, low-power Zener
diode to indirectly regulate a high-current load.
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Transistorized Series Voltage Regulator with Feedback

While the basic series regulator works, it has limitations. The Vpg drop changes slightly with temperature and load
current, leading to minor variations in the output voltage. Furthermore, you cannot easily adjust the output voltage—it
is fixed by the specific Zener diode chosen.

To achieve precise regulation and an adjustable output voltage, a closed-loop negative feedback system is used.
This is the standard architecture found in virtually all modern linear voltage regulator ICs (like the famous LM317).

v Series .Pass N otV
Transistor l
IControl Signa
Ry
Reference] —+ R Error R
Voltage (Vrgr) | Amplifier — T L
Vi (Feedbgck Ry

e 1 o

Figure 5.4: Block Diagram of a Series Voltage Regulator with Feedback

The feedback series regulator consists of four essential components:

1. Reference Voltage Element: Typically a precision Zener diode driven by a constant current source, providing
a highly stable reference voltage (Vrgr) that is completely immune to input fluctuations.

2. Sampling Network: A simple resistive voltage divider consisting of R; and Ry placed across the output
terminals. It "samples" a fraction of the output voltage and sends this feedback voltage (V) to the amplifier.

3. Error Amplifier: An operational amplifier (Op-Amp) or a specialized transistor circuit acting as a comparator.
It continually compares the constant reference voltage (Vrrr) with the sampled feedback voltage (V). If there
is any difference, it generates an amplified error signal.

4. Series Pass Element: A heavy-duty power transistor connected in series with the load. Its internal resistance
is continuously modulated by the control signal from the error amplifier.

Working Principle: This system operates on the principle of negative feedback to maintain equilibrium.

e Correcting a Voltage Drop: Imagine a heavy load is suddenly connected, demanding a large current.
The unregulated DC filter capacitor begins to drain faster, and the output voltage V,,; momentarily drops.
Consequently, the voltage divider senses this drop, and the feedback voltage Vi decreases. The Error Amplifier
detects that Vp is now less than the constant Vppp. It amplifies this negative error and immediately sends a
stronger control signal to the base of the Series Pass Transistor. The transistor responds by lowering its internal
collector-emitter resistance, conducting more heavily. This allows a greater surge of current from the input to
flow through to the output, instantly pulling the output voltage back up until Vi exactly equals Vrgpr again.

e Correcting a Voltage Surge: Conversely, if the load is disconnected or the input mains voltage spikes, Vj;
attempts to rise. The sampling network passes a higher Vz to the Error Amplifier. The amplifier sees that Vg
is greater than Vrppr and reduces the base drive to the series transistor. The transistor increases its internal
resistance, acting like a tightening valve, restricting current flow and forcing the output voltage back down to its
nominal, highly stable value.

Because this action happens instantaneously and continuously in a closed loop, the output voltage is locked in place
with remarkable precision, effectively isolating the sensitive load from the chaotic realities of real-world power grids
and varying load conditions. Furthermore, by making resistor Ry or Ry variable (using a potentiometer), the user can
easily adjust the target output voltage, a feature impossible with the basic series or shunt regulators.
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Table 5.1: Comparison between Shunt and Series Voltage Regulators

Feature

Shunt Voltage Regulator

Series Voltage Regulator

Component Placement

Regulating element is in parallel (shunt)
with the load.

Regulating element is in series with the
load.

Efficiency

Very poor. Constant power is drawn from
the source even when the load is zero (no-
load condition).

High. Current drawn from the source de-
pends directly on the load demand. Low
waste.

Short Circuit Protection

Inherently protected. A shorted load sim-
ply bypasses the regulator entirely; the
series resistor limits total current.

Vulnerable. A short circuit will draw mas-
sive current through the series pass tran-
sistor, rapidly destroying it without dedi-
cated protection circuitry.

Applications

Low voltage, very low current applica-
tions, or as fixed voltage references for

Virtually all modern moderate to high-
power electronic power supplies (e.g., com-

other circuits.

puters, TVs, lab equipment).

5.2 Three-Terminal Fixed and Variable Voltage Regulators

In modern electronic circuit design, maintaining a highly stable and constant DC voltage is a fundamental requirement.
Unregulated DC power supplies, which typically consist of a transformer, a rectifier, and a simple capacitor filter, are
prone to output voltage variations due to changes in line voltage (input AC) or load current (output demand). To
overcome these fluctuations and deliver a steady voltage to sensitive electronic components, voltage regulator ICs are
employed. Among the most popular and widely used categories of voltage regulators are the three-terminal integrated
circuits (ICs). These ICs are compact, easy to use, and require a minimum number of external components, making
them indispensable in everything from simple hobbyist projects to complex industrial equipment.

Box|[Three-Terminal Voltage Regulator] A three-terminal voltage regulator is an integrated circuit that takes an
unregulated and fluctuating input voltage and maintains a constant, stable output voltage. As the name implies,
it has exactly three external connection pins: an input pin, an output pin, and a common (or ground/adjust) pin.

5.2.1 Fixed Positive Voltage Regulators: The 78xx Series

The 78xx series (where 'xx’ indicates the fixed output voltage) is a family of monolithic three-terminal positive voltage
regulators. These regulators are designed to output a specific, constant positive voltage relative to the ground. For
example, the 7805 provides a fixed +5V output, the 7812 provides +12V, and the 7815 provides +15V.

Concept The 78xx series ICs require the input voltage to be at least 2V to 2.5V higher than the desired output
voltage. This difference is known as the "dropout voltage." If the input drops below this threshold, the regulator
loses its ability to maintain a stable output.

Pin Configuration and Operation

The 78xx series regulators, commonly available in the TO-220 package, have the following pinout (from left to right
when facing the labeled side):

1. Input (Pin 1): This pin receives the unregulated positive DC voltage from the rectifier and filter circuit.

2. Ground (Pin 2): This pin is connected to the common system ground. It serves as the reference point for both
the input and output voltages.

3. Output (Pin 3): This pin delivers the regulated, fixed positive DC voltage to the load.

Internally, a 78xx regulator consists of a sophisticated network of transistors, resistors, and a precision voltage
reference (typically a Zener diode or a bandgap reference). The internal error amplifier constantly compares the output
voltage against the internal reference. If the output voltage attempts to rise or fall due to load variations, the error
amplifier adjusts the bias of a large series pass transistor. This adjustment alters the effective resistance of the pass
transistor, bringing the output voltage back to its nominal value almost instantaneously.
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Thermal Management

The series pass transistor in a linear regulator dissipates the excess voltage as heat. The power dissipation is
calculated as Pp = (Vin, — Vour) X Ljoaq- If the input voltage is significantly higher than the output voltage, or if
the load current is high, the IC can become extremely hot. Using an appropriate heat sink is strictly mandatory
to prevent thermal shutdown or permanent damage.

Built-in Protection Features

One of the primary reasons for the widespread adoption of the 78xx series is its robust internal protection circuitry.
These include:

o Current Limiting: The internal circuitry limits the maximum output current to a safe value (usually around
1A to 1.5A for standard TO-220 packages). Even if the output is short-circuited to ground, the current will not
exceed this limit, protecting the IC from immediate destruction.

o Thermal Shutdown: If the internal junction temperature exceeds a critical threshold (typically around 150°C),
the IC automatically shuts down its output until it cools down. This prevents the silicon chip from melting under
severe overload or inadequate cooling conditions.

o Safe Operating Area (SOA) Protection: This feature protects the internal series pass transistor from
simultaneous high voltage and high current stress.

5.2.2 Fixed Negative Voltage Regulators: The 79xx Series

While many digital logic circuits operate on a single positive supply, many analog circuits—such as operational
amplifiers—require a symmetrical bipolar power supply (e.g., +15V, Ground, —15V). To generate regulated negative
voltages, the 79xx series is utilized.

The 79xx series functions exactly like the 78xx series but is designed to regulate negative input voltages to a fixed
negative output voltage. Common examples include the 7905 (—5V output) and the 7912 (—12V output).

Pin Configuration Difference
It is crucial to note that the pin configuration of the 79xx series in the TO-220 package differs from the 78xx series:
1. Ground (Pin 1): Unlike the 78xx where pin 1 is input, here pin 1 is the common ground connection.

2. Input (Pin 2): This pin receives the unregulated negative DC voltage. Notably, the metal tab of the TO-220
package is internally connected to this pin, not ground.

3. Output (Pin 3): This pin delivers the regulated negative DC voltage.

Dual Power Supply Design

To build a 12V power supply for an operational amplifier circuit, an engineer will use a center-tapped transformer
with a full-wave bridge rectifier to generate unregulated positive and negative rails relative to the center tap
(ground). A 7812 regulator is placed on the positive rail, and a 7912 regulator is placed on the negative rail.
Capacitors (typically 0.1uF to 1uF) are placed close to the input and output pins of both ICs to improve transient
response and suppress high-frequency oscillations.

L J

5.2.3 Variable Voltage Regulators: The LM317

Fixed voltage regulators are excellent when a specific standard voltage is required. However, many laboratory power
supplies, test benches, and custom circuits demand adjustable output voltages. The LM317 is a highly versatile
three-terminal adjustable positive voltage regulator capable of supplying in excess of 1.5A over an output voltage range
of 1.25V to 37V.
Pin Configuration and Working Principle
The LM317 has three pins:

1. Adjust (ADJ): This pin is used to set the output voltage.

2. Output (OUT): Delivers the regulated variable voltage.
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3. Input (IN): Receives the unregulated positive voltage.

Internally, the LM317 develops a highly precise 1.25V reference voltage (V,cf) between its Output and Adjust pins.
By connecting a fixed resistor (R;) between the Output and Adjust pins, a constant current is forced to flow through
R;. This same current then flows through a variable resistor (Rz, typically a potentiometer) connected between the
Adjust pin and ground.

Voltage Calculation

The output voltage is determined by the ratio of the two external resistors, Ry and Rs, according to the following
formula:

Vour = 1.25V x (1 + gz) + Logi X Ry (5.1)
1

Where I,4; is the bias current flowing out of the adjust pin. Since the LM317 is designed to keep I,4; extremely small
(typically 50pA) and constant, the term 1,47 X Ry is usually negligible in most practical applications. Therefore, the
simplified equation is often used:
Vout = 1.25V x <1 + R2> (5.2)
Ry

By simply rotating the potentiometer (Rz), the user can smoothly vary the output voltage from 1.25V up to a
maximum voltage slightly below the unregulated input voltage (accounting for the dropout voltage of about 3V for the
LM317).

Like the 78xx series, the LM317 features built-in current limiting and thermal overload protection. Furthermore,
to protect the regulator from reverse currents (which can occur if the output is connected to a battery or a large
capacitor when the input is shorted to ground), protective bypass diodes are often added across the input-output and
output-adjust terminals in practical circuits.

5.3 Switch Mode Power Supply (SMPS)

While linear regulators (like the 78xx series) are simple and have excellent low-noise characteristics, they suffer from
a fundamental flaw: low efficiency. Because they operate by dropping excess voltage across a series pass transistor
acting as a variable resistor, they waste a significant amount of power as heat. If a 5V load draws 2A from a 12V linear
regulator, the output power is 10W, but the regulator dissipates 14W of heat. The efficiency is a mere 41%.

To address this massive inefficiency, especially in high-power applications, the Switch Mode Power Supply (SMPS)
was developed. Today, almost all computers, televisions, mobile phone chargers, and industrial equipment rely exclusively
on SMPS technology.

Box[Switch Mode Power Supply (SMPS)] A Switch Mode Power Supply (SMPS) is an electronic power supply
that incorporates a switching regulator to convert electrical power efficiently. Unlike linear power supplies, an
SMPS actively switches a high-frequency power transistor between fully ’'ON’ (saturation) and fully ’OFF’ (cutof)
states to regulate the output voltage, dramatically minimizing power dissipation.

5.3.1 Working Principle and Block Diagram

The fundamental concept of an SMPS involves converting the low-frequency AC mains directly into a high DC voltage,
chopping this DC voltage into high-frequency pulses, stepping down the voltage using a high-frequency transformer,
and then rectifying and filtering it back to a smooth DC output.

High Fre- -
AC Input Input Rectifier quency Hlizni‘re_ P?e léipf?; DC Output
(Mains) & Filter Switching 4 Y ! (Load)
Transformer & Filter
Network
PWM Feedback
& Error
Controller Amolifi
& Oscillator B

Figure 5.5: Functional Block Diagram of a Switch Mode Power Supply (SMPS)
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The operation of an SMPS can be broken down into the following distinct stages:

1.

Input Rectification and Filtering: The standard 230V, 50Hz AC mains voltage is directly passed to a bridge
rectifier without using a bulky step-down transformer. This produces a pulsating DC voltage, which is then
smoothed by large high-voltage electrolytic capacitors. The resulting unregulated DC voltage is roughly 320V
DC (peak of 230V AC).

. High-Frequency Switching (Chopping): This high DC voltage is fed to a switching network consisting of

high-speed power transistors (usually MOSFETs or IGBTs). These transistors are rapidly switched ON and OFF
at frequencies typically ranging from 50kHz to several MHz. This "chops" the DC voltage into a high-frequency,
high-voltage square wave.

. High-Frequency Power Transformer: The high-frequency square wave is driven into the primary winding of

a step-down transformer. Because the frequency is exceedingly high compared to the 50Hz mains, the magnetic
core of the transformer can be exceptionally small and lightweight (often made of ferrite rather than heavy iron
laminations). The transformer steps down the high-voltage square wave to a lower-voltage square wave and
provides crucial galvanic isolation between the mains supply and the user output.

. Output Rectification and Filtering: The secondary low-voltage AC square wave must be converted back to

DC. Standard PN junction diodes cannot operate at such high frequencies, so special high-speed Schottky diodes
or fast-recovery diodes are used for rectification. Following rectification, a specialized LC (inductor-capacitor)
filter is used. Because the ripple frequency is very high, relatively small inductors and capacitors are highly
effective at smoothing the voltage into a pure, flat DC output.

. Feedback and PWM Control: This is the "brain" of the SMPS. An error amplifier constantly monitors the

output DC voltage and compares it against a precise reference voltage. If the load increases and the output
voltage slightly drops, the error amplifier sends a signal via an optocoupler (to maintain isolation) back to the
primary-side controller. The controller uses Pulse Width Modulation (PWM). It increases the width of the "ON"
pulses (duty cycle) sent to the switching transistors. This pushes more energy through the transformer, bringing
the output voltage back up. Conversely, if the output voltage is too high, the PWM duty cycle is reduced.

5.3.2 Advantages and Disadvantages

The transition from linear supplies to SMPS technology revolutionized electronics.

Concept Key Advantages of SMPS:

o High Efficiency: Typically 80% to 95%. The switching transistors act almost like ideal switches, dissipating
very little power in either the fully ON or fully OFF state.

e Compact and Lightweight: High-frequency transformers and filter components are drastically smaller
than their 50Hz counterparts. This allows devices like laptop chargers to be portable.

o Wide Input Voltage Range: An SMPS can easily be designed to operate on a universal input range (e.g.,
90V to 264V AC), allowing the same device to be used globally without physical switches.

However, SMPS design is not without its drawbacks:

o Electromagnetic Interference (EMI): The rapid switching of high voltages and currents generates severe

high-frequency noise and radio frequency interference (RFI). SMPS units require careful PCB layout, shielding,
and complex input EMI filters to prevent noise from polluting the mains or interfering with nearby sensitive
electronics.

Complexity: The circuitry is far more complex than linear regulators, involving sophisticated control loops,
high-speed magnetics, and stability compensation.

Output Ripple: Even with good filtering, the output will contain a tiny amount of high-frequency switching
noise, which may be unacceptable for ultra-sensitive audio or RF analog circuits. In such cases, an SMPS is
sometimes followed by a linear regulator to clean up the noise.
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5.4 Uninterruptible Power Supply (UPS)

In today’s digital era, an unexpected power failure can have disastrous consequences. For a desktop computer,
a momentary blackout might result in the loss of unsaved work and potential file system corruption. In critical
environments like hospitals, data centers, air traffic control towers, and industrial process plants, a loss of power can
threaten human life, cause immense financial loss, or result in severe equipment damage. To safeguard critical loads
against unpredictable power grid anomalies, the Uninterruptible Power Supply (UPS) is deployed.

Box[Uninterruptible Power Supply (UPS)] An Uninterruptible Power Supply (UPS) is an electrical apparatus that
provides emergency power to a load when the primary input power source or mains fails. A UPS differs from an
auxiliary or emergency power system (like a diesel generator) in that it will provide near-instantaneous protection
from input power interruptions by supplying energy stored in batteries, supercapacitors, or flywheels.

A UPS is not merely a backup battery; it is a sophisticated power conditioning system. The utility grid power is
not always clean. It suffers from various power quality issues:

e Blackouts: Complete loss of electrical power.
o Brownouts (Sags): Prolonged under-voltage conditions.

e Surges and Spikes: Sudden, short-duration high-voltage transients often caused by lightning or large motor
switching.

e Frequency Variations and Harmonics: Instability in the alternating current waveform.

A high-quality UPS protects the load against all these anomalies. There are three primary topologies of UPS systems
available in the market: Offline (Standby), Line-Interactive, and Online (Double-Conversion).

5.4.1 Offline (Standby) UPS

The Offline UPS, also known as a Standby UPS, is the most basic and cost-effective topology, commonly used to protect
standalone desktop computers, home routers, and small office electronics.

Operation and Block Diagram

In an Offline UPS, under normal operating conditions, the primary AC mains power passes directly through a surge
suppressor and a filter to the critical load. The UPS "stands by" and waits for a power failure.

AC Mains Surge Suppressor / Filter Critical Load

|

Inverter

Battery Charger (Rectifier)

Battery Bank

Figure 5.6: Block Diagram of an Offline (Standby) UPS

Simultaneously, a small portion of the AC input is tapped off, passed through a rectifier (battery charger), and
used to keep the internal battery bank fully charged.

When a blackout or severe voltage dip occurs, sensors in the UPS immediately detect the anomaly. The internal
transfer switch (typically a relay or solid-state switch) mechanically or electronically flips its position. The load is
disconnected from the failing mains and connected to the output of the internal inverter. The inverter, drawing DC
power from the battery, synthesizes an AC voltage (often a simulated or stepped sine wave, though pure sine waves are
becoming more common) and delivers it to the load.
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The fundamental limitation of an Offline UPS is the transfer time. Because the mechanical relay requires physical
time to switch contacts, there is a tiny interruption in power to the load—typically between 4ms to 10ms. While
modern computer power supplies have enough internal capacitance to survive this brief interruption without
rebooting, highly sensitive medical or industrial equipment may malfunction or reset during this transfer window.

5.4.2 Online (Double-Conversion) UPS

For mission-critical applications—such as enterprise data centers, hospital life-support systems, and sensitive telecom-
munications infrastructure—an Offline UPS is inadequate. These applications demand zero transfer time and perfectly
clean power under all circumstances. This is where the Online (Double-Conversion) UPS is utilized.

Operation and Block Diagram

The Online UPS derives its name from the fact that its inverter is always "online" and actively supplying power to the
load, regardless of whether the AC mains is present or not.

Bypass Line

- Static
) Rectifier Critical
AC Mains / Charger Inverter Bypass Load
Switch
Battery
Bank

Figure 5.7: Block Diagram of an Online (Double-Conversion) UPS

The operation is called "double conversion" because the power is actively converted twice:

1. Conversion 1 (AC to DC): The incoming AC mains is fed directly into a heavy-duty rectifier. The rectifier
converts all the incoming AC power into DC power. This DC power is split into two paths: one path continuously
trickle-charges the battery bank, and the other path provides the massive continuous DC current required by the
inverter.

2. Conversion 2 (DC to AC): The inverter continuously takes the DC power, reconstructs a perfectly clean,
precisely regulated, pure sine wave AC voltage, and feeds it to the critical load.

Because the critical load is always running entirely off the reconstructed power from the inverter, it is completely
isolated from the vagaries of the utility grid. All surges, spikes, brownouts, and frequency distortions are physically
blocked at the DC bus.

If the AC mains completely fails, the rectifier stops functioning, but the inverter simply continues operating
seamlessly by drawing DC power straight from the battery bank. The critical difference is that there is absolutely zero
transfer time. The load never experiences even a millisecond of power interruption.

Additionally, Online UPS systems incorporate a Static Bypass Switch. If the internal inverter suffers a catastrophic
hardware failure or a severe overload condition, the static bypass switch automatically and instantaneously connects
the load directly back to the raw AC mains. This acts as a fail-safe mechanism, ensuring the load remains powered
even if the UPS internals malfunction.
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5.4.3 Comparison: Offline vs. Online UPS

Parameter Offline (Standby) UPS Online (Double-Conversion)
UPS
Transfer Time 4ms to 10ms (Non-zero) Zero (Seamless transition)
Inverter Operation Only operates during power failure Always operating continuously
Output Waveform Often stepped/simulated sine wave | Always high-quality pure sine wave
Power Conditioning Basic surge protection Excellent; total isolation from grid
noise
Cost and Size Inexpensive, small, lightweight Very expensive, large, heavy
Efficiency High during normal mode (mains by- | Lower (due to continuous double con-
pass) version)
Applications Home PCs, routers, non-critical elec- | Data centers, medical ICUs, sensitive
tronics Servers

Table 5.2: Comparison of Offline and Online UPS Topologies

5.5 Solar Battery Charger Circuits

With the increasing emphasis on renewable energy and sustainable off-grid power solutions, photovoltaic (solar) energy
has become a dominant technology. Solar panels convert ambient sunlight directly into electrical DC voltage through
the photovoltaic effect. However, a raw solar panel cannot be connected directly to a battery for charging. The output
voltage and current of a solar panel fluctuate wildly depending on the intensity of sunlight, the angle of incidence, and
the ambient temperature. If a battery is subjected to these uncontrolled fluctuations, it will be rapidly destroyed due
to overcharging, excessive heat, and electrolyte boiling.

To safely interface a solar panel with a battery, a Solar Charge Controller or Solar Battery Charger Circuit is
mandatory.

Box[Solar Charge Controller] A solar charge controller is an electronic device placed between the solar panel array
and the battery bank. Its primary function is to regulate the voltage and current coming from the solar panels to
ensure that the batteries are charged safely, efficiently, and are protected from overcharging and deep discharging.

5.5.1 Core Functions of a Solar Charger

Any functional solar charger must perform three critical roles:

1. Prevent Overcharging: Once the battery reaches its full charge voltage limit (e.g., 14.4V for a standard 12V
lead-acid battery), the charger must automatically cut off the charging current or reduce it to a tiny maintenance
"float" trickle charge. Continued high current injection into a fully charged battery leads to internal damage and
explosive gas venting.

2. Block Reverse Current: During the night or heavily clouded conditions, the voltage of the solar panel drops
to zero. If the panel remains directly connected to the battery, the battery’s higher voltage will cause current to
flow backward into the solar panel. This reverse current drains the battery and can permanently damage the
sensitive photovoltaic cells. A simple blocking diode is typically used to ensure one-way current flow.

3. Voltage Regulation: Solar panels designated for 12V systems often produce 18V to 21V under full sun. The
charger must step down or regulate this higher voltage to the appropriate charging levels required by the specific
battery chemistry (lead-acid, lithium-ion, etc.).

5.5.2 Basic LM317-Based Solar Charger Circuit

For small-scale hobbyist applications or low-power portable electronics, a simple yet highly effective solar battery
charger can be constructed using the versatile LM317 variable voltage regulator discussed earlier in this chapter.
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Designing a 12V Lead-Acid Solar Charger

A 12V lead-acid battery typically requires a regulated charging voltage of about 14.2V to 14.4V. The circuit
requires three main components:

e A Solar Panel rated for around 18V open-circuit voltage and an appropriate wattage.

o A Schottky blocking diode (such as a 1N5822) chosen for its very low forward voltage drop (0.3V to 0.4V)
to minimize power loss compared to a standard silicon diode.

e An LM317 voltage regulator IC configured to output a constant voltage.

\. J

In this basic configuration, the positive terminal of the solar panel is connected to the anode of the Schottky diode.
The cathode of the diode feeds into the input pin of the LM317. The LM317’s output voltage is precisely set to 14.4V
using an appropriate resistor divider network on the adjust pin. The output pin of the LM317 connects to the positive
terminal of the 12V battery, and all common grounds are tied together.

When sunlight strikes the panel, it generates roughly 18V. The LM317 steps this down to a pristine, regulated
14.4V, feeding a safe, constant voltage to the battery. As the battery approaches full charge, its internal resistance
increases, and it naturally draws less current from the LM317, achieving a taper charge. During the night, the blocking
diode acts as a closed door, preventing the battery’s stored energy from flowing backward into the dark solar panel.

While simple and robust, this linear regulation method is inefficient, as the LM317 dissipates the voltage difference
(18V — 14.4V = 3.6V) as waste heat.

5.5.3 Advanced Charge Controllers: PWM and MPPT

For medium to large-scale residential and commercial solar installations, linear regulators are far too inefficient. Instead,
solid-state switching charge controllers are used, broadly categorized into two types:

Pulse Width Modulation (PWM) Controllers

A PWM charge controller operates by acting as a high-frequency solid-state electronic switch between the solar array
and the battery. As the battery approaches its fully charged state, the controller rapidly toggles the connection on
and off (pulse width modulation). By varying the "ON" time versus the "OFF" time, the controller gradually tapers
the average current flowing into the battery. This ensures the battery reaches a precise full charge and safely floats
there without overheating. PWM controllers are reliable and cost-effective but pull the solar panel voltage down to the
battery voltage, which sacrifices some potential panel power.

Maximum Power Point Tracking (MPPT) Controllers

MPPT controllers represent the pinnacle of solar charging technology. They are essentially highly intelligent,
microprocessor-controlled DC-DC buck converters (a type of SMPS). A solar panel possesses a specific voltage
and current intersection point on its characteristic curve where it produces the absolute maximum wattage. This
point is called the Maximum Power Point (MPP), and it shifts continuously based on sunlight angle, intensity, and
temperature.

The MPPT controller continuously sweeps and monitors the panel to find this exact electrical sweet spot. It
operates the panel at this high voltage to extract 100% of the available power, and then uses a high-efficiency switching
regulator to step the voltage down and boost the current up to match the battery bank. An MPPT controller can
easily extract 20% to 30% more usable energy from a solar array compared to a traditional PWM controller, making it
indispensable for large, expensive solar farms.

5.6 The Regulated Power Supply

Every electronic circuit we have studied—from basic transistor amplifiers to complex microprocessors—requires a
steady, reliable source of Direct Current (DC) power to establish its biasing and provide energy for its operations. While
batteries can provide pure DC, they are expensive, heavy, and eventually die. The electrical grid provides abundant,
cheap power, but it is delivered as high-voltage Alternating Current (AC) (e.g., 120V or 230V at 50/60 Hz).

The purpose of a Power Supply is to convert this high-voltage AC from the wall outlet into the low-voltage,
pure DC required by electronic circuits. However, simply converting AC to DC is not enough. A modern electronic
device requires a Regulated Power Supply—a system that actively maintains a perfectly constant output voltage,
regardless of fluctuations in the AC wall voltage or changes in the current demanded by the electronic device.
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5.6.1 1. The Block Diagram of a Linear Power Supply

A traditional "linear" regulated power supply is not a single component, but a sequential chain of four distinct functional
blocks. Each block refines the electrical energy one step further until it is perfectly suited for delicate electronics.
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Figure 5.8: The four stages of a regulated linear power supply, showing the evolution of the waveform at each step.
Let us analyze the exact function and necessity of each block.

Stage 1: The Transformer

The first step is to reduce the dangerous high voltage of the AC mains to a safer, more manageable level. A Step-Down
Transformer is used. It consists of two coils of wire wrapped around an iron core. The primary coil connects to the
wall (e.g., 230V AC). The secondary coil has fewer turns of wire, which "steps down" the voltage via magnetic induction.
For example, a transformer might convert the 230V AC to 12V AC. Importantly, the output is still alternating current
(swinging positive and negative 50 times a second); it is just smaller. The transformer also provides vital electrical
isolation between the deadly grid power and the user’s electronic device.

Stage 2: The Rectifier

Electronic circuits cannot run on AC; they require current to flow in only one direction (DC). The Rectifier block
uses one or more diodes to achieve this. While a single diode can act as a Half-Wave rectifier (chopping off the negative
half of the wave), most modern power supplies use a Bridge Rectifier (four diodes arranged in a diamond pattern)
to achieve Full-Wave rectification. The bridge rectifier cleverly flips the negative half-cycles of the AC wave upward,
turning them into positive pulses. The output of the rectifier is DC (because the current now never reverses direction),
but it is a terrible quality of DC. It is a bouncing, Pulsating DC that drops all the way to zero volts 100 times a
second. No delicate circuit could survive on this bouncy power.

Stage 3: The Filter

To smooth out the bouncing pulses, a Filter network is added. The most common filter is simply a massive Electrolytic
Filter Capacitor placed in parallel with the output. When the pulsating DC voltage rises to its peak, it charges the
capacitor. When the pulse begins to drop back toward zero, the capacitor discharges, acting as a temporary battery to
hold the voltage up until the next pulse arrives. The output of the filter is a relatively smooth DC voltage. However,
because the capacitor discharges slightly between pulses, the voltage still has a small "wiggle" or variation riding on top
of it. This leftover AC variation is called Ripple Voltage. While acceptable for crude DC motors, this ripple will
cause an audible "hum" in audio amplifiers and cause digital microprocessors to crash randomly.

Stage 4: The Voltage Regulator

The final, most critical block is the Voltage Regulator. Its job is to take the "DC with Ripple" from the filter and
convert it into a perfectly flat, rock-steady Pure DC voltage. Furthermore, the regulator must actively fight against
two external forces:

1. Line Regulation: If the AC voltage from the wall outlet suddenly drops (a "brownout") or spikes, the voltage
coming out of the filter will also drop or spike. The regulator must ignore this and hold its output steady.

2. Load Regulation: If the electronic device suddenly turns on a motor, it will draw a massive surge of current.
This surge usually causes the power supply voltage to sag. The regulator must instantly detect this sag and open
its internal valves to supply more power, keeping the output voltage perfectly flat regardless of load current.

5.6.2 2. Performance Metrics of a Power Supply

To evaluate how "good" a regulated power supply is, engineers look at three specific mathematical metrics.
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Ripple Factor ()

Ripple Factor measures how much "bounciness" is left in the DC output. It is defined as the ratio of the Root-Mean-
Square (RMS) AC ripple voltage to the average DC voltage.

M"ipple(rms)
=2 5.3
g Voo (5-3)

A perfect battery has a ripple factor of 0%. A heavily filtered but unregulated supply might have a ripple factor of 5%.
A modern, high-quality regulated supply will have a ripple factor of less than 0.1%.

Line Regulation (Source Regulation)

This metric measures how effectively the regulator fights off changes in the incoming wall voltage. It is defined as
the change in output DC voltage (AV,,;) for a given change in input AC line voltage (AV;,), usually expressed as a

percentage.
A‘/out

AViy,
An ideal power supply has a Line Regulation of 0%, meaning the output never changes, no matter what the wall outlet
does.

Line Regulation (%) = ( ) x 100% (5.4)

Load Regulation

This metric measures how effectively the regulator fights off changes in the current demanded by the load. Let Vi,
be the No-Load output voltage (when nothing is connected, and the supply is drawing zero current). Let Vpy, be the
Full-Load output voltage (when the device is drawing its maximum rated current).

Ve =V,

Load Regulation (%) = (NLFL> x 100% (5.5)
Vrr

In a poorly regulated supply, the voltage might be 12V when nothing is connected, but droop to 10V when a motor is

turned on. A highly regulated supply will hold exactly 12.0V from zero amps all the way up to its maximum current

rating, resulting in a Load Regulation near 0%.

Al IMAGE PLACEHOLDER
A graph illustrating Load Regulation. The X-axis is Load Current (I1). The
Y-axis is Output Voltage (V,yt). Show two lines. The first line is perfectly
horizontal, labeled "Ideal Regulator (0% Load Regulation)". The second line starts
at the same point but slopes slightly downwards as current increases, labeled
"Practical Regulator”.

Figure 5.9: Load Regulation describes an power supply’s ability to maintain its voltage as the load demands more
current.

5.6.3 Conclusion

A Regulated Power Supply is the unsung hero of every electronic system. It is a carefully orchestrated sequence of
functional blocks. The transformer steps down the raw power; the rectifier forces it into a single direction; the filter
capacitor smooths out the violent pulses; and finally, the active voltage regulator steps in to iron out the remaining
ripple and lock the output voltage to a perfectly flat, unwavering value. The quality of this final regulation—measured
by ripple factor, line regulation, and load regulation—determines whether the attached electronics will run flawlessly or
suffer from noise, instability, and erratic behavior.
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5.7 The Shunt Voltage Regulator

In the previous section, we established that a raw, unregulated DC supply is heavily afflicted by ripple voltage, poor
line regulation, and poor load regulation. The final stage required to fix this is the Voltage Regulator.

Regulators are broadly classified into two primary topologies based on how the regulating control element is
physically connected to the load: Series Regulators and Shunt Regulators. In this section, we will analyze the
Shunt Regulator, which achieves a constant output voltage by intentionally "shunting" (bleeding away) excess current
to ground.

5.7.1 1. The Basic Zener Shunt Regulator

The simplest possible shunt regulator consists of just two components: a Series Resistor (Rg) and a Zener Diode (Dy).

Recall from semiconductor physics that a Zener diode is heavily doped so that it can operate continuously in the
reverse-breakdown region without destroying itself. Once the reverse voltage across a Zener diode reaches its specific
Zener Voltage (Vz), it "turns on" and will maintain that exact voltage across its terminals, regardless of how much
current flows through it (provided the current stays within its safe minimum and maximum limits, Iz (mn) and Iz(naa))-

Circuit Configuration

To build the regulator: 1. The unregulated DC input (Vj,) is connected to the series resistor (Rg). 2. The Zener diode
is connected in parallel (shunt) with the output load (Rr). 3. Crucially, the Zener diode must be reverse-biased
(cathode facing the positive supply).

Because the Zener diode is in parallel with the load, the output voltage (V) is physically forced to be exactly
equal to the Zener voltage:

‘/;)ut = VZ (56)
I
—
+Vin (Unregulated) +Vour = Vz
zzl
-0V -0V

Figure 5.10: The basic Zener Shunt Regulator. The Zener diode bleeds excess current to ground to maintain a constant
V2 across the load.

5.7.2 2. How the Shunt Regulator Works

To understand how this simple circuit achieves both Line and Load regulation, we must look at the currents. By
Kirchhoff’s Current Law (KCL) at the top node: The total current supplied through the series resistor (Ig) splits into
two paths: the Zener current (Iz) and the load current (I7,).

Ig =17+ 1 (57)

By Kirchhoft’s Voltage Law (KVL), the voltage drop across the series resistor is the difference between the input
and output voltages. Therefore, by Ohm’s Law, the total supply current is:
Vin = Vz

Jg=n_"2Z 5.8
s Rs (5.8)

Achieving Load Regulation

Imagine the input voltage (Vj,) is perfectly constant. This means Ig is constant. Now, suppose the user suddenly
connects a heavier load, causing the load current (I1) to increase. If Ij, goes up, and Ig is constant, then Iy must go
down to keep the equation balanced (Is = Iz | +I 1).

The Zener diode acts like an automatic pressure relief valve. If the load demands more current, the Zener diode
instantly reduces its own current consumption, giving that extra current to the load. Because the Zener is still operating
in its breakdown region, the voltage V7 remains perfectly constant. The output voltage does not sag.
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Achieving Line Regulation

Now imagine the load is constant (7, is fixed), but the AC wall voltage suddenly spikes, causing Vj, to increase. If
Vin goes up, the formula Ig = (Vi,, — Vz)/Rg dictates that the total supply current Is will increase. Because the load
current I, is fixed by the load resistor, where does this dangerous extra current go? The Zener diode absorbs it entirely.
I increases (Ig 1= Iz 1 +11).

The Zener diode safely shunts the excess surge current directly to ground. Because the Zener voltage (Vz) does not
change when I increases, the output voltage remains perfectly protected and flat.

5.7.3 3. The Transistor Shunt Regulator

While the basic Zener regulator is simple, it has a fatal flaw: the Zener diode itself must absorb and dissipate all
the excess power. If the load is suddenly disconnected (I;, = 0), all the current Ig is forced through the Zener. A
high-power Zener diode is expensive and generates immense heat.

To solve this, we can add a Bipolar Junction Transistor (BJT) to act as the "heavy lifting" shunt element, while using
a small, cheap Zener diode simply as a low-power voltage reference. This is called a Transistor Shunt Regulator.

Circuit Configuration

1. An NPN transistor (Q1) is placed in parallel (shunt) with the load. Its collector is tied to V., and its emitter is
tied to Ground. 2. A Zener diode (Dy) is placed between the Base of the transistor and Ground. 3. A small bias
resistor (Rp) provides current to the Zener and the base.

Al IMAGE PLACEHOLDER
A diagram of a Transistor Shunt Regulator. Unregulated input goes through series
resistor Rg. Then, a parallel NPN transistor ()1 shunts to ground. A Zener diode
Dy is connected from the Base of Q1 to ground. A resistor Rp connects from the
Collector to the Base. The load Ry, is in parallel with Q.

Figure 5.11: The Transistor Shunt Regulator. The Zener diode provides a precise reference voltage, while the heavy
transistor handles the actual current shunting.

How It Works

Look at the voltage loop from the output, through the base-emitter junction of the transistor, and down through the
Zener diode. The output voltage is fixed by the sum of the Zener voltage and the transistor’s base-emitter drop (0.7V).

Vour =Vz + VBE (5.9)

If the output voltage tries to rise (due to a line spike), V,,; increases. Because Vy is locked, this forces Vpg to
increase. A higher Vg turns the transistor ON much harder, causing a massive increase in collector current (I¢). The
transistor acts as a giant shunt, bleeding the excess current to ground and pulling V,,; back down to exactly V; + 0.7V.

The beauty of this circuit is that the tiny Zener diode only has to handle the microscopic base current (Ig) of the
transistor. The heavy, hot shunt current is handled entirely by the robust collector-emitter pathway of the transistor,
which can be easily bolted to a large heat sink.

5.7.4 4. Advantages and Disadvantages of Shunt Regulators

Advantages:

o Inherent Short-Circuit Protection: If the output load (R} ) is accidentally short-circuited (0 Ohms), the output
voltage drops to zero. All current flows through the short, and zero current flows through the Zener/Transistor.
The only component that gets hot is the series resistor (Rg). The expensive regulating components are perfectly
safe.
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e Simplicity: The basic Zener regulator is incredibly cheap and uses only two components.
Disadvantages:

o Terrible Efficiency: This is the fatal flaw of all shunt regulators. To maintain regulation, the series resistor
(Rg) must constantly draw the absolute maximum current (Ig) from the source at all times, even if the load is
turned off. If the load isn’t using the current, the shunt element burns it away as pure heat to ground. A shunt
regulator is effectively a space heater that happens to output a stable voltage.

¢ Poor High-Current Performance: Because of the massive power waste, shunt regulators are strictly limited
to very low-power, low-current applications (usually under 50 mA), such as providing a stable reference voltage
for a sensor or an Op-Amp. They are never used as main power supplies for heavy electronics.

5.7.5 Conclusion

The Shunt Regulator achieves voltage stability through a brute-force method: it pulls a constant maximum current
from the source and aggressively shunts any excess current straight to ground. While the basic Zener version is simple,
adding a transistor amplifier creates a much more robust circuit that isolates the delicate reference diode from the heavy
shunting currents. Despite their excellent inherent short-circuit protection, their abysmal power efficiency relegates
shunt regulators entirely to low-power reference applications, forcing engineers to look toward Series Regulators for
actual power delivery.

5.8 The Transistorized Series Voltage Regulator

As we saw in the previous section, the fatal flaw of the shunt regulator is its abysmal efficiency; it wastes massive
amounts of power by dumping full current to ground even when the load is disconnected.

To power anything substantial—like a computer, a television, or laboratory equipment—we must use a Series
Voltage Regulator. In a series regulator, the control element (the transistor) is placed physically in series with the
load. Instead of dumping excess current to ground, the series transistor acts like a smart, automatically adjusting
resistor. It constantly alters its own internal resistance to drop exactly the right amount of voltage, ensuring the
remaining voltage delivered to the load stays perfectly constant.

Crucially, because it is in series, if the load is disconnected (I, = 0), the transistor shuts off, and the power
supply draws almost zero current from the source. This makes the series regulator vastly more efficient than its shunt
counterpart.

5.8.1 1. The Basic Series Voltage Regulator

The simplest form of a series regulator is the Emitter-Follower Regulator (also known as the basic series pass
regulator). It utilizes a single NPN transistor (()1) as the series "pass" element, controlled by a Zener diode reference.

Circuit Configuration

1. The unregulated DC input (V},,) is connected to the Collector of the NPN transistor (Q1). 2. The Emitter of @ is
connected directly to the positive terminal of the load (Ry). Thus, the transistor is in series with the load. 3. A Zener
diode (Dy) is connected from the Base of Q)1 to ground, providing a stable reference voltage (V7). 4. A bias resistor
(Rg) connects from the unregulated input to the Base to provide current to keep the Zener diode turned on.

Because the load is connected to the emitter, this configuration is effectively a Common-Collector amplifier (an
Emitter-Follower). The emitter voltage mathematically "follows" the base voltage.

+Vin (Unregulated)

+ Vout

-0V -0V

Figure 5.12: The Basic Series Voltage Regulator. The NPN transistor ()1 acts as a variable resistor in series with the
load.
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How It Works

By applying Kirchhoff’s Voltage Law (KVL) to the loop containing the Zener diode, the base-emitter junction, and the
load:
Vz =VBE + Vou (5.10)

Rearranging for the output voltage:
Vout = Vz — VBE (5.11)

Because V7 is a constant Zener voltage, and Vpp is relatively constant (approx. 0.7V), the output voltage is firmly
locked to a value just slightly below the Zener reference.

Load Regulation: Suppose the load demands more current. The output voltage (V,,;) might try to sag slightly.
If Vi sags, the value (Vz — Vg, ) becomes larger. This means the base-emitter voltage (Vpg) instantly increases. An
increased Vpp turns the transistor ON harder, lowering its internal collector-emitter resistance, and allowing more
current to flow from the input to perfectly restore the output voltage.

While highly efficient, the basic series regulator has a flaw: it cannot be adjusted. The output voltage is permanently
fixed by whatever physical Zener diode happens to be soldered into the circuit. Furthermore, the regulation is not
perfect because the Vg drop actually changes slightly with temperature and heavy current loads.

5.8.2 2. The Series Regulator with Feedback

To achieve true, laboratory-grade voltage regulation—and the ability to manually adjust the output voltage—we must
introduce a Closed-Loop Feedback System.

Instead of blindly assuming the output is correct based on a single Zener diode, a feedback regulator continuously
"'samples" the actual output voltage, compares it against a highly precise internal reference, and generates an "error
signal". This error signal is then amplified to drive the series pass transistor.

Circuit Blocks

A feedback series regulator consists of four distinct components: 1. The Series Pass Transistor (Q1): The heavy-duty
"valve" that drops voltage in series with the load. 2. The Sampling Network: A simple voltage divider (two resistors,
R; and Rp) connected across the output. It takes a "sample" fraction of the output voltage and feeds it back to the
control circuitry. 3. The Reference Voltage: A Zener diode (Dy) that provides an absolutely stable, unchanging
baseline voltage for comparison. 4. The Error Amplifier (Q2): A sensitive transistor amplifier. It looks at the
difference between the Sampled voltage and the Reference voltage. If there is an error, it amplifies that error and tells
the pass transistor (Q1) to open or close to fix it.

Al IMAGE PLACEHOLDER
A block diagram of a Feedback Series Regulator. Show an unregulated input going
through a ’Series Pass Element’ to the Output. Below the output, show a
’'Sampling Network’ (voltage divider) tapping off the output line. The sample goes
into an "Error Amplifier’. The other input to the Error Amp is a 'Reference
Voltage’ (Zener). The output of the Error Amp points back up to control the Series
Pass Element.

Figure 5.13: Block Diagram of a Series Regulator with Feedback.

Circuit Operation

Let us analyze how this feedback loop actively fights disturbances:

1. The Disturbance: Suppose the AC wall voltage spikes, causing the unregulated input voltage to surge.
Consequently, the output voltage (Vyyt) tries to rise above its desired level. 2. The Sample: The voltage divider (R
and Ryg) instantly detects this rise. The "sample" voltage fed to the base of the Error Amplifier (@Q)2) increases. 3. The
Error Amplification: The emitter of ()5 is pinned to a rock-solid voltage by the Zener diode (V7). Because the base
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voltage of Q)2 just rose, but the emitter voltage is stuck, the Vg of ()2 increases. This turns Q2 ON harder, causing
it to draw more collector current. 4. The Correction: The collector current of ()5 is drawn away from the base
of the main Pass Transistor (Q1). Because (1 is now receiving less base current, it starts to turn OFF. Its internal
collector-emitter resistance increases. 5. The Restoration: Because ()1 now has a higher resistance, it drops more of
the input voltage across itself. This forcibly pulls the output voltage (Vo) back down to its exact, correct original
value.

This entire sequence happens at the speed of electrons (nanoseconds). To the user, the output voltage never appears
to change.

Adjustable Output

By replacing the fixed sampling resistors (R; and Ry) with a variable resistor (a potentiometer), the user can change
the "sample" fraction being fed to the error amplifier. If the user turns the knob to send a smaller fraction to the
amplifier, the amplifier thinks the output voltage has dropped too low. It commands the pass transistor to open up,
causing the actual physical output voltage to rise until the new balance is found. This is exactly how the adjustable
voltage knobs on laboratory bench power supplies work.

5.8.3 Conclusion

The Series Voltage Regulator is the standard topology for delivering clean, efficient DC power. While the basic
emitter-follower design provides a simple fixed-voltage solution, the addition of a closed-loop feedback system transforms
it into a highly precise instrument. By continuously sampling the output, comparing it against a Zener reference, and
amplifying any errors to control a heavy-duty pass transistor, the feedback regulator can maintain a perfectly flat,
manually adjustable output voltage against the most severe fluctuations in both input line voltage and output load
current.

5.9 Integrated Circuit Voltage Regulators: Three-Terminal Devices

While building a discrete series voltage regulator from individual transistors, Zener diodes, and resistors is an excellent
educational exercise, it is rarely done in modern commercial circuit design. Discrete circuits take up too much physical
board space, require manual tuning, and are vulnerable to thermal runaway if not carefully designed.

Instead, the semiconductor industry has taken the entire complex feedback regulator circuit—complete with the
error amplifier, reference Zener, and a heavy-duty pass transistor—and shrunk it down onto a single monolithic silicon
chip. These are known as Integrated Circuit (IC) Voltage Regulators.

To make them incredibly easy to use, these ICs are packaged in a simple three-terminal configuration (Input,
Ground/Adjust, and Output). In this section, we will explore the three most famous and universally adopted regulator
families: the 78xx series (fixed positive), the 79xx series (fixed negative), and the LM317 (adjustable).

5.9.1 1. Fixed Positive Regulators: The 78xx Series

The 78xx family is arguably the most ubiquitous voltage regulator line in existence. They are designed to take a high,
unregulated positive DC voltage and convert it into a rock-solid, fixed positive DC output voltage.

The "78" indicates it is a positive regulator. The "xx" at the end of the part number specifies the exact fixed output
voltage it produces.

o 7805: Outputs exactly +5V (the standard for most digital logic and microcontrollers).
o 7809: Outputs exactly +9V (commonly used for guitar pedals and audio gear).
o 7812: Outputs exactly +12V (used for relays, motors, and automotive circuits).

o 7824: Outputs exactly 424V (used in industrial control systems).

Usage and Specifications

Using a 78xx regulator is almost trivially easy. It is typically housed in a TO-220 package with three pins: 1. Pin 1
(Input): Connect the unregulated positive DC supply here. Note: To allow the internal pass transistor to operate
correctly, the input voltage must be at least 2V higher than the desired output voltage. This is called the Dropout
Voltage. (e.g., A 7805 requires an input of at least 7V). 2. Pin 2 (Ground): Connect to the common ground (0V) of
the circuit. 3. Pin 3 (Output): Provides the perfectly regulated positive voltage.

Standard 78xx regulators can comfortably deliver up to 1.0 Ampere of continuous load current.
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Internal Protection Features

The true brilliance of an IC regulator lies in its internal safety features, which are nearly impossible to replicate cheaply
with discrete components:

o Thermal Shutdown: If the IC gets too hot (usually above 125°C), an internal temperature sensor detects this
and immediately shuts off the output transistor to prevent the chip from melting. Once it cools down, it turns
back on.

e Current Limiting: If the output is accidentally short-circuited to ground, internal circuitry restricts the output
current to a safe maximum limit, preventing the destruction of the pass transistor or the power supply.

IN ouT

Vin (+9V) LM7805 Vout (+5V)

Cin="— ——Cout

GND

Figure 5.14: Standard wiring for a 7805 voltage regulator. The small bypass capacitors (Cj, and Cy,) are crucial for
preventing high-frequency oscillations.

5.9.2 2. Fixed Negative Regulators: The 79xx Series

Many analog circuits, particularly operational amplifiers (Op-Amps), require a dual-polarity power supply—meaning
they need both a positive voltage (e.g., +12V) and a negative voltage (e.g., —12V) relative to a central ground.

The 79xx series is the exact mirror image of the 78xx series. It is designed to take a high unregulated negative
voltage and regulate it down to a stable, fixed negative output voltage.

e T7905: Outputs exactly —5V.
e T7912: Outputs exactly —12V.

e 7915: Outputs exactly —15V.

Crucial Warning: While the 79xx looks physically identical to the 78xx (both use the TO-220 package), the pinouts
are completely different. For a 78xx: Pin 1 = Input, Pin 2 = Ground, Pin 3 = Output. For a 79xx: Pin 1 =
Ground, Pin 2 = Input, Pin 3 = Output. Wiring a 79xx using the 78xx pinout will result in an immediate, explosive
failure of the chip.

5.9.3 3. The Adjustable Regulator: LM317

While fixed regulators are convenient, they are useless if your circuit requires a non-standard voltage (like 3.3V, 7.4V,

or 13.8V), or if you are building a laboratory bench supply where the user needs to manually adjust the voltage via a
knob.
The solution is the LM317, an industry-standard adjustable positive voltage regulator.

How the LM317 Works

Unlike the 78xx whose ground pin is tied directly to OV, the LM317’s middle pin is an ADJ (Adjust) pin. The
internal circuitry of the LM317 is designed to do only one thing: it vigorously forces the voltage difference between the
OUT pin and the ADJ pin to be exactly 1.25V. This 1.25V is its internal reference voltage.

To set the output voltage, the engineer places a voltage divider consisting of two resistors (R; and Rg) across the
output, and connects the center tap to the ADJ pin.

o R; is typically a fixed resistor (often 240 €2) connected between OUT and ADJ.

o Ry is a variable resistor (potentiometer) connected between ADJ and Ground.
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Because the LM317 forces exactly 1.25V across Ry, a constant current (I = 1.25/R;) flows through R;. This exact
same current then flows down through the variable resistor Ry to ground. By turning the knob on Rs, the user changes
its resistance. By Ohm’s Law (V' = I R), changing the resistance changes the voltage drop across Ry. The total output
voltage is simply the sum of the 1.25V drop across R; and the variable voltage drop across Rs.

The mathematical formula governing the LM317 output voltage is:

Vour = 1.25V x (1 + 22) + (Iaps % Ry) (5.12)
1

(Note: The internal current I4p; flowing out of the adjust pin is typically a microscopic 50 pA, so the (Iaps x Ra)
term is often negligible and ignored in basic calculations).

Al IMAGE PLACEHOLDER
A circuit diagram of the LM317. Show Vin going to the IN pin. Show the OUT pin
providing Vout. Connect R; between OUT and ADJ. Connect a variable resistor
Ry between ADJ and Ground. Show the constant 1.25V drop specifically across Rj.

Figure 5.15: The LM317 Adjustable Regulator circuit. By turning the potentiometer Rs, the user can dial in any
output voltage from 1.25V up to 37V.

The LM317 can be smoothly adjusted to output anywhere from a minimum of 1.25V (when Ry is set to zero ohms)
up to a maximum of 37V, while delivering up to 1.5 Amperes of current. It also includes the same thermal shutdown
and short-circuit protection features as the 78xx series.

5.9.4 Conclusion

The three-terminal IC voltage regulator revolutionized power supply design by making laboratory-grade regulation
cheap, foolproof, and physically tiny. The 78xx series provides the standard positive voltages required by logic chips,
while the 79xx series provides the negative rails required by analog op-amps. When flexibility is paramount, the LM317
adjustable regulator allows engineers to dial in precise, non-standard voltages with just two external resistors. Together,
these three component families form the foundation of almost every linear power supply built in the last forty years.

5.10 The Switch Mode Power Supply (SMPS)

Throughout this unit, we have relied exclusively on Linear Power Supplies. A linear supply uses a heavy iron-core
transformer to step down the 50 Hz AC wall voltage, and then uses a series pass transistor acting as a variable resistor
to burn away the excess voltage as heat.

While linear supplies provide exceptionally clean, noise-free DC power, they suffer from two crippling disadvantages
in the modern era: 1. Massive Weight and Size: A 50 Hz transformer capable of delivering high power (e.g., 500
Watts for a desktop computer) requires pounds of solid iron and copper. It is incredibly heavy and physically massive.
2. Poor Efficiency: Because the series regulator drops voltage by converting it into heat, linear supplies rarely exceed
50% efficiency. If a linear supply delivers 100 Watts to a load, it likely pulls 200 Watts from the wall, wasting 100
Watts as pure heat.

To power modern, lightweight, high-efficiency devices like laptops, smartphones, and LED televisions, engineers
abandoned the linear topology entirely and embraced the Switch Mode Power Supply (SMPS). An SMPS achieves
efficiencies exceeding 90% and shrinks the heavy iron transformer down to the size of a thumb, revolutionizing how we
distribute power.

5.10.1 1. The Core Principle: High-Frequency Switching

The secret to shrinking the transformer lies in the physics of electromagnetism. According to Faraday’s Law of Induction,

the voltage induced in a transformer coil is proportional to the rate of change of the magnetic flux (%).
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In a linear supply, the frequency is fixed at a slow 50 Hz. Because the frequency is so slow, the transformer
needs a massive, heavy iron core to store enough magnetic energy during the long 20-millisecond cycle to induce the
required voltage. However, if we drastically increase the frequency—say, to 50,000 Hz (50 kHz) or even 1,000,000 Hz (1
MHz)—the rate of change is incredibly fast. At these high frequencies, the transformer can induce the exact same
voltage using a microscopic, lightweight Ferrite Core instead of heavy iron.

The entire architecture of the SMPS is designed to convert the slow 50 Hz AC wall power into high-frequency AC
so that a tiny transformer can be used.

5.10.2 2. Block Diagram of an SMPS

A standard isolated Switch Mode Power Supply (like a laptop charger) consists of four primary stages. Notice how
different this is from the linear power supply.

Input High-Frequenc . Output

230V A IV D fiF A - Low D

4 Rectifier Inverter TH;gl}f: re(é Rectifier o Q/
& Filter (Chopper) ranstormer & Filter

PWM Controller & Error Amplifier
(Feedback Loop)

Figure 5.16: The Block Diagram of an Isolated Switch Mode Power Supply. Notice that the feedback loop must cross
the isolation barrier to control the inverter.

Let’s break down the sequence of operations:

Stage 1: Input Rectification and Filtering

In a linear supply, the transformer comes first. In an SMPS, the rectifier comes first. The dangerous 230V, 50
Hz AC from the wall outlet goes directly into a high-voltage bridge rectifier and a large filter capacitor. There is no
step-down yet. The output of this stage is a lethal, unregulated High-Voltage DC (around 320V DC peak).

Stage 2: The High-Frequency Inverter (Chopper)

This is the heart of the SMPS. The 320V DC is fed into a heavy-duty power transistor (usually a MOSFET or IGBT)
acting as a massive electronic switch. This transistor does not act like a variable resistor (as in a linear supply). It
only operates in two states: fully ON (saturation) or fully OFF (cutoff). When a transistor is fully ON, its resistance
is nearly zero, so it dissipates almost no power (P = I2R, where R ~ 0). When it is OFF, the current is zero, so it
dissipates no power (P =0 x V = 0). This ON/OFF switching is the reason the SMPS is so incredibly efficient.

An oscillator circuit violently turns this transistor ON and OFF tens of thousands of times a second (e.g., 50 kHz
to 1 MHz). It essentially "chops" the smooth 320V DC into a violent, high-voltage, high-frequency square wave (AC).

Stage 3: The High-Frequency Transformer

This 50 kHz, high-voltage AC square wave is fed into the primary coil of a tiny, lightweight ferrite-core transformer.
Because the frequency is so high, this tiny transformer can easily step the 320V AC square wave down to a low-voltage
AC square wave (e.g., 12V AC). Like its iron predecessor, this transformer also provides absolute galvanic isolation
between the deadly mains power and the user.

Stage 4: Output Rectification and Filtering

The low-voltage 50 kHz AC coming out of the transformer must be converted back to DC. Standard rectifier diodes
(like the 1N4007) are too slow to rectify a 50 kHz signal; they suffer from reverse-recovery lag. Therefore, special
Schottky diodes or ultrafast recovery diodes are used. Finally, an LC filter (inductor and capacitor) smooths the
chopped pulses back into a steady, flat DC voltage.

5.10.3 3. Regulation via Pulse Width Modulation (PWM)

How does the SMPS maintain a constant output voltage when the load changes? It does not use a series pass transistor
to burn off excess voltage. Instead, it uses Pulse Width Modulation (PWM).
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The feedback circuit continuously measures the final DC output voltage. This measurement is fed into an Error
Amplifier. (Because the output side is isolated from the input mains side, this feedback signal is almost always
transmitted safely across the isolation gap using an Opto-coupler, using light to cross the gap).

The Error Amplifier controls the oscillator that switches the main power MOSFET in Stage 2. Instead of changing
the frequency of the switching, it changes the Duty Cycle (the width of the "ON" pulses relative to the "OFF" time).

e Heavy Load: If the user plugs in a heavy load, the output voltage begins to sag. The feedback loop detects this
and tells the PWM controller to widen the pulses. The power MOSFET stays ON for a slightly longer fraction
of every cycle, pushing more energy through the transformer to bring the voltage back up.

o Light Load: If the user unplugs the load, the output voltage tries to spike. The feedback loop tells the PWM
controller to narrow the pulses. The MOSFET stays ON for only tiny slivers of a microsecond, transferring just
enough energy to keep the voltage steady.

Al IMAGE PLACEHOLDER
A diagram comparing two PWM waveforms. Top waveform: "Wide Pulses (High
Duty Cycle) - High Energy Transfer for Heavy Loads"'. Bottom waveform: "Narrow
Pulses (Low Duty Cycle) - Low Energy Transfer for Light Loads". Both waveforms
should have the same frequency (period).

Figure 5.17: Pulse Width Modulation (PWM) regulates the output voltage by changing the duration of the "ON" pulses
without wasting energy.

5.10.4 4. SMPS Topologies

The block diagram described above is an isolated topology, necessary for things you physically touch (like phone
chargers). There are also non-isolated SMPS topologies used inside devices to step DC voltages up or down efficiently.

o Buck Converter (Step-Down): Takes a higher DC voltage and chops it down to a lower DC voltage. It is
essentially an electronic DC-to-DC transformer.

o Boost Converter (Step-Up): Uses an inductor and a fast switch to "kick" a low DC voltage up to a higher
DC voltage. (This is how a 3.7V lithium battery can power a 5V USB output port on a portable power bank).

e Buck-Boost Converter: Can output a constant voltage even if the input voltage fluctuates wildly above and
below the desired output.

5.10.5 Conclusion

The Switch Mode Power Supply represents a triumph of modern power electronics. By abandoning the slow 50
Hz frequency of the electrical grid and intentionally "chopping" DC power into high-frequency pulses, engineers
eliminated the need for massive, heavy iron transformers. Furthermore, by regulating the voltage using Pulse Width
Modulation—where transistors act only as perfectly ON or perfectly OFF switches rather than heat-generating
resistors—SMPS designs achieve spectacular energy efficiency. While they are significantly more complex to design
and can generate high-frequency electromagnetic interference (EMI), their incredibly small size, low weight, and cold
operation make them the uncontested standard for powering the modern digital world.

5.11 The Uninterruptible Power Supply (UPS)

We have extensively covered how to convert AC grid power into clean DC power using both linear and switch-mode
regulators. However, all these power supplies share a single, glaring vulnerability: if the AC grid power fails, the device
instantly dies.
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For a residential television or a simple lightbulb, a sudden power outage is merely an inconvenience. However, for a
hospital life-support system, a bank’s central transaction server, or an air traffic control radar, even a one-second loss
of power could result in catastrophic data loss, financial ruin, or loss of human life.

To prevent this, critical systems rely on an Uninterruptible Power Supply (UPS). A UPS is not just a power
supply; it is an intelligent, active energy storage system that sits between the wall outlet and the critical load. Its
sole purpose is to provide instantaneous, seamless emergency AC power the absolute millisecond the main grid fails,
allowing systems to continue running or shut down safely.

5.11.1 1. The Three Core Components of a UPS

Regardless of its specific topology, every UPS relies on three fundamental internal blocks to achieve its goal.

1. The Battery Bank (Energy Storage): The heart of the UPS. Since we cannot store AC power directly, energy
must be stored chemically as Direct Current (DC). Most UPS systems use heavy, sealed lead-acid (SLA) batteries due
to their massive surge current capabilities and reliability, though modern units increasingly use lithium-ion. 2. The
Rectifier /Charger: This block converts the incoming 230V AC mains power into DC power. This DC power is used
to constantly charge the battery bank and keep it "topped off" at 100% capacity. 3. The Inverter: This is the reverse
of a rectifier. It takes the DC power stored in the batteries and electronically synthesizes a perfect 230V, 50 Hz AC
waveform. This synthesized AC power is what actually drives the connected load (e.g., the computer).

How these three blocks are wired together determines the topology and the quality of the UPS. There are two
primary topologies: Offline (Standby) and Online (Double-Conversion).

5.11.2 2. The Offline (Standby) UPS

The Offline UPS (also known as a Standby UPS) is the most common and inexpensive type, typically used for residential
desktop computers and small home office equipment.

Normal Operation (Grid Power Present)

In an Offline UPS, under normal conditions, the incoming AC mains power is routed directly straight through the UPS
to the output load via a mechanical transfer switch. The load is running directly off the wall outlet. Simultaneously,
the internal Rectifier/Charger sips a tiny amount of power from the AC line to keep the battery fully charged. The
Inverter is completely turned OFF (it is "offline" or standing by).

Emergency Operation (Power Outage)

When the UPS detects that the incoming AC voltage has dropped below a safe threshold (or failed entirely), the
following sequence happens rapidly: 1. The internal logic detects the failure. 2. The Inverter is instantly commanded
to turn ON. It begins synthesizing 230V AC from the battery. 3. The mechanical Transfer Switch rapidly flips,
disconnecting the load from the dead wall outlet and connecting it to the output of the Inverter.

Transfer Switch

AC Mains \O\O_> Critical

(Input) Load

/

H Inverter

Rectifier / Battery
Charger Bank

Figure 5.18: The Offline (Standby) UPS. Under normal conditions (shown), the load is connected directly to the AC
mains. If power fails, the switch flips down to the Inverter.

The Transfer Time Problem

The critical flaw of the Offline UPS is the Transfer Time. It takes physical time (usually 4 to 10 milliseconds) for the
mechanical relay switch to flip and for the inverter to wake up. During these few milliseconds, the connected computer
receives absolutely zero power. Fortunately, the filter capacitors inside a standard computer’s power supply can usually
hold enough charge to keep the computer alive for about 15-20 milliseconds. Thus, a 5-millisecond transfer time is
usually fast enough to keep a PC from crashing. However, for extremely sensitive laboratory equipment or massive
industrial servers, this brief interruption is unacceptable.
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5.11.3 3. The Online (Double-Conversion) UPS

For mission-critical applications (data centers, hospitals, telecommunications hubs), an interruption of even 1 millisecond
cannot be tolerated. The solution is the Online UPS, also known as a Double-Conversion UPS.

Continuous Operation

In an Online UPS, the load is never connected directly to the wall outlet. The transfer switch is eliminated. Instead,
the incoming 230V AC mains power is fed into a massive Rectifier, which converts 100% of the incoming power into
DC. This DC bus is connected directly to the Battery Bank (charging it) and simultaneously connected directly to
the input of a massive, heavy-duty Inverter. The Inverter is running continuously, 24/7. It takes the DC power and
synthesizes a perfectly clean, brand new 230V AC waveform to drive the critical load.

Because the power is converted from AC to DC, and then back from DC to AC, it is called a "Double-Conversion"
system.

Emergency Operation (Zero Transfer Time)

If the AC grid power suddenly fails, the Rectifier shuts down. However, the DC bus is still directly connected to the
Battery Bank. The Inverter doesn’t know or care that the grid failed; it simply continues pulling DC current, smoothly
transitioning from pulling it from the Rectifier to pulling it from the Batteries. Because the Inverter was already
running and already connected to the load, the transfer time is absolute zero. The output sine wave does not
glitch, stutter, or drop by even a fraction of a volt.

Al IMAGE PLACEHOLDER
A block diagram of an Online (Double-Conversion) UPS. Show AC Mains going
into a 'Rectifier. The DC output of the rectifier goes to a central DC Bus. The
'Battery Bank’ is connected directly to this DC Bus. The DC bus then goes
directly into an ’Inverter’. The AC output of the Inverter goes straight to the
"Critical Load’ Emphasize that there is no transfer switch bypassing the system.

Figure 5.19: The Online UPS. The AC power is continuously converted to DC and back to AC. If mains power fails,
the battery seamlessly supplies the DC bus with zero interruption.

Power Conditioning

Beyond zero transfer time, the double-conversion process provides an immense secondary benefit: absolute Power
Conditioning. The AC grid is notoriously dirty. It is plagued by voltage spikes (from lightning strikes), frequency
variations, and electromagnetic noise (from heavy factory motors). Because an Online UPS completely destroys the
incoming AC waveform (turning it into flat DC) and synthesizes a brand-new, mathematically perfect sine wave via the
Inverter, it acts as an absolute firewall. None of the noise, spikes, or frequency variations from the grid can cross the
DC bus to reach the critical load.

Drawbacks of the Online UPS
While technically superior, the Online UPS has notable drawbacks:

o Cost and Size: The rectifier and inverter must be rated to handle the full, continuous power of the load 24/7,
requiring massive, expensive, heat-generating power transistors.

o Inefficiency: Running power through a rectifier and then an inverter continuously wastes energy (typically 10%
to 15% loss) as heat. Operating an Online UPS costs significantly more in electricity bills and air-conditioning
than an Offline unit.
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5.11.4 Conclusion

The Uninterruptible Power Supply is the ultimate defense against the unreliability of the electrical grid. While standard
power supplies condition power, a UPS guarantees its continuous existence. The Offline UPS provides a cost-effective
safety net for everyday computers, relying on a fast mechanical switch to engage battery power when the lights go out.
In contrast, the Online Double-Conversion UPS provides the gold standard of protection. By continuously destroying
and rebuilding the AC waveform, it completely isolates critical infrastructure from grid noise and provides an absolutely
seamless, zero-millisecond transition to battery power, ensuring that vital data and human lives are never compromised
by a blackout.

5.12 Solar Battery Charger Circuits

As the world transitions toward renewable energy, harvesting power directly from the sun using photovoltaic (PV)
panels has become standard practice. However, a solar panel is not a simple battery. Its output voltage and current
fluctuate wildly depending on the angle of the sun, cloud cover, and temperature.

To use solar energy practically—whether to power a remote environmental sensor, a street light, or a residential
home—the energy must be captured during the day and stored in a battery bank for use at night or during overcast
weather. A Solar Battery Charger Circuit (often called a Charge Controller) is the critical electronic interface that
sits between the chaotic output of the solar panel and the delicate electrochemistry of the storage battery.

5.12.1 1. The Challenges of Solar Charging

If one simply connects a 12V solar panel directly to a 12V Lead-Acid battery using two wires, three catastrophic things
will happen:

1. Overcharging: On a bright, sunny day, a "12V" solar panel can easily output 18V to 21V. If connected directly,
it will aggressively push current into the battery long after the battery is fully charged (which for a 12V Lead-Acid
battery is typically 13.8V to 14.4V). This continuous overvoltage will "boil" the battery acid, creating explosive
hydrogen gas, warping the lead plates, and permanently destroying the battery.

2. Nighttime Discharge: A solar panel is fundamentally a giant array of PN junction diodes. During the day,
they generate current. But at night, when the panel generates 0V, the 12V battery will actually try to push its
stored current backwards into the solar panel, draining the battery and potentially damaging the solar cells.

3. Undercharging / Sulfation: If the panel voltage is too low (e.g., heavily overcast), it cannot push current into
the battery. If a Lead-Acid battery sits partially discharged for a long time, lead sulfate crystals harden on the
plates (sulfation), killing the battery capacity.

A proper solar charger circuit must actively monitor and regulate the voltage to solve all three of these problems.

5.12.2 2. The Basic Shunt Solar Charger

For small, low-power applications (like a cheap garden solar light), a simple Shunt-Type Charge Controller is often
used. It relies on the same principles as the Zener shunt regulator we studied earlier.

Circuit Configuration

1. The Blocking Diode: A heavy-duty diode (like a 1N5408 or a Schottky diode for lower forward voltage drop) is
placed in series between the positive terminal of the solar panel and the positive terminal of the battery. It points
toward the battery. 2. The Shunt Transistor: An NPN power transistor or MOSFET is placed in parallel (shunt)
across the solar panel output, before the blocking diode. 3. The Voltage Detector: A Zener diode (or an Op-Amp
comparator circuit) monitors the voltage of the battery.
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Figure 5.20: A simple Shunt Solar Charge Controller. The voltage detector monitors the battery and turns on the
shunt transistor to bleed away solar power when the battery is full.

How It Works

o Preventing Night Discharge: When the sun sets, the solar panel voltage drops to 0V. The battery voltage
(12V) attempts to flow backward into the panel. However, the Blocking Diode becomes reverse-biased and
instantly stops the current.

o Charging Phase: During the day, if the battery voltage is low (e.g., 11.5V), the Voltage Detector keeps the
Shunt Transistor turned OFF. All current from the solar panel flows through the blocking diode and into the
battery, charging it.

o Overcharge Protection: Once the battery reaches its absolute maximum safe voltage (e.g., 14.4V for a
Lead-Acid battery), the Voltage Detector triggers. It turns the Shunt Transistor fully ON. The transistor creates
a short-circuit across the solar panel. The solar current now loops harmlessly through the transistor and back to
the panel, bypassing the battery entirely. Because the blocking diode is now reverse-biased (the battery is at
14.4V, but the panel is shorted to 0V by the shunt), the battery stops charging. When the battery voltage drops
slightly, the shunt turns back off, and charging resumes.

While cheap, shunt controllers are extremely inefficient and run very hot, making them unsuitable for large solar arrays
(e.g., 100W or more).

5.12.3 3. Series (PWM) Charge Controllers

For medium-scale solar installations (e.g., an RV or an off-grid cabin), a Series Pulse Width Modulation (PWM)
Charge Controller is the industry standard.

Instead of short-circuiting the solar panel to ground when the battery is full, a Series PWM controller places a
heavy-duty MOSFET in series between the panel and the battery.

The Three-Stage Charging Algorithm

A major advantage of a microcontroller-based PWM charger is its ability to perform "smart" 3-stage charging, which
dramatically extends the life of a lead-acid battery:

1. Bulk Stage: When the battery is deeply discharged, the PWM controller turns the series MOSFET fully
ON (100% duty cycle). The maximum possible current flows from the panel into the battery. The battery voltage
slowly rises. 2. Absorption Stage: Once the battery reaches about 14.4V, the controller begins rapidly pulsing the
MOSFET ON and OFF (e.g., at 100 Hz). By adjusting the pulse width (PWM), it holds the battery voltage ezactly at
14.4V. Holding this high voltage forces the final bits of lead sulfate to convert back into active material, ensuring a true
100% charge. 3. Float Stage: After a few hours of absorption, the battery is fully saturated. Keeping it at 14.4V
continuously would eventually boil off the electrolyte. The controller drops the PWM duty cycle further, maintaining
the battery at a lower, safer "Float" voltage (typically 13.5V to 13.8V). This voltage is just high enough to counteract
natural self-discharge, keeping the battery safely topped off indefinitely.
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Al IMAGE PLACEHOLDER

A graph showing the 3-Stage Battery Charging Profile. X-axis is Time. Y-axis has

two lines: Voltage (V) and Current (I).
Stage 1 (Bulk): Current is high and flat; Voltage rises steadily.
Stage 2 (Absorption): Voltage hits a high peak (14.4V) and stays perfectly flat;

Current begins to exponentially decay.

Stage 3 (Float): Voltage drops to a lower flat line (13.5V); Current drops to near

zZero.

Figure 5.21: The 3-Stage Charging Algorithm used by advanced PWM and MPPT solar charge controllers.

5.12.4 4. Maximum Power Point Tracking (MPPT)

The most advanced—and most expensive—solar chargers use Maximum Power Point Tracking (MPPT).

To understand MPPT, we must look at the math of power: Power (Watts) = Voltage (V) x Current (A). A typical
"12V" solar panel actually produces its maximum power at around 18V. Let’s say a 100W panel produces its maximum
power at 18V and 5.5A (18 x 5.5 = 99W).

If you use a standard PWM controller and connect this panel to a deeply discharged 12V battery, the heavy battery
will physically drag the solar panel’s voltage down from 18V to 12V. The panel is still only outputting 5.5A. Now, the
power entering the battery is: 12V x 5.5A = 66W. By dragging the voltage down, the standard PWM controller has
thrown away 33% of the panel’s potential power!

An MPPT controller solves this by acting as an intelligent DC-to-DC Buck Converter (an SMPS). 1. It
allows the solar panel to operate at its perfect 18V Maximum Power Point, extracting the full 100W. 2. The internal
high-frequency switching circuit acts like an electronic gearbox. It steps the 18V down to the 12V required by the
battery. 3. According to the law of conservation of energy (P;, = P,y ), if you step the voltage down, the current must
step up! Therefore, 100W/12V = 8.3A.

The MPPT controller takes the 5.5A from the panel and miraculously pumps 8.3A into the battery, drastically
speeding up charging times during the winter or early morning when sunlight is scarce.

5.12.5 Conclusion

Solar panels provide clean, free energy, but their chaotic electrical output requires strict regulation to safely and
efficiently charge batteries. A blocking diode is universally required to prevent nighttime battery drain. While basic
shunt controllers are suitable for small toys, serious installations require at least a Series PWM controller to execute
proper 3-stage chemical charging profiles (Bulk, Absorption, Float). For maximum efficiency, MPPT controllers utilize
advanced Switch-Mode Power Supply technology to electronically match the high voltage of the panel to the low voltage
of the battery, ensuring that not a single watt of harvested solar energy is wasted.
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5.13 Transistor Biasing circuits And Thermal stability

5.14 Biasing of Amplifier and Definition of Operating Point

5.14.1 Introduction to Transistor Amplifiers

Electronic amplifiers form the backbone of modern communication systems, signal processing applications, and consumer
electronics. In a broad sense, an amplifier is a circuit that receives a weak input signal (such as a voice signal from a
microphone or a tiny sensor output) and increases its magnitude (voltage, current, or power) to a usable level without
significantly distorting the original signal shape. The heart of most solid-state amplifiers is the transistor—either a
Bipolar Junction Transistor (BJT) or a Field-Effect Transistor (FET).

However, a transistor alone cannot automatically amplify an alternating current (AC) signal. For a transistor to
function effectively as a linear amplifier, it must first be properly "prepared" to receive the AC signal. This preparation
involves applying specific direct current (DC) voltages to its terminals, establishing a steady-state operation condition.
This critical process is known as biasing.

5.14.2 What is Biasing?

The term biasing refers to the application of an appropriate DC voltage and current to the terminals of an electronic
device (such as a diode or a transistor) to establish a desired operating state before any AC signal is applied.

Biasing Biasing in electronics is the process of setting a steady, predetermined DC voltage or current level at

various points in an electronic circuit to establish proper operating conditions for the electronic components. In
the context of a transistor amplifier, biasing ensures that the transistor remains in the active region throughout
the entire cycle of the input AC signal.

When an AC input signal is applied to a transistor, the instantaneous voltages and currents fluctuate around these
pre-established DC values. Without proper biasing, the AC signal might drive the transistor into undesired operating
regions—namely, the cut-off region or the saturation region—which would result in severe distortion of the output
signal.

The Active Region Requirement For faithful (distortion-less) amplification, a BJT must operate strictly within
its active region. In this region, the base-emitter junction is forward-biased, and the base-collector junction is
reverse-biased. Biasing guarantees that the input signal fluctuations do not push the transistor out of this active
region.

5.14.3 Definition of the Operating Point (Q-Point)

When a DC bias network is applied to a transistor, it results in specific DC values for the base current (Ip), collector
current (I¢), and collector-emitter voltage (Vo). This specific combination of steady-state DC voltage and current is
referred to as the Operating Point.

Operating Point (Q-Point) The Operating Point, often called the Quiescent Point or Q-Point, is the exact DC

operating condition of a transistor in the absence of any input AC signal. It is mathematically defined by the
steady-state DC values of the collector current (Icg) and the collector-emitter voltage (Vogg).

The term "quiescent" means quiet, still, or resting. Therefore, the Q-point describes the state of the transistor when
it is "resting" before the dynamic AC input signal is introduced.

On a graph of the transistor’s output characteristics (collector current I versus collector-emitter voltage Vo
for various base currents Ig), the Q-point represents a single, fixed coordinate (Vogrg,Icg). When an AC signal is
subsequently injected into the circuit, the instantaneous values of current and voltage will oscillate above and below
this central Q-point.
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5.14.4 Importance of Selecting the Right Operating Point

Choosing the correct Q-point is the most critical step in amplifier design. The Q-point determines not only whether
the amplifier will distort the signal but also its maximum possible output voltage swing and overall power dissipation.

Consider a BJT operating in the common-emitter configuration. Its output characteristic curve is divided into
three distinct regions:

1. Active Region: The flat portion of the curves where I is largely independent of Vo and strongly dependent
on Ip. This is the linear amplification region.

2. Saturation Region: The area where Vg is very small (close to 0V) and I¢ is maximum. Both junctions are
forward-biased. The transistor acts like a closed switch.

3. Cut-off Region: The area where Ip = 0 and I is nearly zero. Both junctions are reverse-biased. The transistor
acts like an open switch.

To achieve faithful amplification without distortion, the Q-point must be located carefully within the active region.

Locating the Q-Point Case 1: Q-point placed exactly in the middle of the active region. When the
Q-point is centered, the AC input signal can swing the operating point equally upwards (towards saturation) and
downwards (towards cut-off). This allows for the maximum possible unclipped output voltage swing. This is the
ideal condition for a Class A amplifier.

Case 2: Q-point placed too close to saturation. If the Q-point is established very high on the load line, the
positive half-cycle of the input base current will quickly drive the transistor into the saturation region. When this
happens, the top part of the output waveform gets flattened or "clipped" off.

Case 3: Q-point placed too close to cut-off. If the Q-point is established very low on the load line, the
negative half-cycle of the input signal will reduce the base current to zero, driving the transistor into cut-off. The
bottom part of the output waveform will be severely clipped.

Important / Warning

Signal Distortion Clipping due to incorrect biasing introduces unwanted harmonics into the amplified signal. This
causes severe signal distortion, completely destroying the integrity of audio or data signals. Ensuring the Q-point
remains well within the active boundaries during peak signal amplitudes is non-negotiable.

5.14.5 DC Load Line Analysis

To visually understand the Q-point and how an amplifier operates, engineers use a graphical tool called the DC Load
Line.

Consider a basic common-emitter amplifier circuit with a load resistor Ry connected to the collector and a supply
voltage Voo. Applying Kirchhoff’s Voltage Law (KVL) to the output (collector-emitter) loop yields the fundamental
DC load line equation:

Voo =IcRL + Veg

Rearranging this equation to solve for I¢ gives:

1 Vee
In=——Vop+ —=
C RL CE RL
This is a linear equation (in the form y = mx + ¢) representing a straight line drawn on the transistor’s I versus
Veor output characteristic graph.

o Y-intercept (Saturation Point): If we assume Vop = 0, then I¢ = Voo /Ry This is the maximum possible
collector current, marking the top end of the load line on the y-axis.

o X-intercept (Cut-off Point): If we assume Io = 0, then Vop = Voe. This is the maximum possible
collector-emitter voltage, marking the bottom end of the load line on the x-axis.

By connecting these two extreme points with a straight line, we create the DC Load Line. The Q-point must always
lie somewhere exactly on this line. The precise location of the Q-point on the load line is dictated by the amount of
DC base current (Ip) supplied by the biasing circuit at the input.
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Dynamic Operation on the Load Line The DC Load Line defines all possible DC combinations of Vo and I for
a given Voo and Ry. When an AC signal is applied, the instantaneous operating point slides up and down along
this line, centered around the quiescent Q-point.

5.14.6 Factors Affecting Q-Point Stability

Selecting a Q-point in the center of the active region is theoretically simple. However, keeping it firmly stationed
there during actual operation is a significant engineering challenge. The Q-point is highly susceptible to shifting, a
phenomenon known as thermal instability or operating point drift.

If the Q-point shifts too far up or down the load line, the amplifier may suffer from clipping distortion even if it was
initially biased correctly. Several factors cause the Q-point to drift:

1. Temperature Variations

Transistors are semiconductor devices, and their internal parameters are highly sensitive to temperature changes. Three
specific parameters vary significantly with temperature:

+ Reverse Saturation Current (Icpp): This leakage current doubles for approximately every 10°C rise in
temperature. Because the total collector current is defined as Ic = 51 + (14 8)Icpo, a drastic increase in Icpo
can cause a massive increase in I, pushing the Q-point toward saturation.

o Base-Emitter Voltage (Vpg): The forward voltage drop of the base-emitter junction decreases at a rate of
approximately —2.5 mV /°C as temperature rises. A drop in Vg causes an increase in base current Iz, which in
turn gets multiplied by 3, heavily increasing I¢.

o Current Gain (8 or hpg): The DC current gain of the transistor itself increases with temperature, further
contributing to higher I.

Important / Warning

Thermal Runaway The increase in Io due to temperature rise causes an increase in power dissipation at the
collector junction (Pp ~ Vo X I¢). This additional heat further raises the junction temperature, causing an even
greater increase in I¢o. This dangerous positive feedback loop is called thermal runaway. If left unchecked by
proper biasing stabilization, thermal runaway will completely destroy the transistor.

2. Variations in Transistor Parameters (Device Replacement)

During mass production, it is practically impossible to manufacture two transistors with the exact same characteristics,
even if they share the same part number. The current gain parameter, 8, can vary by a factor of 2 to 3 (e.g., from 100
to 300) among transistors of the identical make and batch.

If an amplifier circuit’s Q-point is strictly dependent on 3 (such as in a simple fixed-bias circuit), simply replacing a
damaged transistor with a new one can drastically shift the Q-point. A properly designed biasing circuit must ensure
that the Q-point is relatively independent of § variations to allow for easy component replacement and consistent
manufacturing.

5.14.7 Need for Biasing Stabilization

To counteract the factors mentioned above, basic biasing circuits (like Fixed Bias) are rarely used in practical applications.
Instead, engineers use stabilization techniques to hold the Q-point steady despite temperature fluctuations and
differences.

Stabilization is essentially the process of making the operating point independent of temperature changes and
individual transistor characteristics. Good biasing circuits employ forms of negative feedback (such as emitter
degeneration) to automatically counteract any unintended rise in collector current.

For instance, in a Voltage Divider Bias circuit with an emitter resistor, an unwanted increase in I¢ (due to a
temperature spike) causes a higher voltage drop across the emitter resistor. This reduces the effective base-emitter
voltage, which lowers the base current, thereby pulling the collector current back down and stabilizing the Q-point.
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5.14.8 Summary

Biasing is the foundational step in turning a non-linear transistor into a linear, faithful signal amplifier. By applying
the correct DC voltages, we establish a fixed Quiescent Point (Q-point) on the DC Load Line. For an undistorted
output, this point must sit squarely in the active region, equidistant from saturation and cut-off. Engineers must go
beyond merely setting the Q-point; they must also employ robust stabilization techniques to prevent the point from
drifting due to inevitable temperature variations and component-to-component discrepancies. Mastery of biasing and
operating point definition is essential for the design of reliable, high-fidelity electronic circuits.

Start The Load Lines

h

’ Analyze The Load Lines)

Yes

h

End

Figure 5.22: Flowchart for The Load Lines (Diagram 1)

YJ\

\
[4

Relation for Biasing Meth}éds
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’ Input for Stability Factor }—)’ Processing Stability Factor }—ﬁ Output Stability Factor

Figure 5.24: Block Diagram illustrating Stability Factor (Diagram 3)

5.15 The Load Lines

In the graphical analysis of electronic circuits, particularly those involving non-linear semiconductor devices such as
Bipolar Junction Transistors (BJTs) or Field Effect Transistors (FETs), the concept of a load line is of paramount
importance. A load line provides a direct visual representation of all the possible operating states (voltage and current)
that a circuit can exhibit for a given load configuration. It effectively bridges the gap between the theoretical linear
components (like resistors) and the complex, non-linear characteristic curves of the active devices.

When a transistor is employed as an amplifier, it processes two entirely distinct types of electrical quantities
simultaneously: Direct Current (D.C.) for biasing the device into its active region, and Alternating Current (A.C.)
which represents the actual signal to be amplified. Because the circuit’s impedance and overall response to D.C. and
A.C. stimuli differ significantly due to the presence of reactive components—such as coupling and bypass capacitors—we
must define and construct two distinct load lines: the D.C. Load Line and the A.C. Load Line. Understanding the
fundamental differences and the interaction between these two load lines is absolutely crucial for designing amplifiers
that yield maximum output voltage swing without introducing signal distortion.
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Load Line A load line is a straight line drawn on the output characteristic curves of a non-linear device (for
example, the Io versus Vop curves of a BJT). It graphically represents the linear constraint imposed on the
device by the external circuit components (such as resistors and voltage sources) connected to its terminals. The
intersection of this load line with the device’s characteristic curve for a specific input condition determines the
actual operating point of the circuit.

\.

5.15.1 D.C. Load Line

The D.C. load line is a foundational analysis tool used when no A.C. input signal is applied to the amplifier circuit.
Under these zero-signal conditions, the circuit operates strictly on D.C. voltages and currents provided by the primary
power supply (typically denoted as Ve in BJT circuits). The primary purpose of constructing the D.C. load line is to
help establish and verify the quiescent point (or Q-point), which represents the steady-state operating condition of the
transistor.

Derivation of the D.C. Load Line

Consider a standard Common-Emitter (CE) voltage-divider biased amplifier circuit containing a collector resistor R¢
and an emitter resistor Rg. Let Voo represent the continuous D.C. supply voltage. In a purely D.C. analysis, all
coupling and bypass capacitors are treated as open circuits. This is because the frequency f of D.C. is exactly zero,
and the capacitive reactance, given by X¢o = ﬁ, approaches infinity, completely blocking D.C. flow.

By applying Kirchhoft’s Voltage Law (KVL§ to the output loop (the path from Voo down through the collector,

the emitter, and to ground) of the circuit, we obtain the following voltage equation:
Vee —IcRc —Veog —IgRp =0 (5.13)

where I is the D.C. collector current, Vo is the D.C. collector-emitter voltage, and Ig is the D.C. emitter current.
Because the base current Ip is typically orders of magnitude smaller than both the collector and emitter currents,
the collector current I is approximately equal to the emitter current I (i.e., Ic ~ Ig). Using this valid approximation,

we can simplify the KVL equation to:
Voo = Ver + Io(Re + RE) (5.14)

Rearranging this algebraic equation to solve for I in terms of Vg, we derive the equation of a straight line in the
standard slope-intercept form (y = mx + ¢):

1 Voo
Iloe=————\Vogp+ —— 5.15
“ (Rc+RE> ““" Re (5.15)

This equation represents the D.C. load line. It strictly mathematically relates the output current I to the output
voltage Vop. The slope of this line is fixed at —1/(R¢c + Rg). To graphically plot this line onto the transistor’s output
characteristics (I on the vertical axis versus Vog on the horizontal axis), we simply need to calculate its intercepts on
both axes.

Endpoints of the D.C. Load Line

The line spans between two theoretical extremes, representing the boundaries of the transistor’s operation:

1. Cut-off Point (Horizontal or X-axis intercept): The cut-off point represents the condition where the
transistor is fully driven into the cut-off region (fully OFF). In this state, it behaves like an open switch, meaning
no collector current flows (I = 0). Substituting I = 0 into our load line equation yields:

Vee = Vee (5.16)

This extreme point is denoted as (Voe,0) on the characteristic graph. It represents the maximum possible
theoretical collector-emitter voltage present in the circuit, equal to the supply voltage itself.

2. Saturation Point (Vertical or Y-axis intercept): Conversely, the saturation point occurs when the transistor
is fully driven into the saturation region (fully ON). In this state, the transistor acts almost like a short circuit
between the collector and emitter terminals, forcing Vo to drop to approximately 0V. Substituting Vog =0
into the equation yields the maximum possible current:

Vee

IC(sat) = Ro + Rp (517)

This extreme point is plotted as (0, RZS;%E). It illustrates the maximum possible collector current that the

external resistive circuit will allow, regardless of the transistor’s inherent gain.
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By drawing a straight line connecting these two extreme points—the cut-off point on the voltage axis and the
saturation point on the current axis—we fully map the D.C. load line.

Key Concept

The Q-Point (Quiescent Point) The Q-point is geometrically defined as the exact intersection of the D.C. load line
with the specific base current (Ig) curve corresponding to the applied D.C. bias on the output characteristics of
the transistor. It solidly defines the steady D.C. values of Vo and Ic when absolutely no A.C. signal is present.
For a high-fidelity linear amplifier, the Q-point is typically biased right in the middle of the active region.

Calculating the D.C. Load Line Endpoints Suppose a Common-Emitter amplifier has a D.C. supply voltage
Voo = 15V, a collector resistor Ro = 2.2k(), and an emitter stabilization resistor Rg = 800f2. Calculate the
extreme points of the D.C. load line.

Solution: First, calculate the total D.C. resistance in the output loop: R4. = Rc + Rg = 2.2k + 0.8k} = 3.0k(2.
1. Cut-off Point (X-intercept): Set I = 0. The entire supply voltage drops across the transistor. Vg E(off) =
Voo = 15V. Point coordinates: (15V,0mA).

2. Saturation Point (Y-intercept): Set Vop = 0. The current is limited solely by the circuit resistors.
Io(sat) = % = 15V — 5mA. Point coordinates: (0V,5mA).

= pr =
The D.C. load line is constructed by drawing a line connecting (15V,0mA) and (0V,5mA) on the Vor — I¢ plane.

L J

5.15.2 A.C. Load Line

While the D.C. load line rigidly defines the operational bounds under static, zero-signal conditions, a practical amplifier’s
primary job is to process continuously varying A.C. signals. When an A.C. input signal is applied to the base, the
voltages and currents throughout the circuit dynamically fluctuate around the established, steady Q-point. The precise
geometrical path that these instantaneous varying voltage and current values trace during a complete A.C. cycle is
called the A.C. Load Line.

The A.C. load line inherently differs in slope and endpoints from the D.C. load line. This fundamental difference
arises because the effective resistance of the circuit heavily changes under A.C. conditions compared to D.C. conditions.
This transformation is entirely driven by the reactive components—specifically the coupling capacitors (C¢) that pass
the signal to the external load, and bypass capacitors (Cg) that eliminate A.C. negative feedback.

Derivation of the A.C. Load Line

To mathematically derive the A.C. load line, we must perform an A.C. equivalent analysis of the circuit utilizing the
superposition theorem. In a small-signal A.C. equivalent circuit:

o All ideal D.C. voltage sources (like Vi) have zero internal resistance and are therefore replaced by a short circuit
directly to ground.

o All large coupling and bypass capacitors are considered ideal short circuits (assuming they are appropriately sized
to possess negligible capacitive reactance X¢ ~ 02 at the frequency of operation).

Because the emitter bypass capacitor C'g shorts the emitter resistor Rg directly to A.C. ground, R is effectively
removed from the A.C. circuit entirely. Furthermore, the output coupling capacitor Ccoo connects the external load
resistor Ry, directly in parallel with the internal collector resistor R¢o from an A.C. perspective.

Therefore, the effective A.C. load resistance, commonly denoted as r. (or Rg.), seen by the collector terminal of the
transistor is simply the parallel combination of Rc and Ry :

Rc - Ry,

re= Bl = 5 R

(5.18)
Because r. consists of parallel resistors and excludes the bypassed Rg, it is a fundamental rule that r. is strictly
always less than the total D.C. resistance (R4. = Rc + Rg). Consequently, the A.C. load line always features a steeper
slope than the D.C. load line.
The A.C. variations (the dynamic changes) of the collector-emitter voltage (v.e) and the collector current (i.) are
linearly related by Ohm’s Law applied to the effective A.C. resistance:

Voo = —1eTc (5.19)
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The negative sign physically represents the 180° voltage phase inversion that is characteristic of a Common-Emitter
amplifier topology; as instantaneous collector current increases, the voltage drop across r. increases, forcing the
instantaneous collector-to-emitter voltage lower.

Plotting the A.C. Load Line

To plot the A.C. load line accurately on the identical output characteristics as the D.C. load line, we must recognize a
universally applicable anchoring rule: The A.C. load line must permanently intersect the D.C. load line exactly at the
chosen @Q-point. This critical intersection happens because, at the precise fractional moment when the A.C. signal
crosses its zero axis, the instantaneous operating point collapses back to the purely D.C. quiescent point.

Let the specific Q-point coordinates be defined as (Vogg, Icg). The total instantaneous collector-emitter voltage
veog and total instantaneous collector current i are superpositions given by:

VCE = VCEQ + Vce (520)
ic = Icq +ic (5.21)
By substituting the A.C. relationship ve = —i.7c, we can determine the extreme maximum points (the mathematical

intercepts) of the A.C. load line.

1. A.C. Cut-off Point (X-axis intercept): At this theoretical limit, the instantaneous total collector current
ic drops to exactly 0. This implies that the A.C. fluctuation component i, = —Icq. Substituting this into our
voltage equation gives the maximum instantaneous voltage:

VOE(maz) = VoEQ — (=IcqQ)re = Vorg + loqre (5.22)

This is the peak voltage appearing across the transistor during negative-going input signal swings. The geometric
A.C. cut-off point is therefore (Vopg + Icqre,0).

2. A.C. Saturation Point (Y-axis intercept): At this opposite limit, the instantaneous total collector-emitter
voltage vcp collapses to 0. This demands that the A.C. fluctuation vee = —Viopg. Because ic = —vee/rc, the
maximum instantaneous current surge is:

Veeg

iC(maz) = loQ + (5.23)

Tc

This is the peak current flowing through the transistor during positive-going input signal swings. The geometric
Veeq )

Tec

Important / Warning

Distortion and Signal Clipping When designing an active linear amplifier, it is critical that the Q-point is centered
along the A.C. load line, rather than merely the D.C. load line. If the input signal amplitude is driven too high,
the required output swing will aggressively attempt to exceed the mathematical boundaries of the A.C. load line,
resulting in severe distortion.

A.C. saturation point is (0, Icg +

o If the signal violently pushes ic to 0, the output voltage is abruptly clipped at the value Vogrg + Icgre.
This specific distortion is called cut-off clipping.

« If the signal pushes vcg to 0, the output current is capped and clipped at Icg + Vc;f . This is called
saturation clipping.

To guarantee the maximum possible symmetrical output swing without engaging either form of clipping, the
optimal Q-point must mathematically satisfy the condition Vogg = Icqre.

\

5.15.3 Significance and Analytical Comparison

A comprehensive analysis of both the D.C. and A.C. load lines is strictly indispensable for understanding complete
amplifier behavior. The primary function of the D.C. load line is purely structural—it biases the semiconductor into
the appropriate state. Conversely, the A.C. load line dictates the dynamic, reactive behavior of the amplifier when a
real-world transient or periodic signal is processed.

o Differences in Slope: The slope of the D.C. load line is explicitly —1/(Rc+Rg) (if an unbypassed emitter resistor
Rp is actively present), whereas the slope of the A.C. load line is identically —1/r.. Because r. < (Rc + Rg) in
virtually any standard capacitively-coupled amplifier utilizing bypass capacitors, the A.C. load line is fundamentally
much steeper.
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¢ Point of Intersection: Both drawn lines invariably and always intersect exactly at the independently chosen
Q-point. If external bias resistors are physically altered, the Q-point slides rigidly along the D.C. load line, which
simultaneously drags the rigidly pivoting A.C. load line to a brand new resting coordinate.

o Expanded Operating Range: The static D.C. load line rigidly terminates at Voo. Paradoxically, the A.C. load
line frequently extends far beyond Vo along the horizontal voltage axis. Specifically, the maximum momentary
output voltage vop(mar) Safely exceeds the physical supply voltage Voo. Even without inductive "flyback" effects,
the mathematical reflection of v.. dynamically swinging around an elevated Q-point creates an absolute A.C.
cutoff voltage higher than Voo strictly because energy stored in the reactive coupling capacitors acts locally like
a supplemental battery in series with the main supply.

+ Reactive Loads: While standard analysis assumes purely resistive loads, it’s worth noting that if the external
load Ry, possesses significant inductive or capacitive reactance, the signal’s voltage and current are thrown out
of phase. When this occurs, the strict linear straight-line relationship degrades, and the A.C. load line actively
"bloats" into an elliptical path on the characteristic curve.

Comprehensive A.C. and D.C. Load Line Analysis Consider an audio pre-amplifier circuit characterized by a D.C.
supply Voo = 24V, a collector resistor Rc = 6k(), an emitter resistor Rp = 2k{2, and an external speaker load
coupled via a capacitor acting as Ry, = 3k{). The biasing network establishes the Q-point current accurately at
Icg = 1.5mA. Let us fully resolve both load lines.

Step 1: D.C. Load Line Analysis:

o Total D.C. resistance: Ry. = Rc + R = 6k + 2kQ2 = 8k).
o Cut-off voltage point: Vop,rr) = 24V.
e Saturation current point: I (sq) = 24V/8k2 = 3.0mA.
 The operating Q-point voltage: Vorpg = Voo — Icg(Rae) = 24V — (1.5mA)(8kQ) = 24 — 12 = 12V.
o Therefore, the precise Q-point coordinates are (12V, 1.5mA).
Step 2: A.C. Load Line Analysis:
o Effective A.C. resistance: 7. = R¢ || R, = 6k || 3kQ2 = % = 2kQ.

o A.C. Cut-off voltage (Maximum dynamic voltage swing limit): vopme) = Vorg + logre = 12V +
(1.5mA)(2kQ2) = 12V + 3V = 15V.

« A.C. Saturation current (Maximum dynamic current swing limit): ic(mae) = log + Vi’fQ = 1.5mA + £2¥ =
1.5mA + 6.0mA = 7.5mA.

o The constructed A.C. load line definitively connects (15V,0mA) to (0V,7.5mA), and it flawlessly passes
through the established Q-point at (12V,1.5mA).

Conclusion on Compliance: Notice severely how the A.C. load line heavily restricts the final output voltage
swing. From the 12V Q-point, the instantaneous voltage can only dynamically swing down to 0V (a massive
A of 12V) or swing upwards to merely 15V (a restrictive A of only 3V). Because true A.C. audio signals are
naturally symmetrical, the maximum undistorted peak-to-peak voltage compliance is harshly constrained to the
smaller of the two margins. Hence, the amplifier can only handle a peak output swing of 3V (or 6V peak-to-peak)
before aggressive cut-off clipping ruthlessly destroys the signal integrity. This conclusively proves that this specific
Q-point is poorly centered for maximum power delivery along the A.C. load line.

\. J

In final summary, successfully calculating, understanding, and graphically plotting both the rigid D.C. and the
dynamic A.C. load lines is an absolute, fundamental prerequisite for conclusively determining the practical performance
limits of any linear amplifier. It systematically reveals not only precisely where the transistor physically rests in the
absence of an excitation signal, but it also explicitly and rigidly bounds the absolute maximum signal amplitude the
circuit can robustly handle before destructively entering the distortion-heavy cut-off or saturation regions.
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Figure 5.25: Flowchart for Compensation Techniques For Bias Stability (Diagram 4)
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Figure 5.26: Graph related to Thermal Runaway Thermal Resistance Thermal Stability (Diagram 5)
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Figure 5.27: Block Diagram illustrating Heat Sink And Its Types (Diagram 6)

5.16 Biasing Methods

5.16.1 Introduction to Transistor Biasing

In the realm of electronic circuits, bipolar junction transistors (BJTs) are fundamentally utilized for amplification and
switching applications. However, for a transistor to amplify an alternating current (AC) signal without distortion, it
must be properly established in its active region of operation. This process of establishing specific and steady direct
current (DC) voltages and currents at the transistor’s terminals before any AC signal is applied is known as biasing.

Transistor Biasing Transistor biasing is the process of applying external DC voltages and currents to establish a

steady, specific set of operating conditions for a BJT, ensuring that it operates in the desired region (typically the
active region) across all conditions.

The fundamental goal of biasing is to establish a fixed operating point, commonly referred to as the Quiescent
Point or Q-point. The Q-point represents the steady-state DC voltage and current of the transistor in the absence
of an input signal. It is plotted on the transistor’s output characteristics curve, representing a specific value of base
current (Ip), collector current (I¢), and collector-emitter voltage (Vog).
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The Q-Point and Thermal Stability For a BJT operating as a linear amplifier, the Q-point must be located near
the center of the active region. If the Q-point is too close to the saturation region, the peak of the output signal
will be clipped. Conversely, if it is too close to the cut-off region, the negative trough of the signal will be clipped.
A critical challenge in transistor circuit design is maintaining the Q-point steady despite temperature variations.
Parameters like the reverse saturation current (Ico), the base-emitter voltage (Vpg), and the common-emitter
current gain (3 or hpg) are highly temperature-dependent. Without proper stabilization, a rise in temperature
can lead to a phenomenon known as thermal runaway, where increasing collector current leads to more power
dissipation, further raising the temperature and potentially destroying the device.

To quantify how well a biasing circuit maintains a steady I against temperature variations, we define the Stability
Factor, S. It is the rate of change of collector current with respect to the reverse saturation current:
_ Olc
~ dlco

An ideal biasing circuit would have S = 1, indicating that the collector current does not amplify changes in the reverse
saturation current. A higher value of S implies poorer stability.

Several circuit configurations are employed to bias a transistor, each offering a different balance between simplicity
and stability. We will explore the three primary biasing methods: Fixed Bias, Collector-to-Base Bias, and Voltage
Divider Bias.

5.16.2 Fixed Bias Circuit (Base Bias)
The fixed bias, also known as the base bias circuit, is the simplest transistor biasing arrangement. It uses a single DC
power supply (Voe) and two resistors: a base resistor (Rp) and a collector resistor (R¢).

Circuit Operation and DC Analysis

In this configuration, Rp is connected directly between the power supply Voo and the base terminal. Re is connected
between Voo and the collector terminal, and the emitter is grounded.
Applying Kirchhoff’s Voltage Law (KVL) to the input (base-emitter) loop:

Vec —IpRp — Ve =0

Solving for the base current Ip:
I — Voo — VB
P
Rp
Since Voo, Vg (typically 0.7 V for silicon), and Rp are constants, the base current Ip is fixed. Hence, the name "fixed
bias".
The collector current I is determined by the transistor’s current gain 3:

Ic =pBIp
Applying KVL to the output (collector-emitter) loop gives the collector-emitter voltage:
Vee —IcRc —Ver =0 = Veg = Vee — IcRe
Stability of Fixed Bias
The stability factor S for a fixed bias circuit is given by:
S=14+p

Since B for typical transistors ranges from 50 to over 300, the stability factor is very large. This indicates exceptionally
poor thermal stability.

Important / Warning

Disadvantages of Fixed Bias The fixed bias circuit is highly sensitive to variations in § and temperature. If a
transistor is replaced with another of the same type, its 3 value can still vary by up to 50%, drastically shifting
the Q-point. Additionally, any temperature increase will exponentially increase the reverse saturation current,
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which gets multiplied by 3, rapidly shifting the Q-point towards the saturation region. Due to these issues, fixed
bias is rarely used in linear amplifier circuits, though it may be acceptable for some basic switching applications.

5.16.3 Collector-to-Base Bias (Collector Feedback Bias)

To improve upon the poor stability of the fixed bias circuit, a negative feedback mechanism can be introduced. The
collector-to-base bias circuit, or collector feedback bias, achieves this by connecting the base resistor Rp directly to the
collector terminal rather than the Voo supply.

Circuit Operation and DC Analysis

In this configuration, the current flowing through the collector resistor R¢ is the sum of both the collector current I
and the base current Ip. Therefore, the current through R¢ is I¢ + Ip.
Applying KVL to the input loop (from Vie through Re, Rp, to the base-emitter junction):

Voo — (Ic +Ip)Re — IpRp — Ve =0
Since Ic = BIp, substituting this into the equation yields:
Vee — (BIp + Ip)Re — IpRp — Vpe =0

_ Vee — VBE
Rp+ (1+ B)Rc

Applying KVL to the output loop gives the voltage at the collector:

Ip

Vee =Veo — (e + I)Re = Voo — IcRe

(assuming I¢ > I, which is generally true for active operation).

Mechanism of Stabilization

The collector-to-base connection provides negative feedback. If the temperature increases, causing Io to rise, the
voltage drop across R¢ also increases. This reduces the voltage at the collector (Vog). Because Rp is connected to the
collector, the driving voltage for the base current is reduced, resulting in a lower Ig. The reduction in Ip subsequently
pulls I back down, counteracting the initial rise and stabilizing the Q-point.

The stability factor for the collector feedback bias is roughly:

1+
S~ 5 (Ee
Rp+Rc
This value is significantly smaller than 1 + 5, proving that the collector feedback bias offers better thermal stability

than the fixed bias. However, the negative feedback also affects the AC signal, reducing the overall voltage gain of the
amplifier unless sophisticated bypassing techniques are used.

5.16.4 Voltage Divider Bias (Self Bias)

The Voltage Divider Bias, also known as Self Bias or Universal Bias, is the most widely utilized and reliable
biasing method for BJT circuits. It provides excellent Q-point stability that is almost entirely independent of the
transistor’s 3 value.

Circuit Description

This circuit uses a single power supply Voe. The base voltage is established using a resistive voltage divider network
consisting of Ry and Rs connected across Voo and ground. An emitter resistor (Rg) is added between the emitter
terminal and ground to provide stabilizing negative feedback.
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DC Analysis Using Thevenin’s Theorem

To analyze the input base circuit, we simplify the voltage divider network (R; and Ry) connected to the base using
Thevenin’s Theorem. We determine the Thevenin equivalent voltage (Vry) and Thevenin equivalent resistance (Rrp)
looking into the base from the voltage divider:

1. Thevenin Voltage (Vrg): This is the open-circuit voltage across Ra.

R
Vin = oo (5,

2. Thevenin Resistance (Rrp): This is the equivalent resistance of Ry and Rp in parallel (with the DC source

Ve shorted to ground).
Ri- Ry

TR+ Ry
Now, replacing the voltage divider with its Thevenin equivalent, we apply KVL to the simplified base-emitter loop:

Rru =R || R2

Vrg — IpRry — Ve — IgRg =0
Knowing that the emitter current Ig is the sum of base and collector currents, Iy = (8 + 1)Ip, we can substitute Ig:

Vg —IpRry — Ve — Ig(1+ B)Rg =0

Solving for Ipg:
~ Vru— Ve
~ Rrp+(1+B)Rg

The collector current I is then calculated as I = BIp. For the output circuit, KVL yields:

Ip

Vee — IcRe — Veog — IgRg =0

Assuming Io ~ Ig:
Ve = Vee — Ic(Re + RE)

Why is Voltage Divider Bias Highly Stable?

In an optimized design, the voltage divider bias aims to make the base current mostly dependent on the external
resistors rather than . If we design the circuit such that (1 + 8)Rg > Rpp, the equation for I simplifies, and we
find that the collector current I ~ Ig = VTHR;EVBE.
Since Vry, Ve, and R are constants and independent of 3, the Q-point becomes highly stable and immune to
variations in temperature and transistor replacement. The stability factor S is approximately given by:
Rry
S~1+——
REg
By keeping Ry small (i.e., making R small) and Rp relatively large, S approaches 1, which represents the ideal
stability condition.

Designing a Voltage Divider Bias Circuit Problem: A silicon BJT with 8 = 100 requires a Q-point of o = 2 mA
and Vog = 5 V. The power supply is Voo = 15 V. Design a voltage divider bias circuit assuming the emitter
voltage Vg is 10% of V.

Solution:

1. Calculate Emitter Resistor (Rg): The emitter voltage is chosen as 10% of Vi for adequate stability.
VE=01x15V=15V

Assuming Ip ~ Ic = 2 mA:
Ve 15V

R = = mA

=750Q

2. Calculate Collector Resistor (R¢): Using KVL on the output loop: Voo = Vo + IcRe + VE.
15V=5V+(2mA x Rc) +1.5V
2mA X Rc =85V — R¢ = 4.25 k)
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3. Calculate Base Voltage (Vp):

Ve=Vg+ V=15V +07V=22V

4. Determine R; and Rs: A common rule of thumb for robust stability is to set the current through the
voltage divider (Ir2) to be at least 10 times the base current Ip.

I 2mA
Ig="S=2""—20uA
B="53 100 a
Let the current through Re be Iy =~ 105 = 200 pA.
Vi 22V
Ry=— = =11 kQ
T T, 200uA

The current through Ry is Iy = Is+1p = 220 pA. The voltage across Ry is Vog—Vp =15 V—-22V =128 V.

128V
220 uA

1 ~ 58.18 k2

Thus, the required designed parameters are Ry = 750, Ro = 4.25 k2, R; ~ 58.2 k2, and Ry = 11 k2.

5.16.5 Summary and Comparison of Biasing Methods

Selecting the appropriate biasing method relies on a trade-off between circuit complexity, parts count, and the required
operational stability. The following table concisely summarizes the three fundamental methods we have discussed.

Biasing Stability Advantages Disadvantages
Method Factor (S5)
Fixed Bias Very High Simplest design, Extremely poor thermal
(14 5) requires minimal stability, highly
components, good for sensitive to 8 variations.
digital switching. Unsuitable for linear
amplifiers.
Collector Moderate Better stability due to | Reduces AC voltage
Feedback Bias (better than negative feedback. gain due to negative
Fixed Bias) Simple to construct. feedback. Stability is

still somewhat
dependent on f.

Voltage Divider | Low (Ideal Excellent thermal Slightly more complex
(Self) Bias S=~1) stability. Q-point is circuit. Requires more
practically independent | resistors, which can
of transistor . consume more board
space.

Table 5.3: Comparison of BJT Biasing Methods

In modern discrete electronics and analog integrated circuit design, modified versions of the voltage divider bias,
alongside active current mirror biasing, are dominantly employed to guarantee absolute thermal resilience and faithful
signal amplification.
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Figure 5.28: Flowchart for Gain Bandwidth And Gain Bandwidth Product (Diagram 7)
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Figure 5.29: Graph related to Effect Of Emitter Bypass Capacitor And Coupling Capacitor On Frequency Response
(Diagram 8)
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Figure 5.30: Block Diagram illustrating Frequency Response Of Single Stage Amplifier (Diagram 9)

5.17 Stability Factor

5.17.1 Introduction to Operating Point Stability

The proper functioning of a Bipolar Junction Transistor (BJT) amplifier heavily relies on the establishment and
maintenance of a specific operating point, commonly known as the Quiescent point or Q-point. The Q-point is
geometrically represented on the output characteristics curve and is defined by the DC collector current (I¢) and the
collector-emitter voltage (Vop) in the absence of any input AC signal. For faithful amplification without clipping or
distortion, it is imperative that the Q-point is positioned precisely in the center of the active region and remains strictly
stable.

However, in practical electronic applications, the Q-point is highly susceptible to unwanted shifts. This instability
primarily arises from two overarching physical and practical factors:

« Temperature Variations: The fundamental electrical parameters of a semiconductor device are intrinsically
sensitive to ambient temperature fluctuations and self-heating.

e Transistor Replacement: In mass production, maintenance, or repair, a transistor might be replaced with
another of the precise same type and model. Due to inherent manufacturing tolerances, two physically identical
transistors rarely exhibit the exact same parameters (most notably the common-emitter current gain, /).
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Important / Warning

Thermal Runaway The reverse saturation current (Ico) in a BJT is highly temperature-dependent, approximately
doubling for every 10°C rise in temperature. Since the total collector current /o depends on Igo, a rise in
temperature increases Io. An increase in I directly increases the internal power dissipation at the collector
junction (Pp = Veog x I¢o).

This elevated power dissipation generates additional heat, further raising the junction temperature, which causes
a subsequent and more severe increase in /oo, and thereby I. This cumulative, positive-feedback loop is called
thermal runaway. If left unchecked by proper circuit design, it can lead to the permanent physical destruction
(burnout) of the transistor.

-~

J

To quantitatively evaluate how effectively a given biasing circuit resists these shifts in the Q-point and mitigates
the risk of thermal runaway, engineers rely on the concept of the Stability Factor.

5.17.2 Definition of Stability Factors

A stability factor mathematically measures the degree of sensitivity of the operating collector current (I) to variations
in key transistor parameters. The three most significant parameters that fluctuate with temperature and device
replacement are:

1. Reverse Saturation Current (Icp): The minority carrier leakage current across the reverse-biased collector-
base junction. It is exponentially sensitive to temperature variations.

2. Base-Emitter Voltage (Vpg): The forward voltage drop across the base-emitter junction. It decreases at a
rate of approximately —2.5 mV /°C for both silicon and germanium transistors as temperature rises.

3. Current Gain (f or hpg): The DC current gain varies with temperature and exhibits wide spreads from one
device to another even within the exact same manufacturing batch.

Accordingly, electronic circuit design defines three distinct stability factors, corresponding to the isolated variation
of each of these parameters.

Definition

Primary Stability Factor (S) The primary stability factor, conventionally denoted simply as S, is defined as
the rate of change of collector current (I) with respect to the reverse saturation current (Igo), keeping the
base-emitter voltage (Vpg) and current gain (3) strictly constant.

olc  Alp

= —— =~ —— at constant 5, V]

r
\

Definition

Stability Factor S’ (Sy,,,) The stability factor S’ relates the change in collector current to the change in base-emitter
voltage, assuming oo and 8 remain absolutely constant.

olc  Alg

S = ~
oVee AVgg

at constant Ico, S

(
\

Definition

Stability Factor S” (S3) The stability factor S” measures the sensitivity of the collector current to variations in
the common-emitter current gain (), holding Ico and Vpg constant.

y _Olc Alg

= W ~ A_ﬁ at constant Ico, VBE

r
\

The Primacy of S Among the three stability factors, the primary stability factor S is universally the most
critical and most frequently analyzed in introductory electronic circuits. This is because Iop exhibits a dominant
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exponential dependence on temperature, making it the primary catalyst for thermal instability. Unless otherwise
specified, the isolated term “Stability Factor” in literature universally refers to S.

5.17.3 Derivation of the General Expression for S

To systematically compare the thermal resilience of different biasing techniques, it is essential to derive a universal
mathematical expression for the primary stability factor S. We begin with the fundamental charge control equation
relating the currents in a common-emitter BJT configuration:

Ic =3I+ (1+B)lco (5.24)
Where:
e Io is the total collector current.
e Ip is the base current.
e [ is the DC current gain.

o Ico (often written as Icpo) is the collector-base reverse saturation current.

Since S is defined as the partial derivative of I with respect to Icp, we differentiate Equation 5.24 with respect to
Ic. During this differentiation, we treat 8 as a constant (as per the rigorous definition of ).
Differentiating both sides with respect to I¢:

dlc . dlp (1+,3)aICO

olc " olo dlc
0lp ol cO
1= 1
olc +(1+5) ol¢c
Rearranging the terms to isolate the derivative of Iop with respect to I¢:
dlco olp
(1+9)5% =1- 552
olo ol
ol
dlco _ 1-p ﬁ
dle 1+ 4
By taking the reciprocal of this expression, we obtain the general formula for the primary stability factor S:
ol 1
S:MC -- +§IB (5.25)
cO — ,8%

Equation 5.25 serves as a master key for evaluating the stability of any standard BJT biasing circuit. By applying
Kirchhoff’s Voltage Law (KVL) to the input loop of a specific bias circuit, one can determine an expression for Ip,
differentiate it to find g%, and substitute it back into this general equation.

5.17.4 Features and Characteristics of Stability Factors

The stability factor is not merely an abstract mathematical construct; it carries profound implications for practical
electronic circuit design. Understanding its fundamental features helps engineers make informed decisions when selecting
bias topologies.

1. Ideal vs. Practical Values

The primary objective of a stabilization circuit is to make the operating point I~ entirely independent of parasitic
variations in Iop. Mathematically, if I does not change when Ioo changes, then Als = 0.

o Ideal Case (S = 1): Looking at Equation 5.24, the minimum theoretical limit for I~ variations is when the
transistor does not amplify the leakage current at all. If Al = Alco, then S = 1. This is the absolute ideal
(and minimal) value. It signifies perfect thermal stability where the gain of the transistor does not multiply
thermal leakage.

o Worst Case (S =1+ /3): This maximum instability occurs when the base current Ip is completely independent

of I (i.e., g% = 0). In this scenario, any thermally generated leakage current Ioo is multiplied by the full

current gain (8 + 1) of the transistor, leading to massive variations in I¢.
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2. The Principle of Negative Feedback

A critical feature revealed by Equation 5.25 is how stability is physically achieved. To make S as small as possible
(approaching 1), the denominator (1 — %?) must be made as large as possible.

Since 3 is a positive quantity, this requires the derivative g% to be a negative number. Physically, a negative

g% means that an increase in collector current I must automatically cause a decrease in base current Ig. This is the

fundamental definition of negative feedback. Effective biasing circuits deliberately introduce negative DC feedback
to self-regulate the Q-point.

Key Concept

Lower is Better A high numerical value of S indicates poor thermal stability (high sensitivity to temperature),
whereas a low numerical value (closer to 1) indicates excellent thermal stability. Therefore, during the design
phase, the absolute objective is to minimize the stability factor S.

3. Contextual Application in Common Topologies

To demonstrate the diagnostic feature of the stability factor, let us briefly examine how it behaves in standard
configurations:

Stability of a Fixed Bias Circuit In a standard Fixed Base-Bias circuit, the base current is determined by
Ip = VCCR;BV’E. Because Voo, Vpg, and Rp are constants with respect to I, the derivative is zero:

ol
9l _
0l¢c
Substituting this into the general equation yields:
1+
S=—F"-—-=148
1—5(0)

Since f is typically between 50 and 300, the fixed bias circuit possesses an exceptionally large S (e.g., S ~ 100). It
offers virtually zero thermal stability and is severely prone to thermal runaway, making it impractical for linear
amplifiers exposed to temperature changes.

Conversely, circuits like the Voltage Divider Bias (Self Bias) utilize an emitter resistor Rg. An increase in I¢
causes a higher voltage drop across Rp, which subtracts from the base voltage, effectively reducing Ip. This ensures a
strongly negative g%, dragging the stability factor down significantly (often achieving S < 10), which characterizes it

as the most stable conventional biasing scheme.

4. The Total Change in Collector Current

While the primary stability factor S is predominantly analyzed in isolation, a comprehensive, real-world design must
account for simultaneous variations in all three parameters (Ico, Vg, and ). Since I is fundamentally a mathematical
function of these three variables, i.e., Ic = f(Ico,VBE, 3), the total differential change in collector current can be
expressed accurately using the principles of partial differentiation:

_ ol ol ) <%>
Alc = (8100) Alco + <8VBE AVpg + 95 ApB (5.26)

By substituting the formal definitions of the respective stability factors, we obtain the complete total stability
equation:

Alc =S -Alco+ S5 - AVgp+ 5" - Ap (5.27)

This equation acts as a comprehensive feature, allowing engineers to calculate the absolute worst-case deviation of
the Q-point over a specified temperature range by evaluating the individual drift contributions from leakage current,
base-emitter junction voltage, and current gain respectively.
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Important / Warning

The Design Trade-off Reality While bringing the primary stability factor S as close to 1 as possible is highly
desirable for thermal safety, achieving this often demands rigorous negative feedback. This typically involves using
a large emitter stabilization resistor (Rg) or lower values of base-biasing resistors. However, introducing heavy
DC negative feedback can inadvertently reduce the overall AC voltage gain of the amplifier or negatively impact
its input impedance. Therefore, a core feature of working with stability factors is navigating the inescapable
engineering trade-off: balancing strict thermal stability against the pursuit of optimal amplifier performance
metrics.

\.

5.17.5 Summary of Stability Features

To encapsulate the essence and utility of stability factors:

1. Quantification of Sensitivity: They provide a rigorous, standardized mathematical metric to objectively
compare how vulnerable different biasing architectures are to environmental and manufacturing variations.

2. Feedback Indicator: The general equation acts as a universal diagnostic tool. By analyzing the g% term,

designers can immediately verify whether a proposed circuit mechanism successfully introduces stabilizing negative

feedback.

3. Material Dependency: The strict necessity for rigorous stability factors varies with the semiconductor material
used. Older Germanium transistors have a significantly larger intrinsic reverse saturation current (Icop) than
modern Silicon transistors. Thus, achieving a very low S was historically critical in Germanium-based circuits to
avert immediate thermal runaway, whereas Silicon devices offer a slightly larger margin of error, though stability
analysis remains indispensable for high-precision design.
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Figure 5.31: Flowchart for Different Coupling Techniques For Cascading (Diagram 10)
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Figure 5.32: Graph related to Frequency Response Of Two Stage Rc Coupled Amplifiers (Diagram 11)
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Figure 5.33: Block Diagram illustrating Two Port Network H Parameters And Its Equivalent Circuits (Diagram 12)

5.18 Compensation Techniques for Bias Stability

In transistor amplifier circuits, maintaining a stable quiescent operating point (Q-point) is essential for faithful, distortion-
free amplification. The collector current I~ in a bipolar junction transistor is highly dependent on temperature because
of its relationship with the base-emitter voltage (Vgg), the common-emitter current gain (), and the reverse saturation
current (Icop). While stabilization techniques (like voltage-divider bias) use resistive negative feedback to stabilize
the operating point, they have a major drawback: negative feedback inherently reduces the overall voltage gain of the
amplifier.

To overcome this limitation, compensation techniques are employed. Instead of relying on signal-degrading neg-
ative feedback, compensation techniques use temperature-sensitive nonlinear components—such as diodes, thermistors,
and sensistors—to counteract the temperature-induced variations in the transistor’s parameters.

Box[Bias Compensation] Bias compensation is a method of maintaining the stability of a transistor’s operating

point by using temperature-sensitive devices (diodes, thermistors, or sensistors) that produce variations in current
or voltage to exactly offset the temperature-induced changes in the transistor’s collector current, without causing
a reduction in the amplifier’s voltage gain.

Concept The fundamental difference between stabilization and compensation is that stabilization relies on
linear resistive networks and negative feedback (which reduces gain), whereas compensation uses non-linear
temperature-sensitive components to cancel out parameter variations without affecting the AC signal gain.

5.18.1 Need for Compensation Techniques

The primary causes of Q-point instability in a transistor are variations in three key parameters with respect to
temperature (7'):

1. Base-Emitter Voltage (Vpg): Vg decreases at a rate of approximately —2.5 mV/°C as temperature increases.
2. Reverse Saturation Current (Ico): Ico roughly doubles for every 10°C rise in temperature.
3. Current Gain (8): [ increases non-linearly with an increase in temperature.

When operating in environments with significant temperature fluctuations, or when minimizing power loss and
maximizing gain are critical (such as in integrated circuits or power amplifiers), stabilization networks become inadequate.
Compensation techniques provide an elegant solution by introducing an equal and opposite change in the biasing circuit
to counteract the drift in Ic.

Important / Warning

While compensation techniques preserve voltage gain, they make the circuit design more complex. The compensation
components must have thermal characteristics that closely match those of the active transistor and must be
mounted in close thermal proximity to ensure they experience the same temperature variations.

5.18.2 Diode Compensation for Vizp

One of the most common compensation methods uses a semiconductor diode to counteract the temperature dependence
of the base-emitter voltage (Vpg). This technique is particularly effective and widely used in Integrated Circuits (ICs)
because identical diodes and transistors can be easily fabricated on the same silicon substrate, ensuring perfectly
matched thermal characteristics.
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Circuit Operation

In a standard biasing circuit, a diode D is placed in the base-bias network. The diode is forward-biased by a constant
source and is physically mounted near the transistor so that both devices operate at the same temperature.

For a silicon transistor, as the temperature rises, Vpp decreases. This decrease would normally lead to an increase
in the base current (Ip), subsequently increasing the collector current (I = SIp). However, the compensating diode
D, being made of the same material (silicon), experiences an identical decrease in its forward voltage drop (Vp).

By carefully designing the network, the voltage across the diode is used to bias the base. The base current can be
mathematically expressed as:

_ Vp—VgE
R,

where R, is the equivalent resistance of the biasing network.

Because Vp and Vi have the same temperature coefficient (—2.5 mV/°C), they track each other precisely. When
temperature increases, both Vp and Vg decrease by the exact same amount. Consequently, the difference (Vp — Vpg)
remains constant. This keeps the base current I constant, and thus the collector current I remains stable against
temperature variations.

Ip

Diode in ICs

In a current mirror circuit, widely used in modern ICs, a transistor with its base and collector shorted together
acts as the compensating diode. Because it is fabricated on the same chip alongside the amplifying transistor,
their thermal and electrical characteristics are perfectly matched, ensuring impeccable Vpr compensation.

5.18.3 Diode Compensation for /o

While the previous method compensates for changes in Vpg, temperature variations also cause exponential increases in
the leakage current Iop. For germanium transistors, Ico is relatively large and its variation is the primary cause of
thermal instability. We can use a reverse-biased diode to compensate for this leakage current.

Circuit Operation

In this arrangement, a diode D is connected in reverse bias across the base-emitter junction or within the base circuit.
Because the diode is reverse-biased, the current flowing through it is its reverse saturation current, denoted as I,,.

The total base current I supplied by the biasing circuit splits into two paths: the actual base current Ip entering
the transistor, and the reverse leakage current I, flowing through the diode.

I=Ip+1, = Ip=1—-1,
The collector current of a transistor is given by the standard equation:
Ic =Bl + (1 + 5)[00

Substituting the expression for Ip:
Ic =B —1,)+ (14 B)Ico

IC = 5] — ,3[0 —+ (1 —+ 5)[00

If the diode is fabricated from the same semiconductor material as the transistor, its reverse saturation current I,
will track the transistor’s leakage current Ico closely. Therefore, we can assume I, = Iop. Substituting I, with Ico:

Ic =Bl —Blco + Ico + Blco = BI + Ico
Since Ioo is generally very small compared to 51, the equation simplifies to:
IC ~ /BI

This remarkable result shows that the collector current I¢ is now largely independent of the heavily temperature-
dependent leakage current Ico. As temperature rises, the increase in Ioo is drawn away by the parallel reverse-biased
diode (as I,), preventing it from being amplified by the transistor.

5.18.4 Thermistor Compensation

A thermistor (thermal resistor) is a highly sensitive semiconductor device with a negative temperature coefficient
(NTC) of resistance. This means that as its temperature increases, its electrical resistance decreases significantly.
Thermistors are employed in compensation networks to counteract both Ico and Vpg variations.
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Circuit Operation

In a typical voltage-divider bias circuit, a thermistor (Rr) can be placed in parallel with the lower bias resistor (say,
Rs, the resistor connecting the base to the ground) or in place of the emitter resistor Rpg.

Let’s consider the thermistor in parallel with Ry. The voltage at the base (Vp) determines the base current Ip and
subsequently the collector current Io. As the temperature increases:

1. The transistor tends to draw more collector current due to the increase in I¢o and 3, and the drop in Vpg.
2. Simultaneously, the temperature of the thermistor rises, causing its resistance Rr to decrease exponentially.
3. Because Ry is in parallel with Rs, the equivalent resistance of the parallel combination decreases.

4. This reduces the base voltage Vg and consequently pulls less base current /g into the transistor.

The reduction in base current Ip counteracts the natural tendency of Io to increase with temperature. If the
thermistor’s temperature coefficient is correctly chosen, the opposing effects cancel out perfectly, and the operating
point remains fixed.

Practical Thermistor Application

Consider an audio power amplifier operating continuously. As it heats up, the transistors risk thermal runaway.
By mounting an NTC thermistor directly onto the transistor’s heat sink, the thermistor "feels" the same heat.
Its dropping resistance dynamically lowers the base voltage, throttling back the collector current before thermal
runaway can occur.

5.18.5 Sensistor Compensation

A sensistor is another temperature-sensitive semiconductor resistor, but unlike a thermistor, it has a positive
temperature coefficient (PTC). Its resistance increases as the temperature rises. Sensistors are typically heavily
doped semiconductors and are used similarly to thermistors to stabilize the Q-point.

Circuit Operation

Because of its positive temperature coefficient, a sensistor must be placed differently in the circuit compared to a
thermistor to achieve the same stabilizing effect.
Typically, a sensistor (Rg) is placed either:

1. In series with the upper bias resistor (R;): As temperature increases, I tries to increase. The sensistor’s
resistance Rg increases, reducing the current flowing through the voltage divider. This lowers the base voltage
Vg, which in turn reduces Ig and compensates for the rise in Io.

2. In parallel with the emitter resistor (Rg): Alternatively, a sensistor can be connected across Rp or a portion
of it. However, placing it in the base biasing network is much more common and effective because manipulating
the base voltage provides finer control over the collector current.

Key Concept

Concept Whether using a thermistor (NTC) or a sensistor (PTC), the overarching goal remains identical:
manipulating the external biasing network dynamically in response to temperature changes so that the net base
current is adjusted. This adjustment must be exactly equal and opposite to the internal parameter changes (Vppg,
Ico, B) occurring within the transistor.

5.18.6 Comparison between Stabilization and Compensation

To fully appreciate bias compensation, it is helpful to compare it directly with bias stabilization:
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Bias Stabilization

Bias Compensation

Uses linear components like standard resistors to fix
the operating point.

Uses non-linear, temperature-sensitive components
like diodes, thermistors, and sensistors.

Relies on negative feedback to counteract current
changes.

Does not use negative feedback; directly offsets pa-
rameter changes with matching thermal responses.

Reduces the overall voltage and current gain of the
amplifier.

Preserves the amplifier’s signal gain as there is no
signal degeneration.

Relatively simple to design and implement.

Complex to design; requires precise thermal matching
and physical proximity of components.

Widely used in discrete component circuits.

The method of choice in Integrated Circuits (ICs),

particularly diode compensation.

5.18.7 Conclusion

While standard resistive biasing provides a foundational level of thermal stability, strict environments and modern
IC architectures demand a more elegant solution that doesn’t compromise amplifier gain. Compensation techniques
fulfill this role beautifully. By ingeniously leveraging the inherent temperature dependence of diodes, thermistors, and
sensistors, engineers can mirror and nullify the chaotic thermal drifts of bipolar junction transistors, ensuring reliable
performance across a wide temperature spectrum.
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5.19 Thermal Considerations in Transistors

When dealing with power amplifiers and high-current electronic circuits, managing the heat generated by active devices,
such as Bipolar Junction Transistors (BJTs) or Field Effect Transistors (FETs), becomes a primary design constraint.
The operation of any semiconductor device inevitably leads to power dissipation, predominantly in the form of heat at
the semiconductor junctions. If this heat is not adequately managed, the temperature of the device will rise, potentially
degrading its performance, altering its characteristics, or leading to catastrophic failure. In this section, we delve deeply
into three interrelated and critical concepts: Thermal Runaway, Thermal Resistance, and Thermal Stability.

5.19.1 Thermal Runaway

In semiconductor devices, particularly in BJTs, the operating characteristics are highly sensitive to temperature
variations. Thermal runaway is a critical phenomenon that results from the temperature dependence of a transistor’s
internal parameters.

Box Thermal Runaway

Thermal runaway is a destructive, self-perpetuating positive feedback process in a semiconductor device where
an increase in temperature causes an increase in current, which in turn leads to further power dissipation and a
subsequent further increase in temperature, ultimately destroying the device.

Mechanism of Thermal Runaway in BJTs

To thoroughly understand the mechanism of thermal runaway, we must examine the fundamental equation governing
the collector current (I¢) of a BJT in the active region:

Ic =BIg+ (1+ B)Icso
where:
e [ is the common-emitter current gain.
e Ip is the base current.
e Icpo is the reverse saturation current of the collector-base junction.

The reverse saturation current, Iopo, is highly sensitive to temperature. As a rule of thumb for silicon transistors,
Iopo approximately doubles for every 10°C rise in junction temperature (7)7). Furthermore, the base-emitter voltage
(VBE) decreases by roughly 2.5 mV for every 1°C rise in temperature, and the current gain  also increases with
temperature.

When a transistor is operating, the power dissipated at the collector junction (Pp) is given by:

PD %VC’E X IC

This dissipated power generates heat at the collector junction, causing the junction temperature T’y to rise above the
ambient temperature T'4.
The sequence of events leading to thermal runaway is as follows:

1. An initial flow of collector current I~ produces power dissipation Pp = Voglc.

2. This power dissipation raises the junction temperature 7.

3. The increase in T causes the reverse saturation current /oo to increase exponentially.

4. Since I¢ is heavily dependent on Iopo (magnified by a factor of 1 + (), I¢ increases significantly.

5. An increase in Io causes an even greater power dissipation Pp, assuming Vog does not drop proportionally.

6. The increased Pp further raises T';, completing the positive feedback loop.
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Important / Warning

Device Destruction

If the circuit is not properly designed to interrupt this positive feedback loop, the junction temperature will quickly
exceed the maximum absolute rating specified by the manufacturer (typically around 150°C to 200°C for silicon
devices). The semiconductor crystal structure will melt or permanently degrade, resulting in a short circuit or an
open circuit. This catastrophic failure is the ultimate consequence of thermal runaway.

5.19.2 Thermal Resistance

To prevent thermal runaway and ensure reliable operation, the heat generated at the semiconductor junction must be
efficiently transferred to the surrounding environment (ambient air). The concept used to quantify the ability of a
physical path to transfer heat is called thermal resistance.

Box Thermal Resistance (6 or Ry,)

Thermal resistance is a measure of a material’s or a mechanical interface’s opposition to the flow of heat. It is
defined as the temperature difference across a structure required to dissipate one watt of power. The unit of
thermal resistance is degrees Celsius per Watt (°C/W).

Electrical Analogy

Thermal resistance can be easily understood by drawing an analogy to Ohm’s Law in electrical circuits. In an electrical
circuit, voltage (V') drives current (I) through an electrical resistance (R). In a thermal circuit, the temperature
difference (AT') drives heat flow (Power dissipation, Pp) through a thermal resistance ().
The thermal equivalent of Ohm’s Law is:
AT =P D X 0

or T T
g 2T
Pp

where:
o Ty is the higher temperature (°C).
o T is the lower temperature (°C).
e Pp is the power dissipated (Watts).

e 0 is the thermal resistance (°C/W).

Concept The Heat Flow Path

Heat originates at the Junction (the hottest point), travels through the transistor Case, passes through the Heat
Sink (if attached), and finally dissipates into the Ambient air (the coolest point). Each of these transitions offers a
specific thermal resistance.

Components of Thermal Resistance

For a transistor mounted on a heat sink, the total thermal resistance from the junction to the ambient air (654) is the
sum of several series thermal resistances:

1. Junction-to-Case Thermal Resistance (6;¢): This is the resistance to heat flow from the semiconductor
junction to the outer package or case of the transistor. It is determined by the internal construction of the device
and is specified by the manufacturer.

2. Case-to-Sink Thermal Resistance (6cg): This represents the resistance between the transistor case and the
heat sink. Since the surfaces of the case and the heat sink are never perfectly flat, microscopic air gaps exist,
which act as thermal insulators. To minimize 6¢cg, a thermally conductive compound (thermal paste or grease)
and insulating mica washers (if electrical isolation is needed) are used.
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3. Sink-to-Ambient Thermal Resistance (6g4): This is the resistance from the heat sink to the surrounding
ambient air. It depends heavily on the size, shape, surface area, material, and color of the heat sink, as well as
the airflow (natural convection vs. forced air cooling).

The total thermal resistance is given by the series combination:
0ja =00 +0bcs +0sa
The junction temperature can therefore be calculated using the formula:

T;=Ts+ Pp(Bjc+6cs+0s4a) =Ta+ Pphja

Calculating Junction Temperature

A power transistor dissipates 20 W of power. The ambient temperature is 25°C. The manufacturer specifies a
junction-to-case thermal resistance (65¢) of 1.5°C/W. The transistor is mounted on a heat sink using thermal
paste, yielding a case-to-sink thermal resistance (0cg) of 0.5°C/W. The heat sink itself has a sink-to-ambient
thermal resistance (0g4) of 3.0°C/W. Determine the junction temperature (7).

Solution: First, calculate the total thermal resistance:

0ja =050 +0cs +0sa
674 =15+0.5+3.0=5.0C/W
Next, use the thermal equation to find 7:
T;=Ta+ (Ppx0;j4)
Ty =25°C+ (20 W x 5.0°C/W)
T; =25°C +100°C = 125°C

The calculated junction temperature is 125°C, which is safely below the maximum limit for typical silicon power
transistors (150°C to 200°C).

\

5.19.3 Thermal Stability

Understanding thermal runaway and thermal resistance leads us directly to the concept of thermal stability. A circuit
designer’s objective is to ensure that a device operates under thermally stable conditions, irrespective of normal
variations in ambient temperature or power supply voltages.

Box Thermal Stability

Thermal stability is the condition in which a semiconductor device reaches a state of thermal equilibrium. In this
state, the rate at which heat is removed from the device equals or exceeds the rate at which heat is internally
generated by increases in temperature, preventing the onset of thermal runaway.

Condition for Thermal Stability

When power is dissipated at the junction, the temperature rises. This rise in temperature causes the internal parameters
to shift, which might cause an additional increment in power dissipation (APp).
Let us define two rates:

« Rate of Heat Generation: This is the rate at which the internal power dissipation increases with respect to a

rise in junction temperature, mathematically expressed as ‘?9%.

o« Rate of Heat Dissipation: This is the rate at which heat is removed from the junction to the ambient
environment. From the thermal resistance equation Ty — T4 = Ppfja, we can derive that the cooling rate is

inversely proportional to the total thermal resistance, expressed as 9]%‘
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For a transistor to be thermally stable and avoid thermal runaway, the circuit and its thermal management system
must be able to remove heat faster than the device generates additional heat due to internal temperature rise. Thus,
the fundamental condition for thermal stability is:

0Pp 1
<
If this condition is violated—meaning %% > ﬁ—the device is generating additional heat faster than the heat sink

and surrounding air can carry it away. The junction temperature will continuously climb until the device is destroyed.

Factors Influencing Thermal Stability

Achieving thermal stability requires careful consideration of both the electrical circuit design and the mechanical
thermal management design.

1. Biasing Circuit Design
The electrical stabilization of the operating point (Q-point) plays a massive role in thermal stability. A well-designed
biasing circuit (such as Voltage Divider Bias with an Emitter Resistor) incorporates negative feedback. When T’y
increases and causes I to rise, the voltage drop across the emitter resistor (Rg) increases. This reduces the base-emitter
voltage (VpEg), which counteracts the original increase in Ic. A lower stability factor (S = 8?6{20) indicates better
electrical stability against temperature changes, which directly improves thermal stability by keeping the rate of heat
generation (%%) low.

2. Minimizing Thermal Resistance (0;4)
To satisfy the stability condition, the right side of the inequality (ﬁ) should be as large as possible. This means the

total thermal resistance (6;4) must be minimized.

e Use of Heat Sinks: This is the most practical way to reduce g4. Heat sinks provide a massive surface area to
dissipate heat into the air via convection and radiation.

o Thermal Interface Materials (TIM): Applying thermal paste or using thermal pads minimizes 6cg by
eliminating microscopic air pockets between the transistor case and the heat sink.

¢ Forced Cooling: Using cooling fans to blow air across the heat sink drastically reduces g4 compared to passive,
natural convection cooling.

Concept The Role of the Emitter Resistor (Rg) and Heat Sinks

Thermal stability is achieved through a two-pronged approach. Electrically, the emitter resistor Rp provides
negative feedback to prevent the collector current from spiraling out of control, thereby limiting the rate of
heat generation. Thermally, the heat sink minimizes thermal resistance, maximizing the rate of heat dissipation.
Together, they guarantee that the transistor operates safely within its thermal limits.

Derivation of Thermal Stability for a CE Amplifier

Let’s consider a common-emitter (CE) amplifier with a DC load line equation:
Ve = Voo — Ic(Re + RE)
The DC power dissipated at the collector junction is:
Pp =Veplc = (Voo — Io(Re + Ri))lc
Pp =Voelo — I3(Ro + Rp)
Differentiating this expression with respect to I¢:

0Pp

—— =V — 21 (R R
ol co c(Rc + Rg)

We can express the rate of change of power dissipation with respect to temperature as:

OPp  0Pp y dle
oT;  9lo = ITy



https://milav.in

For the stability condition %% < QJ% to hold unconditionally, one safe approach is to ensure that %% is negative

Oor Zero.
Vee —2Ic(Rec+ Rg) <0

2Ic(Rc + Rg) > Voo

v
Ic(Re + Rp) = =~
Since Vop = Voo — Io(Re + RE), substituting gives:
Vi
Voo —Ver > %
Voo

VCEﬁT

This is a profound result: For absolute thermal stability in a simple resistively loaded amplifier circuit (where Vog
drops as I¢ increases), the quiescent collector-emitter voltage (Viog) must be less than or equal to half of the supply
voltage (Vo). If this condition is met, any increase in I¢ actually results in a decrease in power dissipation (Pp),
making thermal runaway mathematically impossible, provided the biasing network itself does not fail. Note that in
transformer-coupled amplifiers or cases with active loads, this specific derivation differs, highlighting the necessity of
combining both electrical stabilization and mechanical heat sinking.

In conclusion, maintaining thermal stability is a paramount concern in electronic circuit design. By understanding
the positive feedback loop of thermal runaway, calculating and minimizing thermal resistance, and implementing robust
electrical biasing, engineers can design circuits that perform reliably even under heavy loads and varying ambient
temperatures.
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5.20 Heat Sink and its Types

5.20.1 Introduction to Thermal Management

In electronic circuits and power semiconductor applications, devices such as power transistors, voltage regulators,
microprocessors, and light-emitting diodes (LEDs) generate significant amounts of heat during their operation. This
heat is primarily a byproduct of power dissipation, stemming from I?R losses (resistive heating), switching losses, and
conduction losses across semiconductor junctions. If this accumulated heat is not effectively transferred away from the
device, the junction temperature (7)) will inevitably rise.

Every semiconductor device has a maximum allowable junction temperature specified by its manufacturer (typically
ranging from 125°C to 175°C for silicon-based devices). Exceeding this threshold can lead to thermal runaway,
degraded performance, reduced lifespan, and ultimately, catastrophic failure of the component. To prevent this, thermal
management is essential, and the primary component employed to achieve this is the heat sink.

Heat Sink A heat sink is a passive heat exchanger that transfers the thermal energy generated by an electronic or
a mechanical device to a fluid medium, often air or a liquid coolant, where it is dissipated away from the device.
This process regulates the device’s temperature at optimal levels and prevents overheating.

The fundamental purpose of a heat sink is to artificially increase the surface area of the heat-generating device in
contact with the cooling medium (such as ambient air), thereby enhancing the rate of heat dissipation.

5.20.2 Principle of Operation

The operation of a heat sink relies on the basic principles of thermodynamics and heat transfer, specifically conduction,
convection, and to a lesser extent, radiation.

1. Conduction: Heat is generated at the semiconductor junction and travels through the body of the electronic
component to its outer casing (or package). When a heat sink is physically attached to this casing, heat transfers
from the hot casing to the base of the heat sink via direct physical contact. This process is governed by Fourier’s
Law of Heat Conduction.

2. Convection: Once the heat reaches the base of the heat sink, it spreads throughout the structure and into the
extended surfaces, known as fins. The fins heat the surrounding air. As the air heats up, it expands, becomes less
dense, and naturally rises, allowing cooler air to replace it. This process of heat transfer to a moving fluid (air) is
called convection. Convection can be either natural (passive) or forced (active).

3. Radiation: Heat sinks also dissipate heat by radiating electromagnetic waves in the infrared spectrum to
cooler surroundings. While radiation plays a role, convection is usually the dominant mechanism in most typical
electronic heat sink applications.

Thermal Resistance (6 or Ry,) Thermal resistance is a measure of a material’s or a system’s opposition to heat flow.
It is directly analogous to electrical resistance in electrical circuits. Just as electrical resistance (R) opposes current
flow (I) for a given voltage drop (V'), thermal resistance (Ry;) opposes heat flow (Power, P) for a given temperature
difference (AT). The relationship is expressed as: AT = P X Ry,. Lower thermal resistance means better heat
transfer. The total thermal resistance of a system includes junction-to-case resistance (6 ;¢), case-to-heat sink
resistance (cg), and heat sink-to-ambient resistance (6s4).

5.20.3 Materials Used for Heat Sinks

The choice of material is crucial for a heat sink’s effectiveness, as it determines the thermal conductivity—the material’s
intrinsic ability to conduct heat.

e Aluminum: Aluminum is the most ubiquitous material used for heat sinks. It boasts a good thermal conductivity
(around 205 W/(m - K) for pure aluminum, though alloys are slightly lower), is lightweight, highly cost-effective,
and easy to manufacture via extrusion or other methods. Aluminum alloys 6061 and 6063 are standard choices
due to their balance of thermal performance and structural integrity.
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Copper: Copper has excellent thermal conductivity (approximately 400 W/(m - K)), almost double that of
aluminum. This makes it highly efficient at absorbing and spreading heat rapidly. However, copper is significantly
heavier, more expensive, and more challenging to machine than aluminum. It is predominantly used in high-
performance computing, CPU coolers, and situations where space is heavily constrained but thermal loads are
massive.

Composite Materials: In specialized applications, composite materials like copper-tungsten, silicon carbide, or
diamond-based composites might be used, but these are generally reserved for aerospace or extreme high-power
applications due to prohibitive costs.

5.20.4 Types of Heat Sinks

Heat sinks can be categorized based on their manufacturing process, fin geometry, and the cooling mechanism they

employ.

Classification Based on Cooling Mechanism

1.

Passive Heat Sinks: These rely entirely on natural convection and radiation for heat dissipation. They have no
moving parts, making them perfectly silent and highly reliable. Passive heat sinks are generally larger than active
ones to compensate for the lack of forced airflow. They are found in lower-power devices, audio amplifiers, and
fanless PC builds.

2. Active Heat Sinks: Active heat sinks incorporate a mechanical device, usually a fan or a blower, to force air

across the fins (forced convection). This drastically improves the rate of heat transfer, allowing the heat sink to
be much smaller while dissipating the same or greater amounts of heat. Liquid cooling systems, which use pumps
to circulate a liquid coolant over a cold plate, are another form of active cooling. Active heat sinks are standard
in high-performance electronics like modern CPUs, GPUs, and power server systems.

Classification Based on Manufacturing and Structure

The manufacturing process dictates the fin geometry, which in turn heavily influences the surface area and aerodynamic
efficiency of the heat sink.

Extruded Heat Sinks: This is the most common and cost-effective type. Hot aluminum is forced through
a steel die to create a long profile with continuous, straight fins. The profile is then cut to the desired length.
Extruded heat sinks are ideal for mass production and are widely used in a vast array of standard electronic
applications. However, the extrusion process limits the maximum fin height-to-gap ratio, restricting performance
in very high-power density scenarios.

Skived-Fin Heat Sinks: Skiving involves taking a solid block of metal (usually copper or aluminum) and using
a sharp blade to slice thin layers of the material. These sliced layers are bent upright to form fins. Because the
fins and the base remain a single, continuous piece of metal, there is absolutely no thermal resistance between
them, leading to superior heat transfer. Skived fins can also be made very thin and packed densely together.

Bonded-Fin Heat Sinks: When the application requires very tall fins that cannot be extruded, bonded-fin
heat sinks are utilized. Fins are manufactured separately and then permanently attached (bonded) to a base
plate using a thermally conductive epoxy, brazing, or soldering. This allows for a mix of materials (e.g., a copper
base with aluminum fins) and a significantly larger surface area, albeit at a higher manufacturing cost.

Stamped Heat Sinks: These are manufactured by stamping out shapes from sheet metal (aluminum or copper).
They are generally small, low-cost, and used for low-power components like individual transistors (e.g., TO-220
packages) or small ICs. Their thermal performance is relatively modest due to limited surface area and material
thickness.

Forged Heat Sinks: Forging involves compressing metal under immense pressure to form complex shapes. Cold
forging aluminum allows for the creation of intricate pin-fin geometries that are excellent for omnidirectional
airflow. Forged heat sinks often offer a better thermal performance-to-volume ratio than extruded heat sinks but
have higher initial tooling costs.

Machined Heat Sinks: Machined heat sinks are manufactured by cutting material away from a solid block of
metal using CNC (Computer Numerical Control) machines. This method offers unparalleled precision and allows
for any conceivable fin geometry. While thermal performance can be excellent, the high cost of machining makes
this approach viable only for low-volume, highly specialized, or aerospace applications.
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Important / Warning

The Importance of Thermal Interface Material (TIM)

When mating a component to a heat sink, microscopic imperfections on both surfaces prevent perfect physical
contact, creating tiny air gaps. Since air is a very poor conductor of heat (an insulator), these gaps introduce high
thermal resistance (6¢cg). It is critical to use a Thermal Interface Material (TIM)—such as thermal paste, thermal
grease, or a thermal pad—to fill these microscopic voids. The TIM displaces the air and establishes a continuous
thermally conductive path. Failing to use TIM, or applying it incorrectly (too thick or too thin), can severely
degrade heat sink performance and lead to component failure, even with an oversized heat sink.

\. J

5.20.5 Factors Influencing Heat Sink Performance

The efficiency with which a heat sink removes heat from a device depends on several critical factors:

e Surface Area: Heat transfer rate is directly proportional to the surface area exposed to the cooling medium.
More fins, taller fins, or specialized fin shapes (like pin-fins or flared fins) increase surface area, thereby enhancing
cooling capacity.

e Aerodynamics and Fin Design: The design must allow air to flow freely through the fins. If fins are packed
too closely together, they can restrict airflow, especially in natural convection (passive) setups, causing the air to
stagnate and heat up, which decreases efficiency.

e Air Velocity: In active cooling setups, the speed and volume of the air pushed through the heat sink by the fan
significantly dictate the rate of forced convection.

e« Mounting and Clamping Pressure: A firm, even mounting pressure is necessary to ensure optimal contact
between the heat sink, the TIM, and the electronic component, minimizing the interface thermal resistance.

o Ambient Temperature: The cooling process relies on a temperature differential (AT') between the heat sink
and the surrounding air. If the ambient air is very hot, the heat sink’s ability to dissipate heat is significantly
reduced.

Practical Application: Cooling a Power Transistor Consider a TO-220 packaged power transistor operating in a
linear power supply. The transistor dissipates 15 Watts of power (Pp = 15W). The maximum allowable junction
temperature (7(max)) is 150°C, and the ambient temperature (7'4) inside the enclosure is 50°C. The transistor has
a junction-to-case thermal resistance (6;¢) of 1.5°C/W, and the thermal paste provides a case-to-sink resistance
(cs) of 0.5°C/W.

We need to determine the required thermal resistance of the heat sink (fg4). The total allowable temperature
rise is AT = Tjpax) — Ta = 150°C — 50°C = 100°C. The maximum total thermal resistance allowed is
Brotal = P = 2 ~ 6.67°C/W.

Since the total thermal resistance is the sum of the individual thermal resistances in series: 6io1a1 = 070 +0cs + 054
6.67°C/W = 1.5°C/W + 0.5°C/W + 054

Osa = 6.67°C/W — 2.0°C/W = 4.67°C/W

Therefore, the designer must select a heat sink (likely an extruded aluminum model for a TO-220 package) with a
thermal resistance rating of 4.67°C/W or lower in the expected airflow conditions to ensure the transistor operates
safely. A heat sink with a higher thermal resistance would cause the junction temperature to exceed the 150°C
absolute maximum rating.

L J

5.20.6 Summary

Heat sinks are indispensable components in modern electronic systems, serving as the primary mechanism for mitigating
the damaging effects of excess thermal energy. By understanding the principles of thermal resistance, heat transfer
mechanisms, and material properties, engineers can select the appropriate type of heat sink—whether a simple stamped
aluminum passive cooler or a complex bonded-fin active copper assembly—to ensure the longevity and reliability of
electronic devices across varied applications.
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Figure 5.40: Flowchart for A Relay Driver Circuit Using Transistors And Ics Tip122 Uln2003 Uln 2803 (Diagram 19)
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5.21 Frequency Response of Transistor Amplifier
5.22 Gain, Bandwidth, and Gain-Bandwidth Product

In the study of electronic amplifiers and linear circuits, understanding how an amplifier responds to different signal
frequencies is crucial. Three fundamental parameters dictate an amplifier’s performance capabilities in both the
time and frequency domains: Gain, Bandwidth, and the Gain-Bandwidth Product (GBP or GBW). These
parameters determine not only how much an input signal is magnified but also the exact range of frequencies over
which this magnification is effective. Furthermore, they reveal the inherent physical trade-offs involved in practical
amplifier design.

5.22.1 Gain

Gain Gain is a fundamental quantitative measure of the ability of a two-port electronic circuit (such as an amplifier)

to increase the power or amplitude of a signal from the input port to the output port. It is strictly defined as the
ratio of the output signal magnitude to the input signal magnitude.

When a time-varying electrical signal passes through an ideal amplifier, the output signal should be an exact,
magnified replica of the input signal without any distortion. Depending on the specific electrical parameter being
measured or utilized in the circuit, gain can be categorized into three primary types:

» Voltage Gain (A,): The most common parameter in small-signal analysis, defined as the ratio of the output

voltage (Vo) to the input voltage (Viy,).
V;)ut

Vi

A, =

o Current Gain (A4;): Often analyzed in specific configurations like the Common-Collector (emitter follower)
circuit, defined as the ratio of the output current (I,,) to the input current (I;,).

1
A — out
’ Izn

« Power Gain (4,): Crucial for radio frequency (RF) transmitters and audio output stages, defined as the ratio
of the actual output power delivered to a load (P,,;) to the input power supplied by the source (Pj,).

P, out

A:
" P

Since linear gain is a ratio of identical physical quantities, it is a dimensionless number. However, in practical
engineering and telecommunications, gain is overwhelmingly expressed on a logarithmic scale using Decibels (dB).
The fundamental unit is the Bel (named after Alexander Graham Bell), but it is too large for practical use, so the
decibel (one-tenth of a Bel) is standard.

The decibel scale is preferred for several reasons: it closely models the logarithmic response of human hearing; it
compresses massive ranges of numbers (e.g., gains of 1 to 1,000,000) into manageable two- or three-digit numbers (0 dB
to 120 dB); and it simplifies the mathematical analysis of cascaded stages, as the total gain of cascaded amplifiers is
simply the algebraic sum of their individual gains in dB.

The mathematical formulas used to express gain in decibels are as follows:

AU(dB) = 201ogyo(]Ay|)
Ajay = 201ogyo(]Ai])
Apap) = 10log;(Ap)
Note the coefficient of 20 for voltage and current, as opposed to the coefficient of 10 for power. This is a direct

mathematical consequence of Joule’s law. Because electrical power is proportional to the square of voltage or current
(P =V?/Ror P = I?R), taking the logarithm of a squared term brings a factor of 2 to the front (10 x 2 = 20).
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Calculating Gain in Decibels Suppose an audio pre-amplifier takes a weak microphone signal of 5 mV and amplifies
it to produce an output signal of 1.5 V. What is the linear voltage gain and the equivalent voltage gain in decibels?
Solution: First, calculate the linear voltage gain (A, ), ensuring both values are in the same units:

Vour 15V 1.5

A: = =
R 77 5%x 1073V 0.005

= 300

Next, convert this linear gain to decibels using the voltage gain formula:
Ayap) = 201og;((300) = 20 x 2.477 = 49.54 dB

Therefore, the pre-amplifier has a linear voltage gain of 300, which corresponds to roughly 49.5 dB.

\. J/

5.22.2 Bandwidth

An ideal, theoretical amplifier would provide a perfectly constant level of gain for all signal frequencies ranging from
zero (DC) extending all the way to infinity. Unfortunately, real-world amplifiers possess a limited frequency spectrum
over which they can operate effectively without attenuating the signal. This effective operating range is formally defined
by the amplifier’s bandwidth.

Bandwidth Bandwidth is defined as the continuous range of frequencies over which the amplifier’s gain remains

relatively constant and does not drop below a specified minimum threshold (usually 1/4/2 of the maximum
midband gain). Mathematically, it is the absolute difference between the upper and lower cut-off frequencies.

To fully comprehend bandwidth, we must examine the frequency response curve of an amplifier. This curve is a
graphical representation of the amplifier’s gain (typically plotted in dB on the y-axis) against the frequency of the
input signal (plotted on a logarithmic scale on the x-axis).

For a typical AC-coupled discrete amplifier (such as a standard RC-coupled BJT common-emitter amplifier), the
response curve exhibits three distinct regions:

1. Low-Frequency Region: At very low frequencies, the gain is low or zero. This is primarily caused by external
coupling capacitors and bypass capacitors, whose reactances (X¢ = ﬁ) become extremely large at low
frequencies, dropping a significant portion of the signal voltage.

2. Midband Region: As frequency increases, the capacitive reactances of the coupling capacitors drop to negligible
levels, acting essentially as short circuits. Simultaneously, the internal parasitic capacitances of the transistors
are still too small to have an effect. Here, the gain reaches its maximum and remains relatively flat. This plateau
is called the midband gain (A,,;q).

3. High-Frequency Region: As the frequency climbs even higher, the internal parasitic junction capacitances
of the active devices (such as Cp. and Cp. in BJTs) and stray wiring capacitances begin to exhibit very low
reactances. They start to inadvertently bypass the signal to ground, shorting out the high-frequency components.
This phenomenon causes the gain to steadily decline, or "roll off."

The critical boundaries of the midband region are marked by the cut-off frequencies.

o Lower Cut-off Frequency (f1): The specific frequency below the midband range where the voltage or current
gain drops exactly to 1/v/2 (approximately 0.707) of the midband gain.

o Upper Cut-off Frequency (fr): The specific frequency above the midband range where the gain again drops
to 1/v/2 of the midband gain.

At exactly fr and fg, the output voltage is 0.707 x V,,;4- Because power is proportional to voltage squared, the
output power at these frequencies is precisely half of the maximum midband power (0.707% ~ 0.5).

The -3 dB Frequencies When we calculate the gain reduction in decibels at these half-power points relative to the
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flat midband gain, we observe the following relationship:
1
201o — | =201log;((0.707) ~ —3.01 dB
810 ( \/5) 810( )

Because the gain drops by approximately 3 decibels relative to the peak, the cut-off frequencies (fr and fr) are
universally referred to in engineering literature as the -3 dB frequencies. The system bandwidth is universally
measured between these two points.

Mathematically, Bandwidth (BW) is simply:
BW = fu — fL

In the context of DC-coupled amplifiers, including most modern integrated operational amplifiers, there are no coupling
capacitors. Consequently, they can amplify DC signals down to 0 Hz. In these systems, f; = 0 Hz, meaning the
bandwidth is entirely determined by the upper cut-off frequency: BW = fy.

5.22.3 Gain-Bandwidth Product (GBW)

When engineers design circuits using amplifiers—especially Operational Amplifiers (Op-Amps)—they quickly encounter
a rigid fundamental physical limitation. It is physically impossible to achieve both an infinitely high gain and an
infinitely wide bandwidth simultaneously. In fact, for a vast majority of active devices and internally compensated
operational amplifiers, multiplying the linear voltage gain by the bandwidth yields a constant value. This paramount
specification is called the Gain-Bandwidth Product (GBP or GBW).

Gain-Bandwidth Product (GBW) The Gain-Bandwidth Product is the constant mathematical product of an
amplifier’s midband open-loop voltage gain and its corresponding bandwidth. For an amplifier exhibiting a
single-pole frequency roll-off, this product remains invariant across all closed-loop gain configurations established
by negative feedback.

GBW = A, x BW = Constant

To visualize why this value remains rigidly constant, consider the open-loop frequency response of a classic
operational amplifier, such as the widely-used LM741. The Op-Amp boasts an astronomically high DC open-loop gain
(often around 100,000 or 100 dB). However, its open-loop bandwidth is astonishingly narrow, typically around 10 Hz.
Above this extremely low cut-off frequency, an internal compensation capacitor causes the gain to steadily roll off at a
constant, predictable rate of —20 dB per decade (which is mathematically identical to —6 dB per octave).

Because this roll-off slope forms a perfectly straight line on a logarithmic Bode plot, there is a one-to-one inverse
relationship between gain and frequency. A reduction in gain by a precise factor of 10 inherently results in an expansion
of the bandwidth by exactly a factor of 10. Consequently, the mathematical product of the linear gain and the
bandwidth is invariant regardless of where the amplifier is operating along that downward slope.

By applying negative feedback around the operational amplifier, designers intentionally sacrifice a portion of the
massive open-loop gain to establish a stable, lower, and more useful closed-loop gain. The primary reward for this
sacrifice is a proportional extension of the amplifier’s bandwidth. You are directly trading gain for bandwidth.

Trading Gain for Bandwidth Using Negative Feedback An operational amplifier has a manufacturer-specified
Gain-Bandwidth Product (GBW) of 2 MHz. A designer needs to use this Op-Amp to amplify a sensor signal.

1. If the Op-Amp is wired as a non-inverting amplifier with a closed-loop voltage gain of 200, what is the
maximum frequency it can effectively amplify (its bandwidth)?

2. If the designer modifies the feedback resistors to reduce the gain to 20, what is the new bandwidth?
Solution: Using the constant relationship: GBW = A, x BW.

1. For A, = 200:
GBW 2,000,000 Hz

Ay 200

BW = =10 kHz

The amplifier will work up to 10 kHz.
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2. For A, = 20:
GBW 2,000,000 Hz

Ay 20
The amplifier will now work effectively up to 100 kHz.

BW = =100 kHz

By decreasing the gain by a factor of 10, the bandwidth successfully widened by a factor of 10.

L /

Unity Gain Frequency (fr)

A vital and special condition of the Gain-Bandwidth Product arises when an amplifier is configured to have a linear
voltage gain of exactly 1 (which equals 0 dB). This configuration is commonly known as a voltage follower or buffer.
The specific frequency at which the amplifier’s open-loop gain crosses the 0 dB axis is referred to as the Unity Gain
Frequency, denoted mathematically as fr.

Since the fundamental relationship is GBW = A, x BW, substituting A, = 1 directly yields:

GBW =1x fr = fr

Therefore, for any amplifier exhibiting a dominant single-pole response (—20 dB/decade roll-off), the Gain-Bandwidth
Product is numerically identical to its Unity Gain Frequency. In component datasheets, manufacturers frequently
specify either GBW or fr interchangeably as the primary metric to define the absolute high-frequency speed limits of
the device.

Important / Warning

Operating an amplifier at or very near its Unity Gain Frequency (fr) requires extreme caution. Even though the
theoretical gain magnitude is 1, the internal capacitive effects introduce a severe phase shift at this frequency limit.
This degradation in phase margin means the feedback signal can shift from being negative to positive. If the phase
margin approaches zero, the amplifier will experience severe ringing, instability, and may turn into an uncontrolled
oscillator. Prudent design practice dictates operating well below the specified fr to maintain stability.

\

5.22.4 Systematic Effects in Multistage Cascading

Understanding the interplay between Gain, Bandwidth, and the Gain-Bandwidth product is especially paramount
when designing complex systems requiring multiple cascaded stages:

When high gain and wide bandwidth are demanded simultaneously, a single amplifier stage will inevitably fail to
meet the specifications due to the strict GBW limitation. The standard engineering solution is to cascade multiple
low-gain amplifier stages in series.

If two or more identical stages are cascaded, the overall system gain multiplies (or adds together in the decibel
domain). However, a critical phenomenon occurs with the system bandwidth: the overall bandwidth strictly decreases.
This occurs because the roll-offs of each individual stage compound at the high and low frequencies, narrowing the
—3 dB window. The total bandwidth of n identical cascaded stages, each having an individual bandwidth BW7, is

determined by the shrinkage factor:
BWtotal = BW; x \/ 2t/n — 1

This formula illustrates that while cascading solves the gain problem, the resulting shrinkage in bandwidth must be
carefully calculated and accounted for during the initial design phase.

In summary, Gain dictates the magnitude by which a signal can be amplified, Bandwidth dictates the spectrum of
frequencies over which this amplification can reliably occur without attenuation, and the Gain-Bandwidth Product
defines the unyielding physical ceiling that forces engineers to continuously balance and trade one for the other in all
linear electronic circuit designs.
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Figure 5.43: Flowchart for Transistorized Series Voltage Regulator Basic And With Feedback Without Derivation
(Diagram 22)
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5.23 Effect of Emitter Bypass Capacitor and Coupling Capacitor on Frequency
Response

The frequency response of a practical amplifier is not flat across all frequencies. It exhibits a mid-band region where
the voltage gain is relatively constant and maximum. However, at lower and higher frequencies, the gain drops off.
The decrease in voltage gain at low frequencies is primarily due to the presence of external capacitors in the circuit:
the coupling capacitors and the emitter bypass capacitor. Understanding their specific effects is crucial for designing
amplifiers that meet specific bandwidth requirements, ensuring that audio or data signals are not distorted by uneven
amplification across their spectral components.

Concept The low-frequency response of an amplifier is governed by its external capacitors (coupling and bypass
capacitors). These capacitors act as short circuits at mid and high frequencies but have significant reactance
at low frequencies, causing a reduction in the amplifier’s voltage gain. The high-frequency response, conversely,
is determined by internal parasitic capacitances of the active device (e.g., BJT junction capacitances or FET
inter-electrode capacitances) and stray wiring capacitances.

5.23.1 Role and Effect of Coupling Capacitors

Coupling capacitors (often denoted as Ccq or Cj, at the input, and Cgoe or Cyy at the output) are essential components
in AC coupled discrete amplifiers. Their primary function is to block the DC bias voltage from interfering with the input
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signal source or the output load, while simultaneously allowing the AC signal to pass through unimpeded. Without
them, connecting a signal source might alter the meticulously designed DC operating point (Q-point) of the transistor,
potentially driving it into saturation or cutoff.

Coupling Capacitor A capacitor used to connect two circuits for AC signals while isolating them for DC. It ensures
that the DC bias conditions of one stage do not affect the subsequent stage or the external load. It behaves as an
open circuit to zero-frequency (DC) currents.

Input Coupling Capacitor (Cj,)

Consider a common-emitter BJT amplifier. The input AC signal V; from a source with internal resistance Ry is fed to
the base of the BJT through the input coupling capacitor Cy,. The input impedance of the amplifier stage (looking
into the base, including the parallel combination of biasing resistors Ry and Rs, and the dynamic base resistance ()
is denoted as R;j.

At mid and high frequencies, the capacitive reactance, given by the formula X5, = W%m’ is very small and can
be approximated as an ideal short circuit. Consequently, the entire AC source voltage (minus the drop across Ry)
successfully reaches the amplifier input.

However, as the signal frequency f progressively decreases, the reactance Xy, increases inversely. The capacitor
Cin and the equivalent resistance of the input circuit form a high-pass RC filter. A significant portion of the AC source
voltage drops across Cj,, leaving less signal available at the actual amplifier’s input terminals.

The lower cut-off frequency fr1 due specifically to the input coupling capacitor is mathematically defined as the
frequency where the capacitive reactance equals the total series resistance:

XCin = Rs + Rm

1
27 fr1Cin

foi=

= Rs + Rin

1

At this precise frequency fr1, the voltage reaching the input is 1/1/2 (or approximately 70.7%) of its mid-band
value. This corresponds to a signal power reduction to 50%, which is a -3 dB drop in power gain. Below this frequency,
the gain decreases linearly on a logarithmic scale at a rate of 20 dB per decade (or 6 dB per octave).

Output Coupling Capacitor (Cyyt)

Similarly, the amplified AC signal from the collector terminal must be delivered to a load resistor Ry through an
output coupling capacitor C,,;. The amplifier’s output stage possesses a characteristic output resistance R,, which in
a common-emitter setup is approximately equal to the collector resistor Rc (assuming the transistor’s Early effect
resistance r, is much larger).

Just like the input stage, Cpy: and the load Ry form another high-pass filter network. At low frequencies, the
increasing reactance of Cy,; impedes the current flow to the load. A voltage divider is formed between the reactance of
Cout and Ry, reducing the signal voltage effectively delivered.

The lower cut-off frequency fro introduced by the output coupling capacitor occurs when its reactance equals the

sum of the output and load resistances:
1

~ 21(R, + Rp)Cout
This pole also contributes its own independent -20 dB/decade roll-off to the overall low-frequency response. If the

circuit is designed such that fr; and fro are close to each other, their combined effect will cause a much steeper -40
dB/decade roll-off in that specific frequency band.

fr2

5.23.2 Role and Effect of the Emitter Bypass Capacitor

In a standard common-emitter amplifier utilizing voltage-divider bias, an emitter resistor (Rg) is strictly required to
provide thermal stability and stabilize the DC bias point against variations in temperature and transistor parameters
(like 8). However, the presence of Rg in the AC equivalent circuit introduces AC negative feedback (often termed
emitter degeneration). As the input signal increases, the emitter current increases, causing a larger voltage drop across
Rp. This raises the emitter voltage, reducing the base-emitter voltage Vpr and suppressing the overall gain.



https://milav.in

To prevent this severe loss of AC gain while completely preserving the necessary DC stability, an emitter bypass
capacitor (Cg) is connected in parallel with Rp.

Emitter Bypass Capacitor A high-value capacitor placed in parallel with the emitter stabilization resistor in a

BJT amplifier (or the source resistor in a FET amplifier). It provides a low-impedance path directly to ground
for AC signals, effectively "bypassing" the resistor to eliminate AC negative feedback, thereby maximizing the
available AC voltage gain.

At mid-band frequencies, the capacitance Cg is chosen such that its reactance (X¢p = W#CE) is significantly

smaller than the physical resistance R (typically Xop < %). For practical analysis, Cg acts as a solid AC short
circuit, directly tying the emitter terminal to the AC ground. The amplifier operates at its maximum intrinsic gain,
unobstructed by degeneration.

However, as the signal frequency approaches the low-end spectrum, the reactance X¢op naturally increases and
eventually becomes comparable to, or greater than, Rp. The capacitor is no longer an effective short. The net AC
emitter impedance Zpg, which is the parallel combination of Rg and Xcp (Rg||XcE), increases from zero. This
non-zero impedance causes an AC voltage to develop across the emitter, gradually reintroducing negative feedback and
subsequently rolling off the voltage gain.

The lower cut-off frequency frg associated strictly with the emitter bypass capacitor is generally the most critical
design parameter. It almost always determines the overall dominant lower cut-off frequency of the entire amplifier
stage. The cut-off occurs when the reactance of C'r equals the Thevenin equivalent resistance looking into the emitter
terminal. The equivalent resistance seen by Cg is:

Rs||R1||R
Re—REH(Te‘i‘ H 1H 2)

B+1

where r, is the internal dynamic emitter resistance (given by 26mV/Ig), Ry and Ry are bias resistors, and Rj is the
source resistance.
The cut-off frequency due to Cg is calculated as:

1

Jip = 2rR.Cg

Because the equivalent resistance R, is typically quite small (often on the order of merely tens of ohms, heavily
influenced by the small value of r.), achieving a suitably low cut-off frequency frp mandates the use of a very large
value for the bypass capacitor Cg (routinely in the tens or hundreds of microfarads).

Important / Warning

While larger capacitors seemingly yield a better, deeper low-frequency response (a lower f1), one cannot simply use
arbitrarily large components. High-value electrolytic or tantalum capacitors suffer from significant leakage currents,
higher equivalent series resistance (ESR), and unwanted parasitic inductance at high frequencies. Furthermore,
very large capacitors are physically bulky, require more printed circuit board (PCB) real estate, and are costlier.
A careful engineering trade-off is required.

\

5.23.3 Overall Low-Frequency Response and Dominant Pole

The complete low-frequency transfer function is a combination of the distinct high-pass filter effects from Cjy,, Cout,
and C'g. Each of these capacitors introduces a 'zero’ and a ’pole’ into the system’s mathematical transfer function. -
The zeros are typically located at the origin (f = 0 Hz), meaning DC gain is zero. - The poles occur exactly at the
cut-off frequencies fr1, fr2, and frp.

The dominant lower cut-off frequency (f1) of the amplifier is defined as the highest of these three pole
frequencies. It is the frequency threshold where the overall system gain first drops by 3 dB from its flat mid-band
plateau as frequency sweeps downward.

If the frequencies fr1, fre, and frg are widely separated from one another (e.g., by at least a factor of ten, or a
decade), the highest frequency will cleanly dictate the -3 dB point on the Bode plot.

Conversely, if two or more poles are relatively close to each other, their roll-off effects compound, and the actual fr,
will be shifted slightly higher than the highest individual cut-off frequency. An empirical approximation often used by
engineers when multiple poles interact closely is:

fom I+ s+ i
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Calculating Dominant Lower Cut-off Frequency Given a single-stage common-emitter amplifier circuit with the
following individually calculated cut-off frequencies based on its components:

e Cut-off due to input coupling capacitor, fr; = 15 Hz
o Cut-off due to output coupling capacitor, fro = 8 Hz
o Cut-off due to emitter bypass capacitor, frp = 115 Hz

Task: Determine the dominant lower cut-off frequency f;, and explain the governing factor.

Solution: Comparing the three distinct pole frequencies, frp (115 Hz) is an order of magnitude higher than
both fr1 and frs. Because 115 Hz > 15 Hz and 115 Hz > 8 Hz, the pole created by the emitter bypass network
dictates the low-frequency roll-off first as the operating frequency decreases from the mid-band.

Therefore, the dominant lower cut-off frequency is approximated as:

fL ~ fLE =115 Hz

If an engineer is tasked to improve this amplifier’s low-frequency response (for instance, to lower fr, to 20 Hz to
handle deeper bass frequencies in an audio application), they must specifically target and increase the capacitance
of the emitter bypass capacitor Cg. Modifying Cj, or C,,; will yield no noticeable improvement until frg is
fundamentally brought down below their respective thresholds.

\ J

5.23.4 Phase Shift Effects at Low Frequencies

Beyond merely attenuating the signal amplitude, the coupling and bypass capacitors simultaneously introduce significant
phase shifts into the amplified signal. In the mid-band region, a standard common-emitter amplifier provides a
characteristic —180° phase inversion (the output is exactly out of phase with the input).

However, at low frequencies, each high-pass RC network formed by these capacitors introduces an additional leading
phase angle. For a single RC high-pass filter, the phase lead approaches +90° as the frequency approaches DC. At the
exact cut-off frequency of each capacitor, that specific network contributes exactly +45° of phase lead.

Consequently, the total phase shift at low frequencies is the sum of the fundamental 180° inversion and the
frequency-dependent leading phase angles contributed by all three reactive networks. At very low frequencies, the
phase shift can deviate wildly from the ideal 180°. This phase deviation must be carefully analyzed in applications
sensitive to timing, such as in video amplifiers or in multi-stage feedback amplifiers where excessive uncalculated phase
shift can turn negative feedback into positive feedback, leading to unwanted low-frequency oscillations (motorboating).

5.23.5 Summary and Equivalent Circuit Considerations

In summary, while the external capacitors Cj,, Coyut, and Cg are indispensable for proper DC bias isolation and
maximum gain extraction, they are the defining limiters of the amplifier’s low-frequency bandwidth. Designing for a
specific low-frequency limit requires meticulous calculation of each capacitor’s value against its perceived Thevenin
equivalent resistance. Because the emitter bypass capacitor Cg "sees" the smallest equivalent resistance in the circuit
(heavily dominated by the dynamic r.), it intrinsically demands the largest physical capacitance value. Consequently, it
represents the most common bottleneck and primary design consideration for optimizing low-frequency performance in
discrete BJT amplifiers.



https://milav.in

Start Uninterruptible Power Supply Ups

Analyze Uninterruptible Power Suppl—y—@ps—#

Yes

~

End

Figure 5.46: Flowchart for Uninterruptible Power Supply Ups (Diagram 25)
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Figure 5.48: Block Diagram illustrating Biasing Of Amplifier And Definition Of Operating Point (Diagram 27)

5.24 Frequency Response of a Single Stage Amplifier

The primary function of an amplifier is to increase the amplitude of an input signal without altering its shape or
introducing distortion. However, in practical applications, the performance of an amplifier is highly dependent on the
frequency of the input signal. The frequency response of an amplifier describes how its voltage gain and phase shift
vary as a function of the input signal frequency. Analyzing the frequency response is crucial for understanding the
limitations of an amplifier and determining its suitability for various applications, such as audio amplification, radio
frequency communication, sensor signal conditioning, or high-speed digital instrumentation.

Frequency Response The frequency response of an electronic circuit or amplifier is the graphical or mathematical

representation of its steady-state behavior—specifically voltage gain, current gain, and phase shift—over a wide
continuous range of input frequencies. It highlights the functional band of frequencies over which the amplifier can
operate efficiently without severe attenuation.

When an amplifier is subjected to a wide range of frequencies, from zero hertz (DC) to very high frequencies
(megahertz or gigahertz), its gain does not remain constant. Instead, it exhibits a characteristic bell-shaped curve on
a logarithmic scale that can be broadly divided into three distinct regions: the low-frequency region, the mid-band
region, and the high-frequency region. Understanding the physical mechanisms and electronic factors contributing to
signal attenuation in each of these regions is fundamental to electronic circuit analysis and design.
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5.24.1 The Mid-Band Region

Before discussing the extremes of the frequency spectrum, it is conceptually easiest to begin with the mid-band
region. For most conventional amplifiers, such as a Common Emitter (CE) BJT amplifier or a Common Source (CS)
MOSFET amplifier, the mid-band represents the operational frequency range where the amplifier provides its maximum,
relatively constant, and stable gain.

In this region, the signal frequency is high enough that the external coupling and bypass capacitors exhibit
negligible capacitive reactance. The reactance of a capacitor is inversely proportional to frequency, given by the formula
Xo = ﬁ At mid-band frequencies, this reactance is so small that it approaches zero ohms. Therefore, these external
capacitors effectively act as perfect short circuits to the AC signal, offering no opposition to the signal flow.

Conversely, the frequency is still low enough that the minuscule internal parasitic capacitances of the active devices
(the transistors themselves) exhibit extremely high reactance. Because C is very small for parasitic elements (typically
in the picofarad range), X remains exceedingly large at mid-band frequencies, effectively acting as an open circuit.

Mid-Band Gain (A4,,;4) The mid-band gain is the absolute maximum voltage gain of the amplifier stage. When
performing AC analysis in this frequency range, a designer treats all external, large-value capacitors as short
circuits, and all internal, small-value parasitic capacitances as open circuits. The theoretical gain is thus determined
solely by the active device’s transconductance (g,,) and the purely resistive components within the biasing network
and the load.

The width of this mid-band region ultimately defines the usable bandwidth of the amplifier. For an audio amplifier
designed for human hearing, the mid-band might intentionally span from 20 Hz to 20 kHz. In contrast, a video amplifier
might require a flat mid-band response stretching from near-DC to several megahertz.

5.24.2 Low-Frequency Response

As the frequency of the input signal drops below the mid-band region, entering the low-frequency spectrum, the voltage
gain of the single-stage amplifier progressively rolls off. This reduction in gain is almost entirely caused by the presence
of external, physical capacitors intentionally placed in the circuit:

o Coupling Capacitors (Cc1, Cco): These capacitors are strategically placed at the input and output of the
amplifier stage. Their primary role is to block DC bias voltages from passing between cascaded stages or leaking
into the load/source, ensuring that the critical DC operating point (Q-point) of the transistor is not disrupted.
However, they must simultaneously allow the alternating AC signal to pass through.

« Bypass Capacitors (Cg or Cg): In configurations like the Common Emitter or Common Source, a resistor is
often placed at the emitter or source terminal for DC bias stability. To prevent this resistor from introducing
unwanted AC negative feedback (which would severely lower the AC gain), a large bypass capacitor is placed in
parallel with it.

As mentioned earlier, the capacitive reactance is given by X¢ = ﬁ At mid-band frequencies, X¢ ~ 0. However,
as the frequency f approaches zero (very low frequencies), the denominator becomes tiny, and X¢ increases exponentially.

The increased reactance of the input coupling capacitor Cy forms an AC voltage divider with the input impedance
of the amplifier. Consequently, a significant portion of the input signal voltage is "dropped" across the capacitor rather
than reaching the base or gate of the transistor. Similarly, the output coupling capacitor Coo forms a voltage divider
with the load resistor, limiting the amount of amplified signal that is successfully delivered to the load.

Furthermore, as the reactance of the bypass capacitor Cg increases at low frequencies, it loses its ability to act as a
perfect short circuit. AC signal current is forced to flow through the emitter resistor Rg. This reintroduces AC signal
degeneration (negative feedback) at low frequencies, drastically suppressing the overall voltage gain.

Calculating the Lower Cutoff Frequency To determine the lower cutoff frequency (fr), engineers analyze the RC
high-pass filter networks created by each external capacitor interacting with its surrounding Thevenin equivalent
resistance. For instance, the input coupling capacitor Co; interacts with the total input resistance R;, to form a

pole at:
1

- 27 RinCcn

Similar calculations are performed for the output coupling capacitor (fr2) and the bypass capacitor (fz3). While all
three networks interact, the network producing the highest critical frequency typically dominates the low-frequency

fr1
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{ roll-off and establishes the primary lower cutoff frequency (fr) of the entire amplifier stage. J

At exactly the lower cutoff frequency f7, the total voltage gain drops to % (or approximately 70.7%) of its

maximum mid-band value A,,;4. In logarithmic terms, this translates to a signal drop of precisely 3 dB below the
mid-band gain.

5.24.3 High-Frequency Response

As the input signal frequency increases far beyond the mid-band region, the voltage gain once again begins to decline.
In this high-frequency regime, the external coupling and bypass capacitors pose no issue—they continue to act as perfect
short circuits. Instead, the high-frequency limitation arises from internal phenomena: the parasitic capacitances
inherent to the transistor structure and the stray capacitances of the physical circuit wiring and PCB traces.

Every physical transistor possesses intrinsic capacitance between its terminals. These capacitances exist because
physical charge carriers are separated across semiconductor depletion regions, forming tiny, unintentional capacitors:

o BJT Internal Capacitances: Bipolar Junction Transistors exhibit base-emitter junction capacitance (Cpe
or Cr), largely due to diffusion capacitance, and base-collector junction capacitance (Cp. or C},), primarily a
depletion capacitance.

« MOSFET Internal Capacitances: Field-Effect Transistors contain gate-source capacitance (Cy), gate-drain
capacitance (Cyq), and drain-source capacitance (Cys), caused by the physical overlap of the gate oxide layer over
the source and drain regions.

At low and mid-band frequencies, these minuscule capacitances (often ranging from a few picofarads down to
femtofarads) possess massive reactance, acting as open circuits and remaining invisible to the AC signal. However, as
frequency escalates into the megahertz or gigahertz range, their reactance becomes small enough to provide alternative,
low-impedance paths for the high-frequency AC signal. These pathways tend to shunt the delicate high-frequency AC
signal directly to ground, bleeding away signal energy before it can be effectively amplified by the active device.

Important / Warning

The Miller Effect A critical and often dominant factor in high-frequency amplifier analysis is the Miller Effect.
When an impedance (such as the base-collector capacitance Cj. or gate-drain capacitance Cyq) bridges the input
and output nodes of an inverting amplifier stage, its effective value is drastically magnified when viewed from the
input perspective.

The equivalent input Miller capacitance is calculated as:

CM(zn) = Cfeedback . (]- + |AU|)

Where |A,| is the magnitude of the amplifier’s mid-band voltage gain. Because |A4,| can be quite large (e.g., 100
to 500), even a microscopic feedback capacitance of 2 pF is multiplied into a massive equivalent input capacitance
of hundreds of picofarads. This massive input capacitance creates a strong low-pass filter with the signal source
resistance, severely degrading and limiting the high-frequency performance of Common Emitter and Common
Source configurations.

Just as the low-frequency limit is defined by high-pass filters, the high-frequency limit is defined by these parasitic
elements forming low-pass RC filter networks. At the upper cutoff frequency (fz), the reactance of these parasitic
pathways becomes small enough to shunt away enough signal that the overall amplifier gain drops to 70.7% (3 dB down)
of its mid-band value. For frequencies greater than fz, the gain typically rolls off at a steep rate of —20 dB/decade (or
—6 dB/octave) per dominant pole.

5.24.4 Phase Shift Variations

Alongside magnitude changes, the phase of the output signal relative to the input signal also changes dynamically with
frequency. In a standard mid-band Common Emitter or Common Source amplifier, the output is inverted, representing
a nominal 180° phase shift.

However, as frequencies approach fr, the reactive nature of the coupling capacitors introduces an additional
phase lead, pushing the total phase shift towards 270°. Conversely, as frequencies approach fz, the internal parasitic
capacitances introduce a phase lag, dragging the total phase shift down towards 90°. At exactly fr, and fg, the
additional phase shift is exactly +45°. Understanding this phase behavior is absolutely vital when designing amplifiers
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with feedback loops, as excessive phase shift can turn negative feedback into positive feedback, causing catastrophic
instability and spontaneous oscillation.

5.24.5 The Bode Plot and Bandwidth

The comprehensive frequency response of an amplifier is universally visualized using a Bode plot. A Bode plot graphs
the magnitude of the voltage gain in decibels (201og;,|A,|) on the vertical axis against the frequency plotted on a
logarithmic scale on the horizontal axis. A logarithmic frequency scale is mandatory to compress a massive frequency
range—spanning from a few hertz to several gigahertz—into a single readable graph.

On the Bode plot, the mid-band region manifests as a distinct flat plateau at A,,;qgp)- To the left of f1, the gain
curve rises at +20 dB/decade. To the right of fz, the curve falls at —20 dB/decade. The critical frequencies f7 and
fr are marked as the —3 dB frequencies or "half-power points," because at these exact frequencies, the total power
delivered to the load is exactly half of the maximum power delivered during mid-band operation.

_opefinition

Bandwidth (BW) The bandwidth of an amplifier defines the continuous range of frequencies over which the
amplifier can operate with an acceptable, relatively constant gain (within 3 dB of the maximum). Mathematically,
it is the difference between the upper and lower cutoff frequencies:

BW = fu — fi

In most practical RF and wideband amplifiers, fy is several orders of magnitude larger than fr, (e.g., fr = 10 MHz,
fr =100 Hz). Therefore, the bandwidth can frequently be approximated simply as BW =~ fp.

\. J

5.24.6 Gain-Bandwidth Product (GBW)

In amplifier design, there is an inescapable physical trade-off between the maximum achievable gain and the available
bandwidth. If an engineer attempts to redesign a stage to increase its mid-band gain (perhaps by selecting a larger
collector or drain resistor), the output impedance of the stage increases. This larger resistance interacts with the fixed
parasitic capacitances to create a lower cutoff frequency pole, forcing the upper cutoff frequency fr to decrease, thus
shrinking the overall bandwidth.

This inverse relationship is formalized by the Gain-Bandwidth Product (GBW). For any specific operational
amplifier or given transistor architecture, the product of its linear mid-band voltage gain and its absolute bandwidth
remains a constant value across a wide variety of operating conditions:

GBW = |A4,,;4| x BW = Constant

The Gain-Bandwidth Trade-off The GBW product dictates that one cannot indefinitely increase both gain and
bandwidth simultaneously in a single, simple amplifier stage. If an application stringently demands both extremely
high gain and an ultra-wide bandwidth, engineers are forced to abandon single-stage designs. Instead, they must
cascade multiple amplifier stages in series, carefully configuring each individual stage with a moderate, lower gain
in order to preserve the required wideband frequency response across the entire system.

5.24.7 Summary

To encapsulate the frequency response characteristics of a fundamental single-stage amplifier:

1. Low Frequencies (f < fr): Voltage gain attenuates heavily due to the increasing capacitive reactance of
physical coupling and bypass capacitors. The amplifier effectively behaves as an active high-pass filter.

2. Mid-Band Frequencies (f; < f < fg): Voltage gain is maximized, stable, and flat. Coupling and bypass
capacitors function as pure short circuits, while internal transistor capacitances act as perfect open circuits.

3. High Frequencies (f > fg): Voltage gain attenuates again due to the decreasing reactance of internal parasitic
junction capacitances and physical stray wiring capacitances, a problem severely exacerbated by the Miller effect.
The amplifier acts as an active low-pass filter.

Comprehensive knowledge of these three distinct operational regions empowers electronics engineers to make
critical design choices. They can select suitably large coupling capacitors to guarantee that vital low-frequency
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signal components are preserved, while simultaneously selecting high-performance, low-capacitance active devices and
employing meticulous PCB layout strategies to mitigate stray capacitance, thereby extending the high-frequency limits

as far as the laws of physics will permit.
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Figure 5.49: Flowchart for The Load Lines (Diagram 28)

y/\

\
4

Relation for Biasing Meth}éds

Figure 5.50: Graph related to Biasing Methods (Diagram 29)

’ Input for Stability Factor }—)’ Processing Stability Factor }—ﬁ Output Stability Factor

Figure 5.51: Block Diagram illustrating Stability Factor (Diagram 30)

5.25 Different Coupling Techniques for Cascading

Cascading and Coupling In practical applications, a single stage of amplification is rarely sufficient to achieve the
desired voltage, current, or power gain. To overcome this limitation, multiple amplifier stages are connected in
sequence. This process of connecting the output of one amplifier stage to the input of the subsequent stage is
called cascading, and the resulting circuit is known as a multistage amplifier.

Coupling refers to the specific method or network used to transfer the AC signal from the output of one stage to
the input of the next, while preserving the desired frequency response and preventing the DC bias conditions of
one stage from interfering with those of the adjacent stage.

When cascading multiple amplifier stages, the coupling network must perform the following primary functions:

o AC Signal Transfer: It must efficiently transfer the alternating current (AC) signal—which carries the actual
information—from the output of the preceding stage to the input of the succeeding stage with minimal attenuation
or distortion.

o DC Isolation (Blocking): It must prevent the DC bias voltage and current of one stage from affecting the
carefully established DC operating point (Q-point) of the next stage. If DC levels mix, the transistors may be
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driven into saturation or cut-off regions, distorting the signal.

¢ Impedance Matching: To ensure maximum power transfer and minimize signal reflection, the coupling network
should ideally match the higher output impedance of the first stage to the lower input impedance of the second
stage.

Based on the reactive and passive components utilized in the inter-stage network, there are four primary coupling
techniques widely used in electronic circuits. Each technique has its unique frequency response, cost implications, and
specific applications. The techniques are:

1. Resistance-Capacitance (RC) Coupling
2. Transformer Coupling
3. Direct Coupling

4. Inductance-Capacitance (LC) Coupling (also known as Impedance Coupling)

5.25.1 Resistance-Capacitance (RC) Coupling

RC Coupling RC coupling is the most widely used method for coupling cascaded voltage amplifiers. In this

technique, a resistor (R) is used to develop the output voltage, and a capacitor (C') is used to couple this signal to
the input of the next stage while simultaneously blocking any DC component.

In a typical two-stage RC-coupled common-emitter (CE) amplifier, the collector resistor (R¢) of the first stage acts
as the load across which the amplified AC voltage is developed. A coupling capacitor (C¢) connects the collector of the
first transistor to the base of the second transistor.

Operation: When an AC signal is applied to the input of the first stage, it is amplified and appears with a
180° phase shift across the collector resistor Rc. The coupling capacitor Co allows this AC signal to pass through
to the second stage because the capacitive reactance (X¢ = 1/27fC) is low for AC signals. At the same time, C¢
offers infinite resistance to direct current (f = 0 Hz), thereby effectively blocking the DC voltage of the first stage’s
collector from reaching the second stage’s base. This ensures that the Q-point of the second stage remains completely
undisturbed.

Frequency Response: The RC-coupled amplifier provides an exceptionally flat frequency response over a wide
range of audio frequencies (typically from 50 Hz to 20 kHz).

e At Low Frequencies: The reactance of the coupling and bypass capacitors increases. This causes a significant
voltage drop across the coupling capacitor, meaning less signal voltage reaches the next stage, leading to a
decrease in overall gain.

o At High Frequencies: The reactance of internal junction capacitances (parasitic capacitances) of the transistor
becomes very low. These act as bypass paths for the high-frequency AC signal to the ground, reducing the
effective output voltage and causing the gain to fall.

e At Mid Frequencies: The reactances of coupling capacitors are small enough to act as short circuits, and
junction capacitances are high enough to act as open circuits. Thus, the voltage gain remains constant and
maximum.

Advantages:

e It is the most inexpensive and compact method because it relies entirely on resistors and capacitors, which are
cheap and small.

e It provides an extremely uniform and flat frequency response over the entire audio frequency band.

e The circuit is lightweight and space-efficient.
Disadvantages:

o The overall voltage gain is somewhat reduced due to the loading effect. The input impedance of the second stage
acts in parallel with the collector resistor of the first stage, dropping the effective load resistance.

« It has poor impedance matching characteristics. A typical CE amplifier has a high output impedance (several
kilo-ohms) and a low input impedance (around one kilo-ohm). RC coupling cannot transform these impedances,
making it unsuitable for power amplification where impedance matching is critical.



https://milav.in

Application of RC Coupling Due to its excellent audio fidelity and low cost, RC coupling is extensively used as a
voltage amplifier in the initial stages of public address (PA) systems, audio receivers, record players, and radio/TV
receiver audio stages.

5.25.2 Transformer Coupling

Transformer Coupling Transformer coupling utilizes a step-up or step-down electrical transformer to transfer the

AC signal from one stage to the next. The primary winding replaces the collector resistor, and the secondary
winding supplies the signal to the next stage, completely eliminating the need for a coupling capacitor.

In a transformer-coupled amplifier, the primary coil of an inter-stage transformer is connected to the collector
circuit of the first transistor, serving as its load. The secondary coil of the transformer is connected to the base of the
second transistor.

Operation: When an amplified AC current flows through the primary winding of the transformer, it generates a
varying magnetic field. According to Faraday’s law of electromagnetic induction, this changing magnetic flux links with
the secondary winding and induces an AC voltage across it. This induced voltage is then fed to the base of the second
transistor. Because transformers operate strictly on varying magnetic fields, they inherently block direct current. The
DC collector current of the first stage flows through the primary but cannot induce a steady voltage in the secondary,
perfectly isolating the bias networks.

Impedance Matching: The most significant advantage of a transformer is its ability to perform impedance
matching. By carefully selecting the turns ratio (N;/N3) of the transformer, the high output impedance (Z,,:) of the
first stage can be perfectly matched to the low input impedance (Z;;,) of the second stage or a load speaker. The

When impedances are matched, maximum power is transferred from the amplifier to the load.

Frequency Response: The frequency response of a transformer-coupled amplifier is quite poor compared to
an RC-coupled amplifier. It does not provide a constant gain across a wide band. At low frequencies, the primary
inductive reactance (X, = 2w fL) drops, reducing the gain. At high frequencies, the inter-winding capacitance between
the turns of the transformer acts as a bypass, causing the signal to leak and the gain to fall sharply. Furthermore,
resonance between the transformer’s inductance and distributed capacitance can cause disproportionate amplification
of certain frequencies, leading to frequency distortion.

Advantages:

e Provides superior impedance matching, leading to maximum power transfer.

o Offers a higher overall voltage gain. For instance, if a step-up transformer is used, the voltage is amplified by the
transformer itself in addition to the transistor.

o Higher efficiency, as there is practically zero DC power loss in the primary winding (compared to the significant
I’R losses in an RC coupling resistor).

Disadvantages:

o Transformers are bulky, heavy, and occupy considerable space.

o They are significantly more expensive than resistors and capacitors.

e Poor frequency response makes them unsuitable for high-fidelity audio amplification.

o They are susceptible to picking up external electromagnetic interference (hum).

Application of Transformer Coupling Transformer coupling is predominantly used in the final power amplification
stages of audio systems (to match the amplifier’s impedance with the low impedance of a loudspeaker, typically
49 to 8Q2). It is also utilized in Radio Frequency (RF) and Intermediate Frequency (IF) amplifiers where tuned
transformers are required.
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5.25.3 Direct Coupling

Direct Coupling Direct coupling is a technique where the output terminal of one amplifier stage is connected

directly to the input terminal of the next stage using a simple wire, completely omitting any coupling capacitors,
transformers, or inductors.

Operation: In a direct-coupled amplifier, the DC output voltage of the first stage is directly fed to the input of
the second stage. Since there are no reactive components (like capacitors or inductors) in the signal path, the circuit
does not block DC. Consequently, any DC voltage, as well as exceptionally low-frequency AC signals, are easily passed
to the next stage and amplified.

Important / Warning

Thermal Drift in Direct Coupling Because direct coupling passes DC, any slight change in the DC bias of the
first stage (often caused by temperature variations affecting transistor parameters like Vpp and () is amplified
by subsequent stages. This phenomenon, known as thermal drift or DC drift, can shift the final output
significantly, potentially driving the latter stages into saturation or cut-off. Compensation techniques, such as
differential amplifier configurations, are mandatory to counter this drift.

\. J

Frequency Response: The frequency response of a direct-coupled amplifier is uniquely flat starting all the way
from zero Hertz (0 Hz or DC) up to high frequencies. At high frequencies, however, the gain still rolls off due to the
internal parasitic capacitances of the transistors.

Advantages:

e The circuit is extremely simple, compact, and economical as it uses minimal components.

o It possesses an outstanding low-frequency response, capable of amplifying signals approaching zero Hertz.

o Absence of bulky coupling components allows the circuit to be easily fabricated on integrated circuits (ICs).
Disadvantages:

e Highly susceptible to DC drift with temperature variations.

e Designing the biasing circuit is complex because the DC bias of one stage dictates the bias of the next. Each
successive stage requires a progressively higher operating voltage.

e Poor impedance matching.

Application of Direct Coupling Direct coupling is essential in applications where very low frequencies (fraction of
a Hertz) or purely DC signals must be amplified. It is the fundamental coupling method used inside Operational
Amplifiers (Op-Amps), analog computers, regulators, and biomedical instrumentation (like ECG/EEG machines)
where bodily signals are extremely low-frequency.

5.25.4 Inductance-Capacitance (LC) Coupling / Impedance Coupling

LC / Impedance Coupling LC coupling, or impedance coupling, is similar to RC coupling but replaces the collector
load resistor (R¢) with an inductor or a choke coil (L). The coupling is still achieved via a capacitor (Cc¢).

Operation: The choke coil (L) is chosen such that it has a very low DC resistance but a very high AC reactance
(X = 2nfL) at the operating frequencies. The DC biasing current flows easily through the low resistance of the
inductor with minimal power dissipation. However, for the AC signal, the high inductive reactance prevents the signal
from shunting to the power supply, forcing it through the coupling capacitor to the next stage.

Frequency Response: The frequency response of LC coupling is non-uniform. At low frequencies, the inductive
reactance of the choke is small, providing a very low load impedance and consequently a low voltage gain. The
gain increases with frequency until it peaks and then eventually falls at extremely high frequencies due to parasitic
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capacitances. If the inductor is combined with a capacitor to form a tuned resonant tank circuit, it will selectively
amplify only a narrow band of frequencies (tuned amplification).
Advantages:

« High power efficiency because the DC power loss in an inductor is negligible compared to a resistor (I2Ry, loss is
almost zero).

e Can be designed as a tuned amplifier to select and amplify specific frequencies while rejecting others.

e Requires lower DC supply voltage than RC coupling because there is no large DC voltage drop across a load
resistor.

Disadvantages:
e Inductors are large, heavy, and expensive.
e The frequency response over the audio band is very poor and non-linear.

o Cannot be easily integrated into modern monolithic ICs.

Application of LC Coupling LC coupling is rarely used for audio frequencies but is highly utilized in Radio
Frequency (RF) amplifiers and High-Frequency communication systems. When used as a tuned LC
circuit, it is foundational to the functioning of radio receivers, televisions, and transmitters for selecting a particular
broadcasting channel.

5.25.5 Summary of Coupling Techniques

To choose the appropriate coupling method for an application, engineers weigh trade-offs between frequency fidelity,
cost, size, and power transfer capabilities:

¢« RC Coupling is the go-to choice for cheap, compact, high-fidelity voltage amplification in the audio range.
e Transformer Coupling is indispensable for final-stage power amplifiers requiring strict impedance matching.

e Direct Coupling is mandatory for DC and ultra-low-frequency amplification, making it the backbone of
Op-Amps and IC design.

o LC / Impedance Coupling is primarily reserved for high-frequency RF applications where tuned, narrow-band
amplification is necessary.
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Figure 5.52: Flowchart for Compensation Techniques For Bias Stability (Diagram 31)
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Figure 5.53: Graph related to Thermal Runaway Thermal Resistance Thermal Stability (Diagram 32)
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Figure 5.54: Block Diagram illustrating Heat Sink And Its Types (Diagram 33)

5.26 Frequency Response of Two-Stage RC Coupled Amplifiers

The frequency response of an amplifier dictates how its voltage gain varies across different frequencies of the input
signal. In practical applications, particularly in audio and communication systems, an amplifier is expected to provide
a consistent level of amplification over a specified band of frequencies. When we cascade two amplifier stages to achieve
a higher overall gain, the frequency response of the resulting two-stage amplifier becomes more complex than that
of a single stage. This section explores the frequency response characteristics of a two-stage RC coupled amplifier,
analyzing the causes of gain variation at low and high frequencies.

5.26.1 Understanding Frequency Response

A typical input signal, such as an audio signal, is not a simple sine wave of a single frequency. Instead, it is a complex
wave consisting of a wide range of frequencies. If an amplifier does not amplify all these frequency components equally,
the output signal will be distorted.

Frequency Response The frequency response of an amplifier is defined as the variation in its voltage gain (or
phase shift) as a function of the frequency of the input signal. It is usually represented graphically by plotting the
voltage gain (often in decibels) on the y-axis against the logarithm of the frequency on the x-axis.

In a two-stage RC coupled amplifier, the output of the first stage is connected to the input of the second stage
through a coupling capacitor (C¢). Each stage typically consists of a transistor configured as a Common Emitter
(CE) amplifier, with associated biasing resistors, a bypass capacitor (Cg) across the emitter resistor, and input/output
coupling capacitors.

Overall Voltage Gain For an ideal multi-stage amplifier operating in its mid-band frequency range, the overall
voltage gain (A,) is the product of the individual gains of each stage:

Av = Avl X Av2
When expressed in decibels (dB), the overall gain is the sum of the individual gains:
Ay (dB) = 4,1 (dB) + Ao (dB)

However, this straightforward multiplication holds true only in the mid-frequency region where reactive components
do not significantly impede the signal.

5.26.2 Regions of the Frequency Response Curve

The frequency response curve of a two-stage RC coupled amplifier is generally divided into three distinct regions: the
low-frequency range, the mid-frequency range, and the high-frequency range.
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Mid-Frequency Range

In the mid-frequency range (typically spanning from a few tens of Hertz to tens of kilo-Hertz for audio amplifiers), the
voltage gain of the amplifier is relatively constant and is at its maximum value. This maximum gain is referred to as
the Mid-band Gain (A;,;q)-

Why does the gain remain constant here?

o Coupling and Bypass Capacitors: The reactances of the coupling capacitors (Ciy,, Cc, Coyt) and the emitter
bypass capacitors (Cg) are given by X = ﬁ In the mid-frequency range, the frequency f is sufficiently high
such that these reactances become very small. Therefore, these capacitors effectively act as short circuits to the
AC signal, allowing it to pass without significant voltage drop or phase shift.

o Internal Capacitances: The internal junction capacitances of the transistors (such as Cp and Cp.) and the
stray wiring capacitances have very small capacitance values (typically in picofarads). Their reactances are very
large in the mid-frequency range. As a result, they act as open circuits and do not shunt any portion of the AC
signal to ground.

Because none of the reactive components significantly affect the signal path, the gain is entirely determined by the
resistive components (R¢, Ry, r.), resulting in a constant mid-band gain.

Low-Frequency Response

As the frequency of the input signal drops below the mid-band region (i.e., at low frequencies), the voltage gain of the
amplifier begins to decrease. This reduction in gain is known as low-frequency roll-off.
The primary causes for this drop are the external capacitors used in the circuit:

1. Coupling Capacitors (C¢): At low frequencies, the reactance (X¢) of the coupling capacitors becomes
significantly large. The interstage coupling capacitor C¢, along with the input impedance of the second stage,
forms an AC voltage divider. Due to the high reactance of C¢, a substantial portion of the amplified signal from
the first stage is dropped across C¢, leaving a smaller signal to drive the second stage.

2. Emitter Bypass Capacitors (Cg): The purpose of Cg is to short-circuit the emitter resistor Rg for AC
signals, preventing negative current feedback which would reduce the gain. At low frequencies, the reactance of
CE increases, meaning it no longer acts as a perfect short. Consequently, some AC signal appears across Rg,
introducing negative feedback and thereby reducing the effective voltage gain of the stage.

Important / Warning

Steeper Roll-off in Two-Stage Amplifiers A single-stage RC coupled amplifier typically exhibits a low-frequency
roll-off rate of 20 dB/decade (or 6 dB/octave). Because a two-stage amplifier contains multiple coupling and
bypass capacitors acting as cascaded high-pass filters, its low-frequency gain falls off much faster. If the dominant
lower cutoff frequencies of both stages are identical, the combined roll-off slope will be 40 dB/decade.

High-Frequency Response

Similarly, as the frequency increases beyond the mid-band region, the voltage gain again starts to decline. This is
known as high-frequency roll-off.

The external coupling and bypass capacitors have extremely low reactance at high frequencies and act as perfect
short circuits. The gain reduction is instead caused by internal and parasitic capacitances:

1. Stray Capacitance: The physical wires and components mounted on a circuit board possess a small amount of
capacitance between them and the ground, known as stray wiring capacitance. At high frequencies, the reactance
of these small capacitances decreases significantly, providing an unwanted low-impedance path that shunts the
signal to ground.

2. Internal Transistor Capacitances (Miller Effect): Transistors have parasitic capacitances between their
junctions, specifically the base-emitter capacitance (Cpe) and the base-collector capacitance (Cy.). The effect of
the base-collector capacitance is drastically magnified by the voltage gain of the amplifier stage due to the Miller
Effect. The effective input capacitance of a stage becomes Cyy,(miier) = Cbe + Coc(1 + Ay). Because the second
stage of a two-stage amplifier has a substantial voltage gain (A4,), its Miller input capacitance becomes very large.
This massive equivalent capacitance acts in parallel with the input of the second stage, severely loading the first
stage at high frequencies and causing a sharp drop in overall gain.
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5.26.3 Cutoff Frequencies and Bandwidth

To characterize the usable frequency range of an amplifier, we define specific cutoff frequencies based on the mid-band
gain.

Cutoff Frequencies (fr, and fr) The lower cutoff frequency (f1) and upper cutoff frequency (f) are the
specific frequencies at which the voltage gain of the amplifier falls to 70.7% (or 1/4/2) of its maximum mid-band
gain value. Since power is proportional to the square of voltage, a drop to 1/4/2 in voltage corresponds to a drop
to half power. Therefore, fr and fy are also known as the half-power frequencies or the —3 dB frequencies.

Key Concept

Bandwidth (BW) The Bandwidth of an amplifier is the difference between the upper cutoff frequency and the
lower cutoff frequency. It represents the range of frequencies over which the amplifier’s gain remains virtually
constant (within 3 dB).

Bandwidth (BW) = fg — fL

For most audio and radio frequency amplifiers, fz is much greater than f;, allowing us to approximate the
bandwidth as BW =~ fp.

\,

Effect of Cascading on Bandwidth (Bandwidth Shrinkage)

A fundamental trade-off in electronics is that while cascading amplifier stages increases the total voltage gain, it
simultaneously reduces the overall bandwidth. This phenomenon is known as bandwidth shrinkage.
When n identical amplifier stages are cascaded:

o The overall lower cutoff frequency shifts higher. The new lower cutoff frequency f7,(sveranr) is given by:

fr1

fL(overall) = m
where fr1 is the lower cutoff frequency of a single stage.

o The overall upper cutoff frequency shifts lower. The new upper cutoff frequency fr(overanr) is given by:

fH(overall) = fm V 2t/m —1

where fr1 is the upper cutoff frequency of a single stage.

Calculating Bandwidth Shrinkage Consider a single-stage RC coupled amplifier that has a lower cutoff frequency
fr1 = 40 Hz and an upper cutoff frequency fr; = 16 kHz. The bandwidth of this single stage is 16 kHz — 40 Hz ~
16 kHz.

Now, suppose we cascade two such identical stages (n = 2). We must calculate the shrinkage factor:

Factor = \/21/2 — 1 = v/1.414 — 1 = v/0.414 ~ 0.643

The overall cutoff frequencies for the two-stage amplifier become:

40 Hz
fL(overall) = m ~ 62.2 Hz

Fir(overaity = 16 kKHz x 0.643 ~ 10.288 kHz

The new overall bandwidth is approximately 10.288 kHz — 62.2 Hz ~ 10.22 kHz. As demonstrated, cascading the
two stages significantly increased the gain but shrunk the bandwidth from 16 kHz to roughly 10.2 kHz.

5.26.4 Gain-Bandwidth Product (GBW)

The trade-off between gain and bandwidth is mathematically formalized by the Gain-Bandwidth Product. For any
specific amplifier circuit configuration (like a Common Emitter stage), the product of its mid-band voltage gain and its
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bandwidth remains approximately constant.
Apia X BW = Constant (GBW)

If a circuit designer alters the components to increase the gain of a single stage, its bandwidth will inevitably
decrease proportionally. In a two-stage amplifier, the overall gain is the product of the individual gains, which is a
massive increase. Correspondingly, the overall bandwidth shrinks. While the mathematics for multiple stages is not a
simple linear product, the fundamental principle that higher gain compromises bandwidth remains absolute.

5.26.5 Bode Plot Representation

The frequency response of a two-stage RC coupled amplifier is best visualized using a Bode plot. This plot graphs the
voltage gain in decibels (20log;, |Ay|) on the y-axis against the frequency on a logarithmic scale on the x-axis.
Key features of the Bode plot for a two-stage amplifier include:

o Mid-band Region: A flat horizontal line corresponding to the maximum gain A,,;q in dB.

e Low-Frequency Roll-off: Below f, the curve drops. Because it is a two-stage amplifier, the asymptotic slope
of this drop is typically +40 dB/decade (assuming identical stage cutoff frequencies).

o High-Frequency Roll-off: Above [y, the curve drops again. The asymptotic slope here is typically
—40 dB/decade.

e Phase Response: While the gain magnitude plot is most common, the Bode plot also includes a phase curve.
In the mid-band, a two-stage amplifier provides a total phase shift of 360° (effectively 0°, since each CE stage
inverts by 180°). However, at frequencies near and beyond f7, and fp, the capacitors introduce additional leading
or lagging phase shifts. This means that low and high-frequency components of a complex signal are not just
attenuated, but also phase-shifted relative to mid-band frequencies, which can lead to phase distortion.

In conclusion, while cascading two RC coupled amplifier stages provides the necessary high voltage gain for practical
applications, it introduces significant limitations on the frequency response. The low-frequency response is restricted
by the coupling and bypass capacitors, while the high-frequency response is severely curtailed by internal transistor
capacitances amplified by the Miller effect. Understanding these constraints and the resulting bandwidth shrinkage is
critical in electronic amplifier design.

Start Gain Bandwidth And Gain Bandwidth Product

Analyze Gain Bandwidth And Gain Ban@w}é&h—pméae@

Yes

~

End

Figure 5.55: Flowchart for Gain Bandwidth And Gain Bandwidth Product (Diagram 34)
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Figure 5.56: Graph related to Effect Of Emitter Bypass Capacitor And Coupling Capacitor On Frequency Response
(Diagram 35)
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5.27 Hybrid Parameters

5.28 Two-Port Networks, h-parameters, and Equivalent Circuits

5.28.1 Introduction to Two-Port Networks

In electrical engineering and circuit analysis, complex networks are frequently analyzed by treating them as "black
boxes" with specific input and output terminals. This approach simplifies the study of large systems by focusing on the
relationship between the signals entering and leaving the network, rather than the intricate internal circuitry. The most
common framework for this kind of analysis is the two-port network model.

A "port" is defined as any pair of terminals where electrical signals can enter or exit. The fundamental rule of a
port is that the current entering one terminal must exactly equal the current leaving the other terminal of the same
port. A two-port network, therefore, has two separate pairs of terminals: one typically designated as the input port
(Port 1) and the other as the output port (Port 2).

Two-Port Network A two-port network is an electrical circuit or device with two pairs of terminals (an input port
and an output port). The behavior of the network is completely characterized by the relationships between four
key variables: the input voltage (1), the input current (I;), the output voltage (V2), and the output current (Is).

To analyze a two-port network, two of these four variables (Vi, I, Va, I2) are chosen as independent variables, and
the remaining two are treated as dependent variables. Depending on which variables are chosen as independent, we
can define different sets of parameters, such as Impedance (Z) parameters, Admittance (Y) parameters, Transmission
(ABCD) parameters, and Hybrid (h) parameters.

5.28.2 The Need for Hybrid (h) Parameters

While Z and Y parameters are incredibly useful for many passive network analyses, they present significant practical
challenges when dealing with active devices such as Bipolar Junction Transistors (BJTs). Measuring Z-parameters
requires leaving the input or output port completely open-circuited. Conversely, measuring Y-parameters requires
completely short-circuiting the input or output port.

In practice, creating a true open circuit at the input of a high-frequency transistor can lead to instability and
oscillations. On the other hand, creating a true short circuit at the output of a transistor with very high output
impedance is technically difficult to achieve accurately across a wide frequency range.

To overcome these practical limitations, Hybrid parameters (h-parameters) were introduced. The h-parameter
model relies on a mix of short-circuit and open-circuit conditions that align perfectly with the natural characteristics of
active devices. For a typical transistor, the input impedance is relatively low (making it easy to short-circuit), and the
output impedance is relatively high (making it easy to open-circuit).

The Hybrid Nature of h-Parameters h-parameters are termed "hybrid" because their physical dimensions are mixed.
Unlike Z-parameters (which are all measured in ohms) or Y-parameters (which are all measured in siemens),
h-parameters consist of one impedance, one admittance, one dimensionless voltage ratio, and one dimensionless
current ratio. This mixed-dimension approach offers a highly stable and practical method for characterizing
solid-state electronic devices.

5.28.3 Mathematical Definition of h-Parameters

In the h-parameter model, the input current (I;) and the output voltage (V%) are selected as the independent variables.
The input voltage (V1) and the output current (Iz) are treated as the dependent variables.
The relationship between these variables is expressed by the following system of linear equations:

Vi =hiilh + hi2Ve (5.28)
Iy = horlh + haa Vo (5.29)

This can also be represented conveniently in matrix form:

Vil |hi1 hi2| |1
l-’z] B lh21 h221 le] (5:30)
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The constants hy1, h12, ho1, and hgo are the h-parameters of the network. They completely define the linear electrical
behavior of the two-port black box under any external load or source conditions.

5.28.4 Derivation and Physical Significance

To determine the values of the four h-parameters for a given network, we strategically apply short circuits (V' = 0) and
open circuits (I = 0) to isolate each parameter. Let us explore the derivation, physical meaning, and units of each
h-parameter in detail.

1. Input Impedance (h11)

If we short-circuit the output port, the output voltage drops to zero (Vo = 0). The first equation simplifies to Vi = hq11;.
Solving for hi1, we get:

hiy = — (5.31)

Physical Meaning: This parameter represents the input impedance of the two-port network when the output terminals
are short-circuited.
Unit: Ohms (92).

2. Reverse Voltage Gain (h12)

If we open-circuit the input port, the input current drops to zero (I; = 0). The first equation simplifies to V; = hiaV5.
Solving for his, we get:

hig = — (5.32)

Physical Meaning: This parameter represents the ratio of the input voltage to the output voltage when the input
is an open circuit. It is a measure of how much of the output voltage "feeds back" or reflects into the input port.
Therefore, it is termed the reverse voltage gain or reverse voltage ratio.

Unit: Dimensionless.

3. Forward Current Gain (hs;)

Returning to the short-circuited output condition (Vo = 0), the second equation simplifies to Iy = ho1l;. Solving for
ho1, we get:

hoy = == (5.33)

Physical Meaning: This parameter represents the ratio of the output current to the input current when the output
is short-circuited. It defines the forward current transfer ratio or short-circuit forward current gain. This is perhaps the
most critical parameter in amplifier design, as it dictates the inherent amplifying capability of the device.

Unit: Dimensionless.

4. Output Admittance (ha2)

Finally, applying an open circuit to the input port again (I; = 0), the second equation simplifies to Iy = haaVa. Solving
for hoo, we get:
I

hoy = =2
22 ‘/2

(5.34)

=0
Physical Meaning: This parameter represents the admittance (the reciprocal of impedance) looking into the output

port when the input port is open-circuited.
Unit: Siemens (S) or Mhos (U).

Important / Warning

Measurement Constraints and High-Frequency Limitations While h-parameters solve many issues related to biasing
active components during testing, determining them at very high radio frequencies (RF) can still be problematic.
Parasitic capacitances and stray inductances can prevent a true short or open circuit from being realized at
high frequencies. At microwave frequencies, scattering parameters (S-parameters) are generally preferred over
h-parameters.
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5.28.5 The h-Parameter Equivalent Circuit

One of the most powerful aspects of characterizing a network with parameters is the ability to construct a generalized
equivalent circuit that perfectly mimics the original mathematical equations. For h-parameters, this equivalent circuit
provides a highly intuitive visual model of the network’s internal behavior.

Let’s dissect the two fundamental h-parameter equations to build this circuit:

e Input Circuit Formulation: The equation V; = hi11; 4+ h12V5 is fundamentally an expression of Kirchhoff’s
Voltage Law (KVL). It states that the total input voltage V; is the sum of two voltage drops. The term hyil;
represents the voltage drop across a series resistor (or impedance) of value hy;. The term hiaVa represents a
voltage derived from the output port. In a circuit model, this must be represented by a dependent voltage source,
specifically a voltage-controlled voltage source (VCVS), whose value depends on the output voltage V5.

e Output Circuit Formulation: The equation Is = ho1l; 4+ hos Vs is an expression of Kirchhoff’s Current Law
(KCL). It indicates that the total output current Iy splits into two parallel branches. The term ho1 I is a current
driven by the input port, which requires a current-controlled current source (CCCS) in the model. The term
hoo V5 represents the current flowing through a parallel admittance of value hoo (or a parallel impedance of 1/hasg).

Thévenin-Norton Interpretation The h-parameter equivalent circuit beautifully marries two fundamental network
theorems. The input side operates as a Thévenin equivalent circuit, featuring a series impedance (h11) and a
dependent series voltage source (h12V2). Concurrently, the output side operates as a Norton equivalent circuit,
featuring a parallel admittance (hg2) and a dependent parallel current source (ha1l1). The two sides remain
physically isolated in the diagram but are coupled together mathematically via the dependent sources.

When drawing the equivalent circuit:
1. At Port 1, we draw a resistor hi; in series with a voltage source hi2 V5.
2. At Port 2, we draw a current source hs1l; in parallel with an admittance hos.
3. The coupling between the input and output is purely functional—the input voltage is influenced by the output
voltage, and the output current is dictated by the input current.
5.28.6 Applications of h-Parameters in Transistor Modeling

The h-parameter equivalent circuit is synonymous with the small-signal low-frequency analysis of Bipolar Junction
Transistors (BJTs). Because transistors are actively used as amplifiers, engineers rely heavily on this equivalent circuit
to calculate crucial performance metrics like voltage gain, current gain, input impedance, and output impedance.

To align with standard IEEE conventions for transistors, the numerical subscripts in the h-parameters are commonly
replaced by letter subscripts indicating the parameter type and the transistor configuration (Common-Emitter,
Common-Base, or Common-Collector).

For a Common-Emitter (CE) configuration, the parameters are denoted as follows:

e hje = hq1: Short-circuit input impedance.

¢ hre = h12: Open-circuit reverse voltage transfer ratio.

e hge = ho1: Short-circuit forward current gain (also widely known as 8 or hpg for DC).
e hoe = hog: Open-circuit output admittance.

In standard amplifier design, the parameter h,. is often so small (typically around 10~%) that the reverse feedback
effect is practically negligible. Additionally, h,. is usually very small (meaning the output impedance 1/h,, is very
large), so it can often be treated as an open circuit in parallel with the load. Ignoring h,. and hee yields the simplified
h-parameter model, which greatly accelerates hand calculations without a significant loss in accuracy.

Transistor Current Gain Calculation using h-parameters Suppose a BJT operating in a common-emitter configu-
ration has the following h-parameters provided by its datasheet: hje = 1.1 kQ, hye = 2.5 x 1074, h te = 50, and
hoe = 2511 S.

The transistor is connected to a load resistor Ry, = 4 k2. To find the exact operating current gain (A; = I,/ =
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—Iy/1;), we use the formula derived from the h-parameter equivalent circuit. Notice that I, = —I5 because the
output current I is defined as flowing into the output port, while load current flows out into the load.

From the output node KCL equation: Iz = hyeli + hoeV2

Since Vo = —I3Ry,, we substitute this back: Io = hfeli + hoe(—I2RL)

I + IQhoeRL = hfell

12(1 + hoeRL) = hfefl

Solving for the current gain ratio:

A — I  —hye
;= =
I 1+ hoe Ry,
Substituting the given values:
A — —50
"1+ (25 x 1076 S) x (4000 Q)
—50 —50
; — = —~ —454
‘1401 1.1 045

The resulting current gain is approximately 45.45. The negative sign reflects the inherent 180-degree phase shift
between the input base current and the output collector current in a common-emitter amplifier.

5.28.7 Summary and Conversions

The h-parameter model is a versatile mathematical and conceptual framework that facilitates robust circuit analysis.
While especially dominant in the realm of solid-state electronics, h-parameters are entirely general and can describe
any linear time-invariant two-port network.

Furthermore, because all two-port parameter sets describe the exact same physical system, h-parameters can be
mathematically converted into Z, Y, or ABCD parameters, and vice versa. For instance, the h-parameters can be
expressed in terms of Z-parameters using determinants: hij; = %—QZQ, hig = %3’ ho1 = —%;, and hoy = %22, where
AZ = Z11Zo9 — Z12Z51. This mathematical fluidity highlights the unified nature of two-port network theory, allowing
engineers to switch to whichever parameter set best suits their immediate analytical or experimental needs.
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5.29 Hybrid (h) Parameters for Transistor Amplifiers

When analyzing the performance of a transistor in small-signal applications, it is essential to model the transistor using
an equivalent linear circuit. A bipolar junction transistor (BJT) is fundamentally a non-linear device, meaning the
relationship between its currents and voltages is not a simple straight line. However, if the variations in applied signals
(voltages and currents) are sufficiently small compared to the DC operating biases, the transistor behaves linearly. We
restrict our analysis to these small-signal variations around a fixed, stable quiescent (Q) operating point.

Among the various modeling techniques available to engineers—such as the r. model, hybrid-m model, and z or y
parameters—the hybrid parameter (h-parameter) model stands out. It is extensively utilized in low-frequency analyses
because of its rigorous accuracy and the fact that h-parameters can be directly and easily measured in a laboratory
environment using standard instruments. Manufacturers frequently provide h-parameters on transistor datasheets,
making them highly accessible for practical design.

5.29.1 The Two-Port Network Approach

To analyze an electronic component using network theorems, it is beneficial to conceptualize the component as a “black
box” with input and output connections. A bipolar junction transistor can be modeled as a two-port network. A port
consists of a pair of terminals through which a signal can enter or exit. Since a BJT is a three-terminal device (having
an Emitter, Base, and Collector), one of these terminals must be shared between the input port and the output port.
The shared terminal determines the configuration of the amplifier: Common Emitter (CE), Common Base (CB), or
Common Collector (CC).

In a generalized two-port network, the input voltage and current are denoted as v; and 1, respectively. The output
voltage and current are denoted as vo and i9. The interactions and relationships between these four variables govern
the behavior of the network. We can express these relationships in several mathematical forms, but the hybrid model
specifically selects the input current (i;) and the output voltage (v2) as the independent variables. Consequently, the
input voltage (v1) and output current (i2) become the dependent variables.

Hybrid (h) Parameters The hybrid parameters, or h-parameters, define the linear relationship between the port
voltages and currents in a two-port network through a pair of simultaneous algebraic equations:

v1 = hy1i1 + higva (5.35)
ig = ho171 + hogvo (5.36)

These parameters are termed “hybrid” because they do not share a common unit of measurement. They represent
a mixture of dimensions, encompassing impedance, admittance, and dimensionless transfer ratios.

5.29.2 Physical Meaning and Measurement of h-parameters

To truly grasp the significance of each h-parameter and understand how they are measured, we can apply specific
boundary conditions to the two-port network. This involves either open-circuiting or short-circuiting specific ports:

e hi1 (Input Impedance with Output Short-Circuited): By setting the AC output voltage to zero (vy = 0),
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which physically means short-circuiting the output port, we obtain hy; = ;’—11 The unit of k1 is Ohms (). It
represents the resistance looking into the input terminals when the output is shorted.

o hi2 (Reverse Voltage Transfer Ratio with Input Open-Circuited): By setting the AC input current to
zero (i3 = 0), which means open-circuiting the input port, we obtain hjs = Z—; This parameter is a dimensionless
ratio. It indicates the fraction of the output voltage that feeds back to the input, reflecting the internal feedback

inherent in the transistor.

o h9; (Forward Current Transfer Ratio with Output Short-Circuited): By setting the output voltage to

zero (vy = 0), we obtain hgy = % This parameter is also a dimensionless ratio. It is arguably the most crucial

parameter as it dictates the current amplification capability of the device, often referred to simply as the current
gain (like B4 or hge in common-emitter configurations).

e hg2 (Output Admittance with Input Open-Circuited): By open-circuiting the input port (i = 0), we

obtain hgo = 2. The unit is Siemens (S) or Mhos (U). It represents the admittance (the reciprocal of impedance)

looking back into the output terminals.

5.29.3 Nomenclature for Transistors

Because referring to numerical subscripts can become confusing when dealing with multiple configurations, IEEE
standards recommend a standardized letter-based nomenclature for BJT h-parameters. The numeric subscripts are
replaced by letter subscripts that indicate the physical nature of the parameter and the specific transistor configuration
in use.

The first letter describes the parameter type:

o i: Input impedance (h1; — h;)

o r: Reverse voltage transfer ratio (hia — hy)

o f: Forward current transfer ratio (ho; — hy)

o 0: Output admittance (hag — hy)

The second letter identifies the transistor configuration:
o e: Common Emitter (CE)

e b: Common Base (CB)

e ¢: Common Collector (CC)

Thus, hy. represents the forward current transfer ratio in a common emitter configuration, while h;, represents the
input impedance in a common base configuration.

Typical Values for h-parameters The magnitude of h-parameters varies drastically depending on the transistor
configuration. For a standard low-power, general-purpose NPN transistor biased at I = 1 mA, the typical values
are:

« Common Emitter: ;e ~ 1 kQ, hye = 2.5 x 1074, hye = 50 to 200, he ~ 25u S.
« Common Base: hj, ~ 20 Q, hyy ~ 3 x 1074, hpy, & —0.99, by, &~ 0.5 S.
e Common Collector: h;. ~ 1 kQ, hy.. = 1, hf. =~ =50, hoe = 254 S.

Understanding these typical ranges helps engineers quickly identify the characteristics of a specific configuration,
such as the extremely low input impedance of the CB amplifier or the high current gain of the CE amplifier.

5.29.4 The h-parameter Equivalent Circuit

A major strength of the h-parameter model is that the governing mathematical equations can be directly synthesized
into an electrical equivalent circuit. This circuit serves as a direct replacement for the BJT symbol in AC small-signal
schematics, allowing the use of standard circuit analysis techniques like Nodal and Mesh analysis.

Let us examine the input equation: v; = hy1i1 + hiove. This equation perfectly mirrors Kirchhoff’s Voltage Law
(KVL) around a closed loop. It signifies an input voltage v; being dropped across an input resistance hi; and an
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opposing voltage source hiove. Therefore, the input side of the transistor is modeled as a resistor (hj; or h;) in series
with a Voltage-Controlled Voltage Source (VCVS) whose value is h,va.

Now, let us examine the output equation: io = ho1i1 + hosve. This equation embodies Kirchhoff’s Current Law
(KCL) at a node. The total output current iy is the sum of a generated current hoii; and a current flowing through an
admittance hay (due to the voltage vy). Therefore, the output side is modeled as a Current-Controlled Current Source
(CCCS) whose value is hyiy, situated in parallel with an output conductance h,.

Combining these two distinct models yields the comprehensive small-signal equivalent circuit of the BJT.

Important / Warning

Limitations of the h-parameter Model While exceptionally useful, engineers must remain mindful of the model’s
limitations:

1. Frequency Constraints: The standard h-parameter model assumes real values (pure resistors, no capacitors
or inductors). Therefore, it is strictly a low-frequency model. At higher frequencies, the internal junction
capacitances of the BJT introduce significant phase shifts and reactive impedance, rendering real h-parameters
inaccurate. High-frequency analysis demands complex parameter models or the Hybrid-7= model.

2. Bias Dependency: h-parameters are extremely sensitive to the chosen DC quiescent operating point
(specifically Ic and Vog). A change in DC bias necessitates a complete recalculation of the parameters.

3. Temperature Sensitivity: Like all semiconductor properties, h-parameters drift with changes in ambient
temperature.

5.29.5 Amplifier Performance Analysis using h-parameters

By embedding the h-parameter equivalent circuit within a complete amplifier schematic—which includes an AC signal
source with an internal resistance Rg, and an output load resistance Ry—we can rigorously derive mathematical
expressions for the amplifier’s fundamental performance metrics: Current Gain (A;), Input Resistance (R;), Voltage
Gain (A,), and Output Resistance (R,).

In this standardized analysis framework, the load is connected directly across the output port such that the output
voltage is v9 = —ioRy. The negative sign arises because the defined direction of iy is entering the port, whereas it flows
out through the load resistor.

1. Current Gain (4;)

Current gain is defined as the ratio of the output load current to the input signal current.

;
Aj=-=2
11

From the fundamental output equation iz = hyriy + hove2, we substitute vo = —igRy:

19 = hfil — hoio Ry,

Factoring out io on the left side:
19 + holo Ry, = hfil
ig(l + hORL) = hfil
h
A= —F
14+ hoRyp,
This pivotal equation reveals that the actual current gain depends not only on the transistor’s forward transfer ratio
(hf) but also on the external load Ry, and the output admittance h,.

2. Input Resistance (R;)

Input resistance is the equivalent resistance presented by the amplifier to the signal source, looking into the input
terminals. v
Ri=—
1
We substitute the fundamental input equation v1 = h;i1 + h,vs:

—hii1+hTU2—h-—|—h v2
- . - (2 (s

R; .
1 11
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Knowing that vy = —is Ry, and io = A;i1, we can write vo = —A;i1 Ry

&=m—m(&mh)
i

R; = h; — h, A; Ry,
Substituting the expanded expression for A; provides a direct calculation:

hehsRy,

R,=h; — ————
1+hoRL

3. Voltage Gain (A,)
Voltage gain is defined as the ratio of output signal voltage to input signal voltage.

V2
Ay =2
U1

We can express this in terms of the previously derived current gain and input resistance:

Vo = —igRL and v = ilRi
Aol ()
ZlRZ’ 11 Rz‘
Ry,
Ay =—Ai—
R;

By substituting the full equations for A; and R;, an extended formula is formed:

—hRp,
A, =
h; + (hiho — hrhf)RL

Letting Ah = (hijho — hyhy) represent the determinant of the h-parameter matrix:

A — —hsRp,
v h; + AhRy,

4. Output Resistance (R,)

Output resistance is the resistance seen looking back into the output terminals of the amplifier. To calculate it, the
independent signal source voltage (Vs) is set to zero, and the load resistance (Ry) is temporarily removed. A fictitious
test voltage v9 is applied at the output, generating a test current i5. By rigorously applying these conditions, including
the external source resistance Rg, the output resistance is defined as:

Ro = U_2
22 lyg=0

The mathematical derivation yields the output admittance Y,:

1 hehy
Yo= 5 =ho— —F—
Ro hz+RS

Therefore, R, is simply the reciprocal of Y.

Performance Calculation using CE h-parameters Problem Statement: A common-emitter amplifier circuit
employs a transistor with the following h-parameters measured at its operating point: hje = 1.1 k€, hy.e = 2.5x107%,
hte =50, and hoe = 25p A/V. The connected load resistance Ry, is 10 k2. Calculate the exact current gain (A;)
and input resistance (R;).

Solution: Step 1: Calculate the exact Current Gain (A4;) The formula for current gain is:

o hye
| + hoe Ry,
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Substitute the known parameters into the equation:

50

A=
1+ (25 x 10-6)(10 x 103)

50 50

A; = = =40
14025 1.95

Thus, the current gain is 40.
Step 2: Calculate the Input Resistance (R;) The formula for input resistance is:

R; = hje — hye AiRL
Using the previously calculated A; = 40 and substituting the remaining values:
R; = 1100 — (2.5 x 107%)(40)(10 x 10%)

R; = 1100 — (2.5 x 10~%)(400, 000)
R; = 1100 — 100 = 1000 © = 1 kQ

The input resistance is exactly 1 k(2.

\.

5.29.6 Approximations in Practical h-parameter Analysis

While exact formulas are indispensable for rigorous analysis, practical engineering design frequently relies on strategic
approximations to simplify calculations without sacrificing significant accuracy.

A careful review of typical parameter values (such as h,. ~ 10~% and hee ~ 10_5) reveals that certain terms in the
complex equations exert a negligible influence on the final result, especially when operating within standard bounds
(like moderate load resistances). We can make two standard approximations:

1. Neglect Reverse Voltage Feedback: Because h,. is exceedingly small, the voltage feedback term h,.vo in the
input equation is often negligible compared to the voltage drop across the input impedance hjei1. Setting hye = 0
completely removes the dependent voltage source from the input side of the equivalent circuit.

2. Neglect Output Admittance: Because h,. is very small, its corresponding parallel resistance (1/hee = 40 kQ2)
is typically much larger than the load resistance Rj. Consequently, very little current diverts through hy.. Setting
hoe & 0 represents an open circuit, effectively removing the parallel resistor from the output side of the equivalent
circuit.

Implementing these approximations drastically simplifies the fundamental equations to:
v = hiil
i2 ~ hf’il

This results in wonderfully streamlined performance equations:

« Approximate Current Gain: A; =~ hy (The actual current gain is nearly equal to the internal forward transfer
ratio).

o Approximate Input Resistance: R; ~ h; (The input resistance is almost completely determined by the
internal input impedance).

o Approximate Voltage Gain: A, = —Ai% ~ —hf}f

These simplified formulas are the backbone of rapid prototyping and manual circuit design. They allow an engineer
to estimate an amplifier’s behavior on the back of an envelope, typically yielding results that are within 5% to 10% of
the complex, exact mathematical derivations. As shown in our previous examplebox, A; without approximation was 40,
while the approximate hy. was 50. The approximation captures the magnitude, but the exact formula is crucial when

precision is required.

5.29.7 Determining h-parameters from Characteristic Curves

Because h-parameters vary depending on the transistor’s operating conditions, manufacturers can only provide datasheet
values for a few standardized operating points. If an engineer is using a unique bias point, they must determine the
parameters empirically using the transistor’s characteristic curves.
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Determining Input Parameters (hje, hye): These are derived from the input characteristic curve, which plots
Base Current (Ip) against Base-Emitter Voltage (Vpg) for various fixed values of Collector-Emitter Voltage (Vo).

o hie = AAL}B; ’VCE:constant' This is physically the reciprocal of the slope of the input curve at the operating point.
o Npe = ﬁ\‘%g | I5—constant” This is measured by observing the horizontal shift in the input curve when the Vo

setting is altered slightly.

Determining Output Parameters (hy., ho): These are derived from the output characteristic curve, which
plots Collector Current (I¢) against Collector-Emitter Voltage (Vog) for various fixed values of Base Current (Ip).

o hfe= ﬁ%|VCE:constant' This requires determining the vertical spacing (Alx) between two adjacent constant-Ip

curves for a specific Vog.

o hpe = ﬁICCE] Ip—constant” This represents the slope of the output characteristic curve in the active region at the

Q-point. Because these curves are nearly flat, the slope is very small, confirming that h,. is typically a small
value.

This graphical derivation underscores the dynamic nature of h-parameters and emphasizes why designing for stable
DC bias points is critical for predictable AC amplification.
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5.30 Transistor Amplifier Parameters using h-parameters

The analysis of transistor amplifiers requires a robust mathematical model to evaluate their performance characteristics
accurately. For low-frequency, small-signal operation, the hybrid parameter (h-parameter) model is the most widely
adopted approach. By substituting the transistor with its equivalent two-port h-parameter circuit, we can determine
crucial amplifier parameters: Current Gain (4;), Input Resistance (R;), Voltage Gain (A,), Output Resistance (R,),
and Power Gain (Ap). In this section, we present the final mathematical expressions for these parameters without
derivations, focusing on their physical significance, application, and practical approximations.

The Generalized Amplifier Model When a transistor is replaced by its two-port h-parameter equivalent circuit,
the entire amplifier can be viewed as a black box connected to a signal source (with an internal resistance
R;) at the input and a load resistor (Ry) at the output. The generalized equations apply to any transistor
configuration (Common Emitter, Common Base, or Common Collector) by simply substituting the corresponding
set of h-parameters (e.g., Rie, hfe, Pre; hoe for Common Emitter).

5.30.1 Current Gain (4;)

Current Gain (A;) Current gain is defined as the ratio of the load current (output current, 1) to the input current
(I1) of the amplifier. It indicates the factor by which the input current is amplified.

The exact expression for the current gain using h-parameters is given by:

_hf

A = 5.37
1+ Ry, (5:37)

Here, the negative sign indicates that the output current flows in the opposite direction to the standard two-port
network convention (where both currents are assumed to flow into the network). The parameter hs represents the
forward current gain of the transistor with the output short-circuited. The term (14 h,Rz) in the denominator accounts
for the fraction of current lost through the output admittance (h,) of the transistor. If the load resistance Ry, is very
small, the output is nearly short-circuited, and the current gain is maximum (A; =~ —hys). As the load resistance Ry,
increases, more current is shunted internally through the output admittance h,, reducing the overall current delivered
to the load.

5.30.2 Input Resistance (R;)

Input Resistance (R;) Input resistance is the equivalent resistance seen by the signal source looking into the input

terminals of the amplifier. It determines how much current the amplifier will draw from the source for a given
applied input voltage.
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The exact expression for the input resistance is:
R; = h; + h,A; Ry, (5.38)

Alternatively, substituting the expression for A;, we can write:

hyh, Ry,
R, =h; — T+ hoR, (5.39)
This formula highlights an important characteristic of practical transistor amplifiers: the input resistance is not merely
a constant property of the transistor (represented by h;) but is dependent on the external load resistance (Ry). This
interdependence occurs because the output voltage variations affect the input circuit through the reverse voltage
transfer ratio (h,). However, in practical configurations, particularly the Common Emitter, the value of h, is extremely
small. Therefore, the second term is often negligible, making R; largely dependent on the intrinsic parameter h;.

5.30.3 Voltage Gain (A4,)

Voltage Gain (A,) Voltage gain is the ratio of the output voltage across the load to the input voltage applied at
the amplifier terminals. It is a primary measure of the amplifier’s ability to amplify a signal voltage.

The voltage gain can be expressed simply in terms of the current gain and the input resistance:

AiRL
Ay, = 5.40
- (5.40)
Substituting the exact expressions for A; and R;, the detailed formula is:
A, —hyfi (5.41)

" hi + (hiho — hehyg) Ry,

The expression Ah = (hjho — hyhy) is known as the determinant of the h-parameter matrix. Thus, the equation is
frequently written as A, = %. The negative sign in the A, formula (specifically for a Common Emitter amplifier
where hy¢ is positive) indicates a 180° phase shift between the input and output voltages. For a given transistor, the
voltage gain generally increases as the load resistance Ry increases, but it is ultimately limited by the transistor’s

internal parameters and the corresponding increase in input resistance.

5.30.4 Output Resistance (R,)

Output Resistance (R,) Output resistance is the resistance seen looking back into the output terminals of the

amplifier when the independent input signal source is deactivated (voltage source short-circuited, current source
open-circuited), while its internal resistance (Rs) remains connected.

It is often easier to first define the output admittance (Y,), which is the reciprocal of the output resistance
(Ro =1/Y,). The exact expression for Y, is:

hyh,
Yo=ho— —— 5.42
o o hz + RS ( )
Therefore, the output resistance is:
1 h; + R
R, = L — it M (5.43)

Y,  ho(hi + Rs) — hyh,

Just as the input resistance depends on the load resistance, the output resistance depends on the source resistance
(Rs). This bilateral nature of the transistor demonstrates that conditions at the input affect the output characteristics
and vice versa. If the source resistance is very large (Rs — 00), the output admittance approaches h,, and the output
resistance approaches 1/h,.

5.30.5 Power Gain (4,)
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Power Gain (A,) Power gain is the ratio of the AC signal power delivered to the load to the AC signal power
supplied to the input terminals of the amplifier.

Assuming the load and input impedances are purely resistive, the power gain is simply the product of the magnitudes
of the voltage gain and the current gain:

Ap = [Ay| - A4 (5.44)
Substituting A, = Aj?f%, we can also express the power gain as:
ARy, A2R;
Ap = ?Riz or Ap = _;éiLl (545)

Power gain is a critical parameter in the design of multi-stage amplifiers, particularly in the final stages (power
amplifiers) where delivering maximum real power to a load (like a loudspeaker or an antenna) is the primary objective
rather than just voltage amplification.

5.30.6 Approximate Analysis of Transistor Amplifiers

While the exact formulas provide precise values, they are often cumbersome for quick hand calculations and initial
circuit design. Fortunately, practical transistors possess parameter values that allow for significant mathematical
simplifications without introducing substantial errors.

For a typical transistor in a Common Emitter (CE) configuration, the typical parameter values are roughly:

o hie = 1KkQ to 2 k2
o hyfe =~ 50 to 200
o hye ~107* (extremely small, often considered negligible)

o hoe =~ 1075 A/V or Siemens (very small, equivalent to a large parallel resistance)

Important / Warning

Validity of Approximations Approximations are generally valid only when the load resistance Ry, is reasonably
small (typically less than 10 k2) such that the condition h,.R; < 1 holds true. If Ry, is very large (e.g., in active
load configurations or tuned circuits), the exact formulas must be used. Furthermore, these simplified equations
are primarily accurate for the Common Emitter configuration and may yield unacceptably large errors if carelessly
applied to Common Base or Common Collector circuits without verifying the parameter magnitudes.

\. J

Because h,. is extremely small, the reverse voltage feedback from output to input is negligible. Because h is
also very small, the internal shunt path at the output draws negligible current compared to standard load resistors.
Applying these conditions (h,e =~ 0 and he =~ 0), the complex exact formulas reduce to highly intuitive approximate
equations:

1. Approximate Current Gain (A;): Since h, R, < 1, the denominator (1 + h,Ry) approaches 1.

This indicates that the current gain is practically independent of the load and is approximately equal to the transistor’s
short-circuit forward current gain parameter.
2. Approximate Input Resistance (R;): Since h, ~ 0, the second term in the exact equation (h,A; Ry ) vanishes.

RZ' =~ hl (5.47)

The input resistance is approximately equal to the transistor’s input impedance parameter, effectively isolating it from
variations in the load resistance.

3. Approximate Voltage Gain (A,): Substituting the approximate values of A; and R; into the general voltage
gain formula (A, = A;R1/R;):

—hsRp,
A, ~
v hZ

This is perhaps the most frequently used equation in basic amplifier design. It clearly shows that voltage gain is directly
proportional to the load resistance and the forward current gain, and inversely proportional to the input resistance.

(5.48)
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4. Approximate Output Resistance (R,): With A, = 0, the exact equation for output admittance simplifies to
Y, =~ h,.

R, ~ or generally considered =~ oo (5.49)

|-

For practical low-frequency amplifiers, the effective output resistance of the amplifier stage is predominantly determined
by the external collector resistor (R¢) placed in parallel with the transistor output, rather than the transistor’s internal
R, because 1/h, is typically much larger than R¢.

Practical Parameter Calculation Consider a Common Emitter amplifier circuit utilizing a transistor with the
following h-parameters: h;e = 1.1 kQ, hy, = 50, hye = 2.5 X 1074, and hye = 25uA/V. The amplifier drives a load
resistance Ry, = 2 k() and is fed by a source with an internal resistance Ry = 1 k).

Let us calculate the approximate parameters first:

. A’L ~ —hfe = —50
e Ry~ h;e=1.1KkQ

~ —hfeRr _ —50x2000 _
o A, ~ == = -90.9

Now, let us calculate the exact parameters to observe the deviation:

o —hye —50 _ =50 _
o A= T+hoeRr,  1+(25x10-6)(2000) _ 1+0.05 47.6

o Ri = hie + hre ARy, = 1100 + (2.5 x 1074)(—47.6)(2000) = 1100 — 23.8 = 1076.2 Q)

_ A;Rp _ —47.6x2000 _
o Ay =Tk = —orn o = 884
e Output Admittance Y, = hoe — hﬁij%fs = 254 — % = 251 — 5.95u = 19.05u8S.
N R B
ThUS, RO =y, = 19.05u 52.5 k€.

A comparison shows that the approximate formulas provide results that are within 5% to 10% of the exact values.
For many engineering applications, this level of accuracy is entirely sufficient, justifying the widespread use of the
approximate models in initial design and analysis phases.

\. /

5.30.7 Summary of Configuration Dependencies

It is vital to recognize that the actual numerical values of A;, R;, Ay, and R, vary drastically depending on the chosen
transistor configuration, even though the same generalized exact and approximate formulas apply.

o Common Emitter (CE): Offers high voltage gain and high current gain. Input resistance is moderate (typically
around 1 k), and output resistance is moderately high (tens of k). Because it provides both voltage and
current gain, it yields the highest power gain. It is the most versatile configuration, universally used for cascaded
intermediate amplification stages.

o Common Collector (CC) / Emitter Follower: Characterized by a remarkably high input resistance (tens
to hundreds of kQ2) and very low output resistance (tens of ohms). The voltage gain is slightly less than unity
(A, =~ 1), but the current gain is high. This makes it an ideal impedance matching network or buffer amplifier to
prevent loading effects between stages.

o Common Base (CB): Features a very low input resistance (tens of ohms) and extremely high output resistance
(hundreds of kQ to M2). The current gain is slightly less than unity (A; &~ —1), but it provides high voltage gain.
It is frequently utilized in high-frequency applications and as a constant current source due to its exceptionally
stable characteristics and minimal Miller capacitance effect.

By mastering both the exact formulas and their practical approximations, one gains the ability to rapidly analyze
and design transistor amplifier circuits, predicting their behavior with a high degree of confidence across varying load
and source conditions.
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5.31 Applications of Diodes and Transistors

5.32 Wave Shaping and Voltage Multiplier Circuits

Wave shaping circuits are fundamental building blocks in electronic systems, used to alter the shape of alternating
current (AC) signals to suit specific applications. Among the most common wave shaping circuits are clippers and
clampers, which utilize the non-linear switching characteristics of diodes to modify the input waveform. In addition
to wave shaping, diode-capacitor networks can be arranged in specific topologies to multiply the peak input voltage,
creating high direct current (DC) voltages from lower AC sources without the need for bulky step-up transformers.
This comprehensive section explores the different types of clipper and clamper circuits, as well as voltage multipliers,
detailing their operation principles, circuit configurations, mathematical analysis, and practical applications in modern
electronics.

5.32.1 Clipper Circuits

Box[Clipper Circuit] A clipper (often referred to as a limiter, slicer, or amplitude selector) is an electronic circuit

that prevents a signal from exceeding a predetermined voltage level without distorting the remaining part of the
applied waveform. It effectively "clips" off a specific portion of the input signal while leaving the rest intact.

Clippers are widely used in analog and digital systems to protect sensitive components from dangerous voltage
spikes, create specific waveform shapes (such as converting a sine wave into a pseudo-square wave), and establish strict
amplitude limits for communication signals. Based on the position of the diode relative to the load resistor, clipper
circuits are broadly classified into two primary categories: series clippers and shunt (parallel) clippers.

Series Clippers

In a series clipper configuration, the diode is connected in series with the load. The clipping action occurs when the
diode becomes reverse-biased, effectively acting as an open switch and preventing the input signal from reaching the
load.

e Positive Series Clipper: The diode is oriented such that its cathode faces the input and its anode faces the
load (or vice versa depending on the ground reference). It is forward-biased during the negative half-cycle and
reverse-biased during the positive half-cycle. As a result, the positive portion of the input waveform is completely
clipped off, and only the negative portion appears at the output.

e Negative Series Clipper: By reversing the diode orientation, the diode becomes forward-biased during the
positive half-cycle and reverse-biased during the negative half-cycle. The negative portion of the waveform is
blocked, resulting in a positively pulsating output.

Series Clipper Operation

Consider a sinusoidal input voltage V;,,(t) = 15sin(wt) applied to a negative series clipper. Assuming an ideal
diode model (zero forward voltage drop):

1. During the positive half-cycle (V;,, > 0), the diode is forward-biased and acts as a short circuit. The output
voltage precisely follows the input: V,,+ = Vj,. The peak output voltage is +15V.

2. During the negative half-cycle (V;, < 0), the diode is reverse-biased and acts as an open circuit. No current
flows through the load resistor, resulting in V,,; = 0V.

If a practical silicon diode is used, the output during the positive half-cycle would be V,,; = V;,, — 0.7V, and the
peak output voltage would be +14.3V.

\

Shunt (Parallel) Clippers

In a shunt clipper, the diode is connected in parallel with the load. The clipping action occurs when the diode is
forward-biased, acting as a short circuit across the load and dropping the output voltage to the diode’s forward voltage
drop (or zero, ideally).
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o Positive Shunt Clipper: The diode’s anode is connected to the signal line and its cathode to ground. It
conducts during the positive half-cycle, shorting the load and clipping the positive peak. During the negative
half-cycle, the diode is reverse-biased (open circuit), allowing the signal to pass directly to the output.

o Negative Shunt Clipper: The diode’s orientation is reversed (cathode to signal line, anode to ground). It
conducts during the negative half-cycle, clipping the negative peak and allowing the positive half-cycle to reach
the load unimpeded.

Concept The fundamental operational difference between series and shunt clippers lies in the diode’s state during
the clipping action. In series clippers, clipping occurs when the diode is OFF (reverse-biased). In shunt clippers,
clipping occurs when the diode is ON (forward-biased).

Biased Clippers and Dual Clippers

In many practical applications, it is necessary to clip a waveform at a specific arbitrary voltage level other than zero.
This is achieved by introducing a DC bias voltage (Vp) in series with the diode.

« Biased Clippers: A DC battery alters the reference level at which the diode turns on or off. For example, in a
positive biased shunt clipper with a battery Vp connected in series with the diode, the diode will only conduct
when the input voltage exceeds Vi + Vp (where Vp is the diode forward voltage). Consequently, the signal is
clipped only above this specific threshold, leaving the rest of the positive peak and the entire negative peak intact.
By reversing the battery polarity, the clipping level can be shifted below zero.

o Dual (Combinational) Clippers: By combining two parallel diode-battery networks with opposite polarities,
the circuit can clip both the positive and negative peaks at completely independent voltage levels. This
configuration is frequently referred to as a "slicer" circuit, because it essentially slices out a specific middle
horizontal segment of the waveform. If a large sine wave is passed through a tight dual clipper, the output heavily
resembles a square wave.

Practical Diode Limitations and Zener Clippers

When designing standard p-n junction clipper circuits, one must rigidly account for the diode’s forward voltage
drop (typically 0.7V for silicon and 0.3V for germanium). In a positive shunt clipper, the output does not clip
exactly at OV, but rather at +0.7V. For precision clipping without batteries, Zener diodes are often employed
back-to-back. A Zener diode can clip a signal at its Zener breakdown voltage (Vz) in one direction and at its
forward voltage (0.7V) in the other direction.

\.

5.32.2 Clamper Circuits

While clippers remove a portion of the signal, clampers manipulate the signal’s reference baseline.

Box[Clamper Circuit] A clamper (also known as a DC restorer or DC inserter) is a network constructed of a diode,

a resistor, and a capacitor that shifts an entire waveform to a different DC level without altering its fundamental
shape or peak-to-peak amplitude.

Clamper circuits essentially act as a voltage translator. The capacitor charges to the peak voltage of the input signal
and subsequently acts like a constant battery in series with the input voltage. The resistor provides a high-resistance
discharge path to prevent the capacitor from losing its charge too quickly between cycles.

Working Principle of a Clamper

The proper operation of a clamper relies heavily on the RC time constant (7 = R x C'). This time constant must be
significantly larger than the time period of the input signal (7"), typically 7 > 107". This ensures the capacitor holds its
charge steadily during the half-cycles when the diode is reverse-biased.

» Positive Clamper: The diode is connected in parallel with the load, pointing "upwards" (anode to ground,
cathode to signal line). During the initial negative half-cycle, the diode is forward-biased, effectively connecting



https://milav.in

the right side of the capacitor to ground. The capacitor rapidly charges to the peak input voltage (V;,,) with a
polarity that adds to the input signal. Once charged, the diode turns off. For all subsequent cycles, the output is
Vout = Vin + Vin. The entire waveform is shifted upwards, such that its negative peak rests at approximately 0V.

o Negative Clamper: The diode points "downwards" (cathode to ground, anode to signal line). The capacitor
charges during the positive half-cycle, developing a voltage that opposes the input. The output equation becomes
Vout = Vin — Vi, shifting the waveform downwards so that its positive peak rests exactly at OV.

Designing a Positive Clamper

Suppose a square wave input signal oscillates between +5V and —5V (a peak-to-peak voltage of 10V) at a frequency
of 1kHz (T = 1ms). This signal is applied to a positive clamper. During the first negative half-cycle (=5V), the
diode is forward-biased. The capacitor charges to 5V. For the rest of the operation, the capacitor acts as a +5V
DC source in series with the input.

e When V;;, = =5V, Voue = =5V +5V = 0V.
e When V;;, = +5V, Vot = +5V + 5V = +10V.

The output waveform now oscillates between 0V and +10V. The 10V peak-to-peak amplitude is perfectly preserved,
but the DC average (baseline) has been shifted from 0V to +5V.

\

Biased Clampers

Just as with clippers, a DC voltage source can be added in series with the clamper’s diode to arbitrarily shift the
clamping reference level. For instance, a biased positive clamper can shift a waveform such that its negative peak
rests at a specific positive or negative voltage (e.g., +2V or —3V), rather than exactly zero. This is highly useful in
interfacing AC signals with unipolar analog-to-digital converters (ADCs) that require strict voltage ranges.

Key Concept

Concept A fundamental rule of clamper circuits is that the peak-to-peak voltage of the input waveform is strictly
preserved in the output waveform (V,_pin) = Vp—p(out))- The circuit only alters the DC offset.

5.32.3 Voltage Multiplier Circuits

Voltage multiplier circuits are specialized diode-capacitor networks designed to convert AC electrical power from a
lower voltage into a significantly higher DC voltage. They are invaluable in applications requiring high voltage but
relatively low continuous current, avoiding the immense weight, cost, and core losses associated with massive step-up
transformers.

Box[Voltage Multiplier] A voltage multiplier is an electrical circuit that rectifies AC electrical power and utilizes a
cascaded network of capacitors and diodes to sum the input voltage peaks, yielding a DC output voltage that is
an integer multiple of the peak AC input voltage.

Voltage Doublers

A voltage doubler produces a DC output voltage roughly equal to twice the peak value of the input AC voltage
(Vout ~ 2Vm)

Half-Wave Voltage Doubler: The half-wave voltage doubler consists of two diodes (D1, D3) and two capacitors
(C, Cy).

1. During the negative half-cycle of the AC input, D; is forward-biased while Dy is reverse-biased. C; charges to
the peak input voltage (V;,,) through D;.

2. During the positive half-cycle, D; becomes reverse-biased, isolating the source from C. However, Dy becomes
forward-biased. The source voltage and the voltage stored across C; are now effectively in series and add together.
This combined voltage charges Ca to 2V,,.

The load is connected directly across Cy, receiving a DC voltage of 2V,,,. It is termed a "half-wave" doubler because the
output capacitor (C3) is only replenished during one half-cycle of the input.
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Full-Wave Voltage Doubler: In a full-wave voltage doubler, the input AC voltage is split between two separate
capacitor-diode branches.

1. During the positive half-cycle, the top diode conducts and charges the top capacitor to Vi,.

2. During the negative half-cycle, the bottom diode conducts and charges the bottom capacitor to V,, with the
opposite polarity relative to the center tap.

Since the two capacitors are connected in series with respect to the output terminals, the total output voltage across
both capacitors is the sum of their individual voltages, V,, + V,, = 2V,,,. The full-wave doubler provides superior
voltage regulation and generates less ripple compared to the half-wave version, as the output is replenished during both
half-cycles.

Safety and Capacitor Ratings

Voltage multipliers inherently generate dangerously high voltages from relatively safe low-voltage AC sources.
The capacitors in the multiplier circuit can retain a lethal charge long after the power has been disconnected.
Furthermore, capacitors must be strictly rated for the peak voltages they will experience. In a doubler, C; must
be rated for at least V;,, but Cy must be rated for at least 2V/,.

Voltage Triplers and Quadruplers

By cascading additional diode-capacitor stages onto the base half-wave voltage doubler configuration, higher mul-
tiplication factors can be effortlessly achieved. This cascaded topology is often known as the Cockcroft-Walton
generator.

» Voltage Tripler: By adding a third diode (D3) and capacitor (C3) to the half-wave doubler, C5 will charge to
2V}, during the subsequent negative half-cycle. By taking the output across C; (charged to V;;,) and C3 (charged
to 2V,,,) in series, a total DC voltage of 3V}, is obtained.

o Voltage Quadrupler: Adding a fourth stage (Dy4, Cy) allows Cy to also charge to 2V,,. Taking the output across
Cy and Cy (both charged to 2V,,) yields a total DC output of 4V},.

Wave Shaping / Multiplier Circuit Primary Function

Series Clipper Clips waveform by blocking signal (diode OFF).

Shunt Clipper Clips waveform by shorting signal to ground (diode ON).
Clamper Adds a DC offset to shift the entire waveform baseline.
Voltage Doubler Outputs DC voltage equal to 2x Peak AC Input.
Cockcroft-Walton Multiplier Cascades stages for 3x,4x, or N x voltage multiplication.

Table 5.4: Summary of Wave Shaping and Multiplier Circuits

Concept While the cascade arrangement of Cockcroft-Walton voltage multipliers can theoretically be extended
indefinitely to achieve any desired voltage, practical limitations impose a strict ceiling. Diode forward voltage
drops, capacitor leakage currents, and drastically worsening voltage regulation restrict the effective number of
stages. The output voltage "droop" under load becomes exponentially worse as the number of multiplier stages
increases.

5.32.4 Applications Summary

The wave-shaping and multiplying circuits discussed serve critical, irreplaceable roles in both legacy and modern
electronics:

o Clippers are heavily utilized for transient protection (clipping voltage spikes before they destroy microcontrollers),
waveform generation (converting sine waves to square waves for clock signals), noise limiting in FM receivers, and
over-voltage protection in sensitive communication lines.

e Clampers are historically critical in television receivers to restore the DC baseline of analog video signals after
they pass through AC-coupled amplifier stages. Today, they are used in analog interfacing where a specific resting
voltage level is required for proper single-supply operational amplifier biasing.
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o Voltage Multipliers are absolutely indispensable in high-voltage test equipment, medical imaging (providing
the high acceleration voltages for X-ray tubes), night vision image intensifiers, bug zappers, air ionizers, and
laser systems, where incorporating a massive 10,000V iron-core transformer would be physically impossible or
economically unviable.
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5.33 Advanced Optoelectronic and Switching Devices

In modern electronics, beyond standard diodes and basic LEDs, a multitude of specialized devices have been developed
for specific applications. These include components for visual display, invisible communication, circuit protection,
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high-speed operation, and electrical isolation. This section delves into the operation, characteristics, and applications
of several essential optoelectronic and switching devices.

5.33.1 Seven Segment Display

A Seven Segment Display (SSD) is one of the most common and simple forms of electronic display used to output
numerical information. As the name suggests, it consists of seven individual light-emitting diodes (LEDs) or liquid
crystal segments arranged in a rectangular "figure-8" pattern. Each of the seven segments is assigned a letter from ’a’
to 'g’. By independently illuminating specific combinations of these segments, any decimal digit from 0 to 9, as well as

some hexadecimal characters, can be displayed. Often, an eighth segment, a decimal point (DP), is included.

Seven Segment Display An electronic display device composed of seven individual light-emitting segments arranged
in a specific pattern to form numerals and some alphabetic characters.

There are two primary configurations for LED-based seven-segment displays:

o Common Cathode (CC): In this configuration, all the cathode terminals of the seven LEDs are connected
together to the ground (0V). A segment is illuminated by applying a positive voltage (logic HIGH) to its
corresponding anode.

o« Common Anode (CA): Here, all the anode terminals are tied together and connected to a positive voltage
supply (V). To light up a segment, a ground or logic LOW signal is applied to its corresponding cathode.

Display Driving To display a specific number, a microcontroller or a specialized decoder IC (like the 74L.S47 for
CA or 741548 for CC) translates binary-coded decimal (BCD) input into the appropriate logic signals for the
seven individual segments.

Seven segment displays are ubiquitous in digital clocks, calculators, digital meters, microwave ovens, and simple
consumer electronics due to their low cost, high brightness, and ease of interfacing.

5.33.2 Infrared (IR) LED

An Infrared Light-Emitting Diode (IR LED) is a specialized type of LED that emits light in the infrared region of the
electromagnetic spectrum, typically at wavelengths between 700 nm and 1 mm. Because the human eye is only sensitive
to wavelengths approximately between 400 nm and 700 nm, the light emitted by an IR LED is invisible to humans.

Like standard LEDs, IR LEDs operate on the principle of electroluminescence. However, they are manufactured
using specific semiconductor materials, most commonly Gallium Arsenide (GaAs) or Aluminum Gallium Arsenide
(AlGaAs), which have bandgap energies corresponding to infrared photon emission.

Applications of IR LEDs

e Remote Controls: The most common everyday use of IR LEDs is in television and stereo remote controls,
where they send encoded pulses of invisible light to a receiver on the device.

e Security Cameras: Night-vision security cameras use rings of IR LEDs to illuminate dark areas. The
camera sensor can detect the IR light, producing a clear black-and-white image in total darkness.

e Proximity Sensors: IR LEDs are paired with IR photodiodes in optical switches and obstacle detection
sensors (e.g., in robotic vacuums).

\. /

Because IR light is highly directional and prone to scattering by obstacles, line-of-sight is typically required for
communication applications unless the light is reflected off surfaces.

5.33.3 Organic Light-Emitting Diode (OLED)

Organic Light-Emitting Diodes (OLEDs) represent a significant leap in display technology over traditional LEDs and
LCDs. An OLED consists of a series of thin, organic (carbon-based) films placed between two conductors. When an
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electrical current is applied, these organic films emit bright light.

The structure typically involves an emissive layer, a conductive layer, a substrate, and anode/cathode terminals.
The crucial distinction is that OLEDs emit their own light per pixel. Traditional Liquid Crystal Displays (LCDs)
require a separate backlight to illuminate the pixels. Because OLEDs do not require a backlight, they can be made
incredibly thin and flexible.

True Black and Infinite Contrast In an OLED display, to display the color black, the pixel is simply turned off
entirely. This results in "true black" and theoretically infinite contrast ratios, leading to exceptionally vibrant and
high-quality images compared to LCDs, where the backlight often bleeds through dark areas.

OLEDs offer wide viewing angles, fast response times, and excellent color reproduction. They are extensively used
in high-end smartphones, premium televisions, digital cameras, and wearable devices. However, they can be susceptible
to "burn-in" if static images are displayed for prolonged periods, and organic materials degrade over time, slightly
reducing their lifespan compared to inorganic LEDs.

5.33.4 Active-Matrix Organic Light-Emitting Diode (AMOLED)

AMOLED (Active-Matrix Organic Light-Emitting Diode) is an advanced iteration of OLED technology, specifically
designed for high-resolution, complex displays like those found in smartphones and monitors.

While a standard OLED (often called PMOLED, or Passive-Matrix OLED) controls rows and columns of pixels
sequentially, AMOLED integrates a Thin-Film Transistor (TFT) array acting as an "active matrix." This matrix acts
as a series of switches that control the current flowing to each individual pixel.

AMOLED A type of OLED display technology that uses an active matrix of thin-film transistors (TFTs) to

individually control the electrical current to each pixel, enabling faster refresh rates and lower power consumption
for large, high-resolution screens.

The active matrix incorporates at least two TF'Ts per pixel: one to start and stop the charging of a storage capacitor,
and the second to provide a steady voltage to the pixel. This allows each pixel to be addressed and maintained
independently, continuously emitting light without needing a constant electrical refresh pulse from the controller.

Advantages of AMOLED over standard OLED:

o Faster Refresh Rates: Crucial for smooth video playback and gaming.

e« Lower Power Consumption: More efficient for large displays, as power is only drawn by the pixels actively
changing or displaying bright colors.

o Scalability: Much better suited for large-sized screens (like TVs) without losing brightness or contrast.

5.33.5 Freewheeling (Fly-back) Diode

In electronic circuits, switching inductive loads (such as motors, relays, solenoids, or transformers) presents a significant
challenge. Inductors store energy in a magnetic field when current flows through them. According to Lenz’s Law, when
the current is suddenly interrupted (e.g., turning off a switch or a transistor), the collapsing magnetic field induces a
massive voltage spike in the opposite direction to maintain the current flow. This sudden, high voltage is known as an
inductive kickback or flyback voltage.

If not managed, this flyback voltage can be hundreds or thousands of volts and can easily destroy the switching
component (like a delicate bipolar junction transistor or MOSFET).

To prevent this, a freewheeling diode (also called a flyback diode, snubber diode, or catch diode) is placed in
reverse parallel across the inductive load.

Important / Warning

Never drive a relay coil or an inductive DC motor with a transistor without a freewheeling diode. The resulting
inductive spike will almost certainly exceed the transistor’s breakdown voltage, destroying it instantly.

Mechanism of Operation: During normal operation, when the switch is closed and current flows through the
inductor, the freewheeling diode is reverse-biased and effectively acts as an open circuit. When the switch opens, the
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inductor’s voltage polarity reverses. The diode now becomes forward-biased, providing a low-resistance path for the
inductive current to circulate (or "freewheel") through the coil and the diode. The energy safely dissipates as heat in
the internal resistance of the inductor and the forward voltage drop of the diode, protecting the rest of the circuit.

5.33.6 Switching Diode

While standard rectifier diodes (like the 1N4007) are designed to handle high currents and reverse voltages at low
frequencies (like 50/60 Hz AC mains), they are fundamentally too slow for high-frequency digital and RF applications.

A switching diode is a specialized semiconductor diode designed to transition between its conductive (ON) state
and non-conductive (OFF) state extremely rapidly.

Key Concept

Reverse Recovery Time (¢,,) The most critical parameter of a switching diode is its reverse recovery time (t,,).
When a forward-biased diode is suddenly subjected to a reverse voltage, it does not instantly block current. A
brief, transient reverse current flows as stored minority charge carriers are swept out of the depletion region. t,, is
the time it takes for this reverse current to drop to a negligible level.

Standard rectifiers have a t,, in the order of microseconds. In contrast, switching diodes (such as the widely used
1N4148) are optimized to have incredibly small junction capacitance and a reverse recovery time in the range of a few
nanoseconds.

This rapid switching capability makes them essential in:

o High-Speed Digital Logic: Steering pulses, edge detection, and logic gate implementation.
e« RF Circuits: Demodulators and mixers.

e Signal Clipping and Clamping: Quickly shaping high-frequency waveforms.

5.33.7 Opto-coupler (Opto-isolator)

An opto-coupler, also known as an opto-isolator, is a device that transfers electrical signals between two isolated circuits
by using light. It provides highly effective electrical isolation, preventing high voltages or rapidly changing transients in
one part of a system from damaging components or distorting signals in another part.

Construction: An opto-coupler typically consists of two main components enclosed in a single opaque, light-proof
integrated circuit package:

1. A Light Emitter: Usually an infrared LED, connected to the input circuit.

2. A Light Detector: A photosensitive device like a photodiode, phototransistor, photodarlington, or photo-TRIAC,
connected to the output circuit.

Working Principle: When a current passes through the input circuit, it illuminates the internal IR, LED. The
emitted light crosses a microscopic transparent gap and strikes the photodetector. The detector absorbs the photons
and generates a corresponding electrical current or controls a larger current flow in the output circuit.

Crucially, there is no direct electrical connection (no shared wire or ground) between the input and output sides.
The signal is transmitted entirely via photons.

Using an Opto-coupler for Safety Consider a 3.3V microcontroller designed to switch a 220V AC industrial motor.
Connecting them directly is extremely dangerous; a fault could send 220V back into the microcontroller, destroying
it and potentially causing a fire. By inserting an opto-coupler, the microcontroller safely drives the low-voltage
internal LED. The light triggers the phototransistor, which then drives a heavier relay or TRIAC connected to the
220V line. The microcontroller is completely isolated and protected.

\. J

Opto-couplers are vital for breaking ground loops, reducing electrical noise interference, and ensuring safety in
power supplies, industrial control systems, and medical equipment where patient isolation is required.
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5.34 Transistor Used as a Tuned Amplifier

In many electronic applications, particularly in communication systems such as radio, television, and radar, it is often
necessary to select and amplify a specific high-frequency signal while simultaneously rejecting all other frequencies.
Standard audio frequency (AF) amplifiers are not suitable for this task as they are designed to provide a relatively
constant gain over a wide, continuous band of frequencies (from tens of Hertz to tens of kilohertz). To achieve high
gain at a specific frequency or a narrow band of frequencies in the radio frequency (RF) spectrum, a special type of
amplifier is employed, known as a tuned amplifier.

Tuned Amplifier A tuned amplifier is an electronic amplifier that incorporates specific frequency-selective tuned

circuits (usually combinations of inductance and capacitance) in its load or input circuits. It is purposely designed
to amplify a narrow band of frequencies centered around a resonant frequency, while steeply attenuating and
rejecting all frequencies outside this desired band.

5.34.1 The Need for Tuned Amplifiers

Consider the environment of wireless communications. When broadcasting signals, thousands of radio stations
and communication channels transmit simultaneously at varying frequencies through the same shared medium (the
electromagnetic spectrum). A receiving antenna picks up all these signals simultaneously. If we were to use an untuned
(wideband) amplifier immediately after the antenna, it would amplify all the signals together. The result would be a
chaotic, unintelligible output heavily mixed with noise, cross-talk, and interference.

To tune into a particular station or data channel, the receiver must selectively amplify only the specific frequency
band allocated to that station and strongly reject all adjacent signals. This vital function of frequency selection coupled
with amplification is primarily achieved using tuned amplifiers.
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5.34.2 Principle of the Tuned Circuit (LC Tank Circuit)

The core component that gives a tuned amplifier its unique frequency-selective property is the tuned circuit, commonly
known as a tank circuit. It typically consists of an inductor (L) and a capacitor (C') connected in parallel.

Key Concept

Resonance in Parallel LC Circuits In a parallel LC circuit, energy continuously oscillates back and forth between
the magnetic field of the inductor and the electric field of the capacitor. At a very specific frequency known as the
resonant frequency (f,), the inductive reactance (X = 2w fL) becomes exactly equal in magnitude to the
capacitive reactance (X¢ = ﬁ)

At this resonant frequency, the parallel LC circuit exhibits its maximum impedance, which behaves as a purely
resistive load. For frequencies deviating above or below the resonant frequency, the overall impedance of the
parallel tank circuit drops significantly.

\ v,

The resonant frequency f, of an ideal LC tank circuit is derived by equating X and X¢, resulting in the formula:

where:
o fr is the resonant frequency in Hertz (Hz)
o L is the inductance in Henrys (H)
o (' is the capacitance in Farads (F)

In a standard bipolar junction transistor (BJT) amplifier, the voltage gain is directly proportional to its load
impedance (4, ~ —gZ,, where g, is transconductance and Z7, is load impedance). By utilizing a parallel LC circuit
as the collector load, the amplifier will naturally exhibit its maximum voltage gain exactly at the resonant frequency f,,
where the impedance Zj, is highest.

5.34.3 Single Tuned Transistor Amplifier Circuit

The most basic form of a tuned amplifier uses a single parallel resonant circuit as the load in the collector circuit of a
Common Emitter (CE) transistor configuration.

Circuit Construction and Operation

In a single tuned amplifier, the conventional resistive collector load (R¢) is replaced by a parallel LC tank circuit.
Typically, a variable capacitor (or a variable inductor with a movable ferrite core) is used so that the resonant frequency
of the circuit can be manually or electronically adjusted (tuned) to match the frequency of the incoming desired signal.

When a high-frequency alternating AC signal containing a multitude of frequencies is applied to the base of the
transistor, the transistor amplifies the base current. This amplified collector current then flows through the LC tank
circuit.

o At Resonant Frequency (f,): The impedance of the tank circuit is extremely high. Consequently, the voltage
drop across it generated by the alternating collector current is very large. This results in a highly amplified
output voltage for the signal at frequency f;.

o Off-Resonance Frequencies: For signals at frequencies other than f., the LC combination presents a low
impedance path. As a result, the voltage drop across the tank circuit is minimal, yielding a very low voltage gain
for these off-resonance frequencies.

Thus, the single tuned amplifier successfully isolates and strongly amplifies the desired frequency while attenuating all
background frequencies.

Tuning a Radio Receiver Imagine you are tuning an FM radio to your favorite station broadcasting at 98.3 MHz.
When you turn the physical tuning knob (or press a scan button), you are physically altering the overlap of plates
in a variable capacitor, thereby changing the capacitance (C') of the tuned circuit in the receiver’s amplifier.

You adjust C until the resonant frequency f, = #L—C precisely matches 98.3 MHz. At this exact setting, the
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amplifier’s gain curve peaks for the 98.3 MHz signal. This allows the internal circuitry to process the station
clearly, while adjacent competing stations (like 98.1 MHz or 98.5 MHz) encounter low amplifier gain and are
effectively discarded.

5.34.4 Important Parameters of Tuned Amplifiers

To properly evaluate and design the performance of a tuned amplifier, several critical parameters must be analyzed:

1. Resonant Frequency (f;)

As previously established, this is the center frequency at which the tuned LC circuit provides maximum impedance,
allowing the amplifier to provide maximum voltage gain.

2. Quality Factor (Q-factor)

The Q-factor is a fundamental, dimensionless parameter that describes how "sharp" or selective the resonance curve is.
Physically, it represents the ratio of the reactive energy stored in the tank circuit to the real energy dissipated per
cycle (usually as heat in the internal resistance of the inductor’s copper wire). For a parallel tuned circuit, the effective
Q-factor is given by:
Q= -
X 2nf.L

where R, is the equivalent parallel resistance of the tank circuit. A higher Q-factor implies a sharper tuning curve with
steeper skirts, leading to better selectivity (the ability to reject very closely spaced interfering signals).

3. Bandwidth (BW)

Bandwidth refers to the continuous range of frequencies over which the voltage gain of the amplifier remains reasonably
high—specifically, equal to or greater than 70.7% (or %) of its maximum peak gain at resonance. These limiting
points are known as the half-power points or the -3dB frequencies (f; and f2). The bandwidth is directly tied to the
resonant frequency and the Q-factor: p
.
BW =fa—fi= 0
This formula illustrates a critical engineering trade-off: designing a circuit for very high selectivity (high Q) inherently
results in a very narrow bandwidth.

Important / Warning

The Bandwidth Trade-off in Signal Transmission While high selectivity (high Q) is aggressively desired to reject
adjacent noise and channels, the bandwidth cannot be arbitrarily small. It must remain wide enough to pass all
the informational sidebands of the modulated signal. For instance, an AM radio voice signal requires a minimum
bandwidth of about 10 kHz to properly pass the audio envelope. If the amplifier’s Q-factor is set too high,
shrinking the bandwidth to only 2 kHz, the higher-frequency audio components of the voice or music will be
brutally attenuated. This clipping phenomenon results in severely muffled and distorted audio, destroying the
signal’s fidelity.

\

5.34.5 Classification of Tuned Amplifiers

Depending on the specific application requirements, the number of tuned circuits utilized, and their coupling arrange-
ments, tuned amplifiers are classified into three primary configurations:

1. Single Tuned Amplifiers

These amplifiers utilize a single parallel resonant circuit as the collector load. They are structurally simple, easy to
align, and inexpensive. However, they suffer from a major operational drawback: their gain-frequency response curve is
excessively sharply peaked. They cannot provide a "flat top" response over a required passband, which leads to unequal
amplification of the signal’s outer sidebands (a form of frequency distortion). Therefore, they are mostly limited to
amplifying single-frequency unmodulated RF signals.
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2. Double Tuned Amplifiers

To overcome the severe limitations of the single tuned configuration, double tuned amplifiers are widely implemented.
In this design, two separate, inductively coupled tuned circuits are used—one at the primary side (acting as the
collector load) and one at the secondary side (feeding the base input to the next amplifier stage). Both the primary
and secondary tank circuits are tuned to the exact same resonant frequency. By meticulously adjusting the degree of
magnetic mutual coupling between the primary and secondary inductors, engineers can manipulate the shape of the
frequency response. Operating at a condition known as critical coupling (or slight over-coupling), the amplifier achieves
a response curve that is relatively flat across the top and features very steep vertical skirts on the sides.

o Advantage: This configuration yields a near-ideal "band-pass" characteristic. It ensures that all modulation
sidebands within the channel are amplified uniformly, while maintaining aggressive rejection of adjacent channel
interference. It is heavily used in Intermediate Frequency (IF) stages of receivers.

3. Stagger Tuned Amplifiers

In advanced applications like television broadcasting, radar receivers, or broadband digital communication links, an
exceptionally wide bandwidth is mandatory (e.g., a standard analog TV channel requires a massive 6 MHz bandwidth).
A single or even double tuned amplifier completely fails to provide such a wide bandwidth while simultaneously
maintaining adequate gain. To solve this, a stagger-tuned amplifier cascades multiple single-tuned amplifier stages
in series. The critical difference is that, unlike a synchronous amplifier where all cascaded stages share the same tuned
frequency, the individual stages in a stagger-tuned amplifier are purposefully tuned to slightly different (staggered)
frequencies centered around the main carrier. The overall cascaded frequency response is the mathematical product of
the individual stage responses. The resulting combined gain curve is exceptionally wide, remarkably flat-topped, and
possesses extremely sharp fall-offs at the band edges, making it the perfect solution for ultra-wideband RF amplification.

5.34.6 Instability in Tuned Amplifiers and Neutralization

At high RF frequencies, a unique problem emerges in transistor amplifiers. The microscopic internal inter-element
capacitances of a Bipolar Junction Transistor (BJT) become highly reactive and significant. Specifically, the junction
capacitance between the collector and the base (Cj, also known as the Miller capacitance) acts as a low-impedance
internal feedback path.

Because the parallel LC load circuit becomes inductive at frequencies slightly below resonance, the phase shift of the
feedback through Cj. can shift to become positive (regenerative feedback). If this positive feedback loop gain reaches
or exceeds unity, the tuned amplifier ceases to function as a stable amplifier and begins to spontaneously oscillate. This
unwanted oscillation completely destroys the desired signal.

To prevent this fatal instability, a corrective circuit design technique called neutralization is mandated. Neutral-
ization involves introducing an external circuit path that intentionally feeds back a small fraction of the output signal
to the input. Crucially, this external neutralizing feedback is engineered to have a phase exactly opposite (180 degrees
out of phase) to the internal positive feedback caused by Cjp.. The external signal exactly cancels out (neutralizes)
the internal feedback signal, allowing the tuned amplifier to operate stably at high frequencies without breaking into
oscillation. Popular implementations of this concept include Hazeltine neutralization and Rice neutralization circuits.

5.34.7 Advantages of Tuned Amplifiers

1. Supreme Selectivity: Their primary advantage is the exceptional ability to efficiently isolate and amplify a
specific desired high-frequency band while heavily attenuating noise, harmonics, and interfering signals.

2. High Voltage Gain: At resonance, the purely resistive and astronomically high impedance of the LC tank
circuit results in massive voltage amplification, often far exceeding what is possible with simple resistive loads.

3. Low Power Dissipation: The collector load consists of reactive elements (an LC circuit) rather than a standard
Ohmic resistor. Because ideal inductors and capacitors store energy rather than dissipating it as heat, the I2R
power losses in the collector circuit are drastically minimized compared to wideband RC-coupled amplifiers.

4. Improved Signal-to-Noise Ratio (SNR): By surgically restricting the operational bandwidth to only the
precise sliver necessary for the signal, the amount of broadband thermal noise permitted to pass through the
amplifier chain is significantly reduced, yielding a cleaner signal.
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5.34.8 Disadvantages of Tuned Amplifiers

1. Physical Bulk: Inductors (coils), especially those required for lower RF frequencies, are physically bulky, heavy,
and notoriously difficult to miniaturize. This makes traditional LC tuned amplifiers less compatible with modern
ultra-compact monolithic Integrated Circuit (IC) designs, where active RC filters or crystal filters are often
preferred when possible.

2. Instability Issues: As discussed regarding neutralization, tuned amplifiers operating at high frequencies are
inherently prone to unwanted regenerative oscillations due to internal parasitic capacitances, requiring complex
stabilizing circuitry.

3. Complex Alignment: Aligning a multi-stage tuned amplifier (such as the IF strip in a superheterodyne
receiver) requires delicate, precision mechanical adjustment of variable capacitors or inductive ferrite cores. This
tuning process is labor-intensive, sensitive to physical shock, and prone to drifting over time due to temperature
fluctuations or component aging.

5.34.9 Applications of Tuned Amplifiers

Owing to their indispensable frequency-selective capabilities, tuned amplifiers are foundational to nearly all high-
frequency wireless and communication hardware. Prominent applications include:

» Radio and Television Receivers: They are ubiquitously utilized in the Radio Frequency (RF) pre-amplifier
and Intermediate Frequency (IF) amplifier stages of receivers to accurately select the desired broadcast channel
while rejecting adjacent interference.

¢ Wireless Communication Systems: Transceivers for mobile cellular networks, satellite communication links,
microwave relays, and radar systems rely heavily on tuned amplifiers to process, filter, and boost high-frequency
carrier waves.

e Active RF Filters: They serve as the foundational building blocks for synthesizing complex, high-frequency
band-pass, band-stop, or highly specific notch filters required in signal processing.

e« RF Oscillator Circuits: When intentional, strong positive feedback is applied to a standard tuned amplifier
without neutralization, the circuit purposefully functions as an RF oscillator. This arrangement generates pure,
stable, continuous sine waves precisely at the LC resonant frequency, serving as local oscillators in receivers or
carrier generators in transmitters (e.g., Hartley and Colpitts oscillators).

5.34.10 Summary

The transistor tuned amplifier masterfully leverages the inherent resonance properties of an LC tank circuit to provide
exceptionally high signal gain over a narrow, stringently defined band of high frequencies. By deeply understanding
the mathematical interplay between resonance, the Q-factor, and operational bandwidth, communication engineers
can successfully design amplifier stages capable of plucking faint radio signals out of an incredibly dense and noisy
electromagnetic spectrum. While modern advancements in digital signal processing (DSP) and specialized active
filtering have supplemented or replaced some traditional bulky LC tuned circuits in lower frequency applications,
the fundamental core principles of tuned amplification remain absolutely essential to the ongoing study, design, and
advancement of modern telecommunication and RF engineering systems.
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5.35 Darlington Pair and Its Applications

The Darlington pair is a compound electronic circuit consisting of two bipolar junction transistors (BJTs) connected
in such a way that the current amplified by the first transistor is further amplified by the second one. Invented by
Sidney Darlington in 1953 at Bell Laboratories, this configuration is renowned for its extraordinarily high current gain,
often referred to as a "super-beta" transistor. While a single BJT might offer a current gain (also known as 8 or hpg)
ranging from 50 to 300, a Darlington pair can easily achieve current gains in the thousands or even tens of thousands.
This tremendous amplification factor makes the Darlington pair an indispensable component in electronic systems
where a very small input current needs to switch or control a significantly larger load current.

Darlington Pair A Darlington pair is a multi-transistor configuration where the emitter of an input bipolar junction
transistor (BJT) is directly connected to the base of an output BJT. The collectors of both transistors are tied
together. This arrangement functions as a single composite transistor with a current gain approximately equal to
the product of the individual gains of the two constituent transistors.

5.35.1 Construction and Circuit Configuration

The standard construction of a Darlington pair utilizes two transistors of the same polarity, typically both NPN or
both PNP. In an NPN Darlington configuration, the emitter of the first transistor (77, known as the input or driving
transistor) is directly coupled to the base of the second transistor (T4, the output or driven transistor). The collectors
of both T7 and T5 are tied together to form the unified collector terminal of the overall composite device.

The three external terminals of the Darlington pair represent the overall Base (B), Emitter (E), and Collector (C).
The base of T3 serves as the overall base of the pair, the emitter of 75 functions as the overall emitter, and the joined
collectors function as the common collector terminal.

Commercially, Darlington transistors are often manufactured on a single silicon chip and packaged as a discrete
three-terminal device, looking completely identical to a standard single transistor (such as the popular TIP120 or
TIP122). Within these integrated packages, or when constructing discrete versions, a bias resistor is frequently
connected between the base and emitter of the second transistor. This resistor provides a crucial discharge path for the
charge stored in the base-emitter junction of 75, significantly improving the switching speed and thermal stability of
the circuit when transitioning to an off state.

5.35.2 Operating Principle and Current Gain

The fundamental operating principle of the Darlington pair hinges on cascaded current amplification. When a small
base current (Ip1) is applied to the first transistor 77, it amplifies this current to produce an emitter current Iy.
Mathematically, the emitter current of the first transistor is given by:

Ipm=1Ip1+Icn =11+ pilpgr = Ip1(1 + p1)

where 31 represents the forward current gain of transistor 77.

Because the emitter of T is directly connected to the base of 75, this emitter current acts as the base input current
for the second transistor (Ip2 = Ig1). The second transistor then amplifies this current further to produce its own
collector current Igo.
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The overall collector current (I¢) of the Darlington pair is the algebraic sum of the collector currents drawn by
both transistors:

Ic = Ich + I

Given that Icy = f1lp1 and Ice = falps = Polp = B2(Ip1(1 + B1)), we can substitute these values into the overall
collector current equation:

Ic = Bidp1 + Bolpi(1 + B1) = Ipi(B1 + P2 + B152)

Total Current Gain (8p) The total current gain of a Darlington pair (5p = I¢/Ip1) is mathematically defined as:

Bp = B1+ B2 + 152

Since typical § values for individual transistors are large (e.g., > 50), the product term (132 heavily dominates
the equation. Therefore, for all practical engineering purposes, the overall current gain can be approximated as
the product of the individual transistor gains:

Bp = B1 X B2

This multiplicative property explains the immense effectiveness of the Darlington pair. If 77 has a current gain
of 100 and 75 has a current gain of 100, the composite Darlington transistor will exhibit an overall current gain of
approximately 10,000. This allows microampere base currents to control ampere-level collector currents.

5.35.3 Electrical Characteristics

The unique cascaded topology of the Darlington pair introduces several distinct electrical characteristics that differ
markedly from those of standard single BJTs. These characteristics define when and where a Darlington pair should be
deployed.

1. High Input Impedance: Due to the massive current gain, the input impedance of a Darlington pair is
substantially higher than that of a single transistor. The input impedance looking into the base of the first transistor is
approximately equal to 81 X B2 X 7ea (where 7y is the internal dynamic emitter resistance of T5). This exceptionally
high input impedance ensures that the Darlington pair draws very minimal current from its driving source, effectively
preventing unwanted loading effects on sensitive upstream logic or sensor circuits.

2. Low Output Impedance: When the Darlington configuration is operated as an emitter follower (common-
collector configuration), it exhibits an exceptionally low output impedance. This makes it an ideal voltage buffer,
capable of driving heavy, low-impedance loads without experiencing significant voltage drops at the output.

3. Higher Base-Emitter Turn-on Voltage: One of the most significant consequences of cascading two transistors
is the additive nature of their base-emitter voltage drops (Vpg). For the entire Darlington pair to begin conducting,
the input voltage supplied to the base must overcome the forward threshold voltage of both sequential base-emitter
junctions.

VBE(Darlington) = VBE1 + VBE?

For typical silicon-based transistors, the Vpg is generally around 0.7V. Therefore, a standard silicon Darlington pair
requires a minimum base voltage of approximately 1.4V to turn on, which is exactly twice that of a standard single
transistor.

Important / Warning

Increased Voltage Drop and Heat Dissipation When a Darlington transistor is fully turned on and operating
in the saturation region, the voltage drop across its collector-emitter terminals (Vo E(Sat)) is significantly higher
than that of a single BJT. The total saturation voltage is generally approximated as Vog(sat) & VoE(sar)1 + VBE2:
which typically ranges from 0.8V to 1.5V depending on load current. When switching large load currents, this
elevated saturation voltage results in substantial power dissipation (Pp = I¢ x Vg E(sat)) generating large amounts
of heat. Proper thermal management, including the mandatory use of adequate heat sinks, is required in power
applications to prevent thermal runaway and permanent device destruction.

\. J

4. Slower Switching Speed: The switching speed of a Darlington pair is generally much slower than a single
transistor, particularly during the turn-off phase. When the base drive signal is abruptly removed from 77, the second
transistor T relies solely on its base-emitter junction to discharge its accumulated stored minority charge carriers.
Because its base is directly tied to the emitter of T, this internal discharge path is inherently highly resistive, leading
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to a long turn-off delay. As previously mentioned, adding a pull-down or shunt resistor across the base-emitter of 15
creates a faster discharge path, mitigating this slow turn-off issue at the expense of marginally reduced overall gain.

5.35.4 Advantages and Disadvantages

Understanding the trade-offs of the Darlington configuration is critical for proper circuit design.
Advantages:

o Extremely High Current Gain: The paramount benefit, enabling microampere-level currents from microcon-
trollers or low-power sensors to switch massive ampere-level loads.

e High Input Impedance: Minimizes the loading on the preceding source circuit, preserving signal integrity.

o High Integration and Compactness: Readily available as discrete three-terminal components (e.g., TIP120,
TIP122, BC517) integrating both transistors, internal bypass resistors, and flyback diodes, drastically reducing
component count and saving valuable PCB real estate.

Disadvantages:

« High Base-Emitter Turn-On Voltage: The requirement of approximately 1.4V to turn on can be highly
problematic when interfacing directly with modern low-voltage logic systems (such as 1.8V or 3.3V CMOS
circuits), potentially requiring level shifting.

« High Saturation Voltage: The inability to pull the collector voltage all the way down to ground leads to greater
continuous power dissipation and significant heat generation compared to single BJTs or modern MOSFETs.

e Slower Switching Speeds: The inherent delay in discharging the base of the second transistor renders the
Darlington pair unsuitable for high-frequency switching applications, such as high-speed Pulse Width Modulation
(PWM) motor control or high-frequency RF amplification.

5.35.5 Applications of the Darlington Pair

Due to its unique high-gain, high-input-impedance characteristics, the Darlington pair finds extensive deployment
across a broad spectrum of electronic and electromechanical applications.

1. Motor Control and Actuator Drivers
Microcontrollers and logic ICs can typically source only a few milliamperes of current from their output pins. However,
external mechanical loads like DC motors, stepper motors, and solenoids often require hundreds of milliamperes or
several amperes to operate properly. A Darlington pair can seamlessly interface these low-power control systems with
high-power electromechanical loads.

Driving a High-Current DC Motor with a Microcontroller Suppose an industrial 12V DC motor draws 2A of
continuous running current, and a microcontroller GPIO pin can safely provide only 5mA of source current.
Using a single standard power transistor with a § of 50 would yield a maximum possible collector current of
5mA x 50 = 250mA, which is vastly insufficient to run the motor.

By employing a TIP120 Darlington transistor, which boasts a minimum current gain (Sp) of 1000, the required
base drive current is merely Ip = 2A /1000 = 2mA. The microcontroller can easily and safely supply this 2mA to
the base of the Darlington pair, allowing it to effortlessly switch and control the 2A motor load.

2. Audio Amplification Power Stages
In high-fidelity audio power amplifiers, Darlington configurations are frequently deployed in the final output stage.
They are commonly arranged as push-pull amplifier configurations utilizing complementary NPN and PNP Darlington
pairs. They provide the necessary massive current gain required to drive heavy, low-impedance loudspeaker loads
(typically 49 or 8Q2) while maintaining high audio fidelity and low harmonic distortion, provided appropriate thermal
bias stabilization techniques are implemented.

3. Highly Sensitive Touch and Light Sensors
Because of their enormous current amplification capabilities, Darlington pairs are extraordinarily sensitive to minute
currents. In a rudimentary touch switch circuit, the natural skin resistance of a human finger is used to bridge the
positive supply voltage and the transistor’s base terminal. Although human skin has a very high resistance (allowing
only microamps of current to pass), the Darlington pair amplifies this infinitesimal current sufficiently to fully light an
LED, sound a buzzer, or actuate a relay. Similarly, they are heavily utilized in photodarlington configurations, where
the initial base current generated by incident light striking the PN junction is extremely weak.
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4. Relay Drivers
Electromechanical relays require substantial coil current to generate the magnetic field required to pull their mechanical
contacts closed. Darlington pairs act as highly reliable relay drivers, rapidly responding to weak logic-level signals from
logic gates, microprocessors, or sensors, and switching the necessary current to energize the relay coil.

5. Series-Pass Linear Power Supplies
In the design of series-pass linear voltage regulators, a power Darlington pair is commonly utilized as the main series
pass element. The immense current gain ensures that the feedback error amplifier—which monitors the output voltage
and drives the base of the pass transistor—mneeds to provide very little control current. This dramatically improves the
load regulation characteristics, transient response, and overall stability of the power supply.

5.35.6 The Sziklai Pair (Complementary Darlington)

A notable and highly useful variation of the traditional Darlington pair is the Sziklai pair, sometimes referred to as the
complementary Darlington. While a standard Darlington uses two transistors of the identical polarity (e.g., NPN-NPN),
the Sziklai pair employs a mixed configuration, utilizing one NPN and one PNP transistor.

This complementary configuration achieves similarly extreme current gains (Sp =~ 1 x [2) but offers one critical,
defining advantage: its overall base-emitter turn-on voltage is only that of a single transistor (approximately 0.7V),
rather than the 1.4V demanded by a standard Darlington pair. Furthermore, the Sziklai pair exhibits superior thermal
stability because only the input transistor dictates the turn-on voltage, making it significantly less susceptible to
thermal runaway. Due to these traits, the Sziklai pair is highly favored in push-pull audio output stages where thermal
stability and low turn-on voltages are paramount for mitigating crossover distortion.
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5.36 A Relay Driver Circuit Using Transistors and ICs (TIP122, ULN2003,
ULN2803)
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5.36.1 Introduction to Relay Driver Circuits

Relays are electromechanical switches that allow low-power control signals—such as those generated by microcontrollers,
digital logic gates, or sensors—to control high-power circuits. However, most digital control circuits cannot drive a relay
coil directly. This is because relays require significantly more current and voltage to energize than typical logic output
pins can supply. Furthermore, the inductive nature of the relay’s electromagnetic coil can generate severe voltage spikes
when the relay is turned off, which can easily damage sensitive digital components.

Box[Relay Driver Circuit] A relay driver circuit is an intermediary electronic circuit placed between a low-power

control signal source and an electromechanical relay. Its primary function is to amplify the control signal to
provide sufficient current and voltage to energize the relay coil, while simultaneously isolating and protecting the
control circuitry from hazardous back-EMF (Electromotive Force) spikes generated by the inductive coil.

To safely and effectively interface a relay with a control circuit, engineers utilize relay driver circuits. These
drivers can be constructed using discrete semiconductor components, such as bipolar junction transistors (BJTs),
or specialized integrated circuits (ICs) designed specifically for driving multiple inductive loads. In this section, we
will thoroughly examine discrete transistor-based drivers, high-power Darlington drivers like the TIP122, and highly
integrated multi-channel IC arrays like the ULN2003 and ULN2803.

5.36.2 Driving Relays Using Discrete Transistors

The most fundamental approach to driving a relay is to use a discrete bipolar junction transistor (BJT). Typically, an
NPN transistor is employed in a common-emitter configuration, acting as an electrically controlled switch.

The Transistor as a Switch

In this configuration, the relay coil is connected between the positive DC power supply and the collector of the NPN
transistor. The emitter of the transistor is tied to the common ground. The control signal from the microcontroller is
fed to the base of the transistor via a current-limiting resistor.

When a high logic level (e.g., 5V or 3.3V) is applied to the base resistor, a small base current (Ig) flows into the
transistor. This base current forces the transistor into the saturation region, turning it fully "ON." In this state, the
transistor acts almost like a closed switch, allowing a much larger collector current () to flow through the relay coil,
thereby energizing the electromagnet and switching the relay contacts.

Conversely, when the logic level is low (0V), the base current drops to zero, forcing the transistor into the cut-off
region. The transistor turns "OFF," halting the current flow and de-energizing the relay.

Concept|[The Freewheeling Diode] When the transistor turns off abruptly, the magnetic field built up in the relay
coil collapses very rapidly. According to Faraday’s Law of Induction, this rapid collapse induces a high-voltage spike
(back-EMF) across the coil in the opposite polarity to the supply voltage. If left unsuppressed, this high-voltage
spike can easily exceed the collector-emitter breakdown voltage (Vogo) of the transistor, permanently destroying
it.

To prevent this catastrophic failure, a freewheeling diode (also known as a flyback or snubber diode) is placed
in parallel with the relay coil, configured in a reverse-biased orientation relative to the DC supply voltage. During
normal operation, the diode blocks current flow. However, when the transistor switches off, the induced back-EMF
causes the diode to become forward-biased, providing a safe, low-resistance loop for the inductive current to
circulate and dissipate as heat within the coil’s resistance, thereby protecting the switching transistor.

Component Rating Selection

When designing a transistor-based relay driver, extreme care must be taken in component selection:

e The transistor’s maximum continuous collector current rating (/¢ (mae)) must comfortably exceed the relay
coil’s steady-state operating current.

o The collector-emitter breakdown voltage (Vopo) must be significantly higher than the relay supply voltage.

e The freewheeling diode must be capable of handling peak forward currents equal to the steady-state current
of the energized coil.
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5.36.3 High-Power Driving with Darlington Transistors: The TIP122

While standard small-signal BJTs (such as the 2N2222 or BC547) are adequate for driving small PCB-mounted relays,
larger automotive relays and industrial contactors require significantly higher coil currents. A typical microcontroller
pin can source a maximum of about 20 mA to 40 mA. If a heavy-duty relay requires 500 mA to energize, and the chosen
transistor has a typical DC current gain (hpg) of 50, the required base current would be 10 mA. While manageable,
driving multiple such transistors could overload the microcontroller. For even heavier loads requiring 2A or more, the
required base current would far exceed what any standard logic pin could provide.

To bridge this gap, engineers utilize a Darlington pair.

Box[Darlington Pair] A Darlington pair is a compound semiconductor configuration consisting of two bipolar
junction transistors connected in tandem, such that the emitter of the first transistor feeds directly into the base of
the second. This cascaded arrangement ensures that the current amplified by the first transistor is amplified again
by the second. Consequently, the overall current gain of the pair is approximately the product of the individual
gains (hp E(total) = hrp1 X h FE2), allowing a very tiny base current to switch an exceptionally large load current.

The TIP122 Transistor

The TIP122 is a highly popular, commercially available NPN Darlington epitaxial-base transistor housed in a robust
TO-220 package. It is engineered specifically for general-purpose amplifier and low-speed switching applications
involving high currents.

Key Characteristics of the TIP122:

« High DC Current Gain (hpg): It boasts a minimum gain of 1000. This implies that a minuscule base control
current of just 1 mA can theoretically control a collector current of up to 1 A.

« High Load Capacity: It can reliably handle continuous collector currents up to 5 A (and peak currents up to
8 A), making it perfectly suited for driving large, power-hungry relays, solenoids, or DC motors.

» Voltage Rating: Its collector-emitter sustaining voltage (Vogo) is rated at 100 V.

e Integrated Protections: The TIP122 internally incorporates a base-emitter resistor network for stability and,
crucially, a built-in freewheeling diode connected anti-parallel between the collector and emitter. While this
internal diode offers baseline protection, it is still standard engineering practice to place an external, fast-recovery
flyback diode directly across the relay coil to ensure maximum protection against aggressive back-EMF spikes.

Designing a TIP122 Relay Driver Circuit

Suppose an application requires driving a heavy-duty 12V solenoid relay that draws 1.5A of continuous current,
controlled by a standard 5V logic signal from an Arduino.

Using a single standard transistor would necessitate a base current of roughly 30 mA to 50 mA, pushing the
limits of the Arduino’s output pin. By selecting a TIP122 Darlington transistor: 1. Determine Base Current:
Assuming a minimum hpg of 1000, the minimum base current required is Ip = I¢/hpp = 1.5A /1000 = 1.5mA.
2. Ensure Saturation: To guarantee the transistor operates deep in the saturation region and minimizes
thermal dissipation, we supply an overdriven base current, typically around 5mA. 3. Calculate Base Resistor
(Rp): The base resistor is calculated using Ohm’s Law: Rp = (Voontrot — VBE)/Ip. For a Darlington pair, the
base-emitter voltage drop (Vpg) is higher than a single transistor, typically around 1.4V to 2.5V. Assuming

Ve ~ 1.5V:

5V — 1.5V
= ——— = Q
Rp = =058~ "W

A standard 680 Q or 1 k) resistor will serve perfectly, securely bridging the delicate logic circuitry and the
demanding high-power relay without risking microcontroller damage.
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5.36.4 IC-Based Multi-Channel Relay Drivers: ULN2003 and ULN2803

When a system requires controlling multiple relays simultaneously—such as in a complex home automation gateway,
an elevator control panel, or an industrial PLC (Programmable Logic Controller)—using discrete transistors, base
resistors, and flyback diodes for each individual relay becomes impractical. It consumes excessive space on a printed
circuit board (PCB), increases the bill of materials (BOM), and complicates assembly and routing.
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To resolve these inefficiencies, engineers rely on Integrated Circuits (ICs) that encapsulate multiple Darlington
arrays into a single monolithic package. The industry standards for this purpose are the ULN2003 and the ULN2803.

The ULN2003 Darlington Array IC

The ULN2003 is a monolithic high-voltage, high-current Darlington transistor array. It is renowned for its reliability in
interfacing low-level digital logic directly to high-power inductive loads.
Core Architectural Features:

7 Independent Channels: The ULN2003 houses seven distinct NPN Darlington pairs, allowing a single 16-pin
IC to independently drive up to seven relays.

Power Ratings: Each of the seven output channels is rated to handle up to 500 mA of continuous collector
current and can withstand up to 50 V in the OFF state.

Integrated Input Resistors: Each input pin features a built-in 2.7 k2 series base resistor. This design choice
optimizes the IC for direct compatibility with 5V TTL and CMOS logic families, completely eliminating the need
for external base current-limiting resistors.

Integrated Flyback Diodes: Perhaps its most advantageous feature is the inclusion of internal suppression
diodes for every channel. The cathodes of all seven diodes are tied together internally and brought out to a single
common pin.

Concept[The Importance of the COM Pin] When deploying the ULN2003 (or ULN2803) to drive inductive loads
like relays or stepper motors, the Common Free-Wheeling Diode pin (COM pin, typically Pin 9 on the ULN2003)
must strictly be connected to the positive supply voltage powering the relays (e.g., +12V or +24V).

When a relay is deactivated, the resulting inductive voltage spike is safely clamped to the positive supply line via
this internal diode array, effectively preventing back-EMF from destroying the internal transistors. Leaving the

COM pin floating when switching inductive loads will inevitably result in instantaneous IC failure.

The ULN2803 Darlington Array IC

The ULN2803 operates on the exact same principles and architecture as the ULN2003 but provides an expanded
capacity tailored for digital systems.
Distinguishing Features of the ULN2803:

8 Independent Channels: Instead of seven, the ULN2803 contains eight Darlington pairs. This 8-channel
configuration perfectly aligns with standard 8-bit microcontroller architectures. An entire 8-bit GPIO port can
be cleanly routed to a single ULN2803 to control a bank of eight relays.

Packaging: Due to the extra channel, it is packaged in an 18-pin DIP or SOIC format.

Parallel Operation: If a specific load requires more current than a single channel can provide (e.g., an 800 mA
solenoid), multiple channels on the ULN2003 or ULN2803 can be wired in parallel. By connecting two input pins
together and their corresponding output pins together, the combined channel can theoretically handle up to 1 A,
providing significant design flexibility.

Thermal Dissipation Limits

While individual channels of the ULN series are rated for 500mA, caution must be exercised when driving multiple
channels simultaneously. The total power dissipation is limited by the thermal resistance of the IC package.
Driving all 7 or 8 channels at their maximum current rating continuously will quickly exceed the maximum
junction temperature, leading to thermal shutdown or permanent failure. Always calculate the cumulative power
dissipation and consult the manufacturer’s datasheet derating curves when managing multiple high-current loads.

5.36.5 Comparative Analysis: Discrete vs. IC-Based Drivers

When architecting a control board, the decision to use discrete components (like the TIP122) versus IC arrays (like the
ULN2003) hinges on application-specific constraints:
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e Component Count and PCB Real Estate: To build an 8-channel relay driver using discrete BJTs, a designer
would need 8 transistors, 8 base resistors, and 8 flyback diodes—totaling 24 separate components. The ULN2803
consolidates all 24 components into a single IC, drastically shrinking the required board space and minimizing
potential points of failure.

e Current Handling Capability: The integrated Darlington pairs in a ULN series IC are limited to 500mA per
channel. If the application demands controlling heavy industrial contactors drawing 3A each, the ULN ICs are
insufficient. In such scenarios, robust discrete Darlington transistors like the TIP122, paired with appropriately
rated external flyback diodes, are mandatory.

e Cost Efficiency: For a project requiring only a single relay, deploying a discrete 2N2222 transistor is marginally
cheaper and simpler. However, once the requirement scales to three or more relays, the cost, layout efficiency,
and reliability of IC arrays make them the unequivocally superior choice.

5.36.6 Conclusion

Relay driver circuits play a critical role in modern electronics, safely bridging the chasm between delicate microprocessors
and rugged electromechanical loads. Simple discrete transistors provide an effective solution for individual, low-power
relays. When the current demands rise, Darlington configurations like the TIP122 step in to provide immense current
amplification. Finally, for complex, multi-load systems, integrated arrays such as the ULN2003 and ULN2803 offer an
elegant, space-saving, and highly reliable architecture by internalizing all necessary bias resistors and protective diodes.
Mastery of these components is essential for designing robust, real-world electronic control systems.

Al Generated Image
Placeholder 20

Caption: Detailed visualiza-
tion of Regulated Power Supply

. J

Al Generated Image
Placeholder 21

Caption: Detailed visualiza-
tion of Shunt Voltage Regulator

Figure 5.77: AI Generated Image Placeholder: Shunt Voltage Regulator (Placeholder 21)



https://milav.in

5.37 Regulated Power Supply

5.37.1 Regulated Power Supply

A regulated power supply is an electronic circuit designed to provide a highly stable direct current (DC) voltage or
current to a load, regardless of variations in the alternating current (AC) mains input voltage, load current demands,
or ambient temperature variations. In the realm of electronics, the power supply is the heart of the system. Almost all
electronic devices, ranging from simple digital calculators to complex computer architectures and telecommunication
systems, require a steady, noise-free DC power source to function reliably and predictably.

Regulated Power Supply A regulated power supply is an embedded power conversion circuit that transforms

unregulated alternating current (AC) into a constant, stable direct current (DC). Its primary mandate is to
maintain a constant output voltage across its terminals, making it immune to fluctuations in the input mains
voltage or dynamic changes in the load resistance.

Need for a Regulated Power Supply

Standard unregulated power supplies, which typically consist of a step-down transformer, a full-wave rectifier, and
a capacitor filter, suffer from two major electrical drawbacks that render them unsuitable for sensitive electronic
applications:

o Line Variations (Input Fluctuation): The AC mains voltage supplied by the power grid is rarely perfectly
stable. A typical 230V AC supply can experience significant diurnal fluctuations, ranging anywhere between
210V and 250V. If the input AC voltage changes, the output DC voltage of an unregulated supply will change
proportionally. For logic circuits relying on strict voltage thresholds, such variations can lead to misinterpretation
of binary data.

o Load Variations (Current Demand): In an unregulated supply, the internal resistance of the transformer
and rectifier causes the output voltage to droop as the load current increases. Modern electronic circuits often
have highly variable current demands. For example, a microprocessor might draw minimal current while idle but
demand several amperes instantly during heavy computation. An unregulated supply would cause an unstable
supply voltage under these conditions, leading to erratic circuit behavior.

e« Temperature Drifts: Semiconductor components possess temperature-dependent characteristics. Changes in
ambient temperature can alter the operating points of circuits, leading to variations in the output voltage. A
good regulated power supply includes temperature compensation circuitry to mitigate this effect.

Important / Warning

Impact of Unregulated Voltage Applying an unregulated or fluctuating voltage to sensitive analog or digital
electronic components, such as microprocessors, microcontrollers, or operational amplifiers, can cause unpredictable
computational errors, memory data corruption, or even permanent thermal destruction of internal semiconductor
junctions due to overvoltage conditions.

Block Diagram of a Regulated Power Supply

A standard linear regulated DC power supply consists of four primary, sequential stages. Each stage performs a distinct
functional transformation to refine the electrical power from raw mains AC to precision DC.

1. Step-Down Transformer: The power supply journey begins at the transformer. It magnetically couples the
primary grid and the secondary circuit, providing galvanic isolation for safety. It reduces the high-voltage AC
mains (e.g., 230V at 50Hz) to a lower, safer AC voltage (e.g., 12V, 15V, or 24V), suitable for the safe operation
of solid-state electronic components.

2. Rectifier Stage: The low-voltage AC is fed into a rectifier circuit, which is typically configured as a full-wave
bridge rectifier using four semiconductor diodes. The rectifier’s purpose is to convert the bidirectional alternating
voltage into a unidirectional, albeit highly pulsating, DC voltage.

3. Filter Stage: The pulsating DC output from the rectifier contains significant AC ripples and is far from being a
flat DC line. A filter circuit, usually constructed using large-value electrolytic capacitors and sometimes series
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inductors (chokes), smooths out these heavy voltage pulsations. The capacitor charges during peak voltage and
discharges to supply the load during voltage valleys, producing a nearly steady but still unregulated DC voltage.

4. Voltage Regulator Stage: The final, intelligent, and most critical stage is the voltage regulator circuit. It
accepts the partially smoothed, unregulated DC voltage from the filter network and outputs a highly stable,
rock-solid constant DC voltage. The regulator effectively acts as an active electronic filter, aggressively attenuating
any remaining AC ripple and continuously compensating for any load or line perturbations.

The Dynamic Role of the Regulator At its core, a linear voltage regulator acts as a dynamic, intelligent variable
resistor. It automatically and instantaneously adjusts its internal resistance in response to real-time changes in
input voltage or load current, ensuring that the voltage drop presented to the load remains perfectly clamped and
constant.

Types of Linear Voltage Regulators

Voltage regulators can be systematically classified into discrete component regulators (built using individual diodes and
transistors) and modern integrated circuit (IC) regulators.

1. Zener Diode Voltage Regulator The most elementary form of a voltage regulator employs a Zener diode
operating predominantly in its reverse-biased avalanche or Zener breakdown region. When reverse-biased beyond its
critical Zener voltage (Vz), the diode exhibits a remarkable property: it maintains a nearly constant voltage drop across
its terminals over a remarkably wide range of reverse currents. A current-limiting series resistor (Rg) is mandatory in
this topology. It absorbs the fluctuating difference between the unregulated input voltage and the fixed Zener voltage,
preventing the Zener diode from drawing excessive current and exceeding its maximum power dissipation limit.

Zener Regulator Mathematical Design Consider a load requiring a stable 5.1V supply, drawing a maximum current
(Ir) of 50mA from an unregulated 9V source (Vj,). A 5.1V Zener diode is placed in parallel with the load.
Assuming a minimum Zener current (Iz,,i,) of 5mA is needed to keep the diode in breakdown:

Vin — Vz 9V — 5.1V 3.9V

Rg = = = ~ 710
8 " Tgmin + Imas  BmA +50mA  55mA

A standard 682 resistor would be selected for practical implementation.

\. J

While exceptionally simple and cost-effective for basic circuits, simple Zener regulators are highly inefficient for
large load currents and offer limited regulation performance compared to active transistor-based circuits.

2. Transistor Series Voltage Regulator Also known widely as an emitter-follower regulator, this circuit architecture
places a bipolar junction transistor (BJT) in series with the load path. The base voltage of the regulating transistor is
rigidly held constant by a low-power Zener diode reference. Because the output voltage is equal to the base voltage
minus the intrinsic base-emitter voltage drop (Vi = Vz — Vpg), the output voltage remains highly stable.

If the load current suddenly increases, the output voltage momentarily attempts to drop. This drop immediately
increases the base-emitter voltage (Vpg), forcing the series transistor to conduct more heavily, thereby restoring
the output voltage to its original level. Series regulators provide significantly better efficiency, higher load current
capabilities, and superior voltage stability than simple passive Zener regulators.

3. Transistor Shunt Voltage Regulator In a shunt regulator configuration, the regulating active element (a
transistor) is placed in parallel (shunt) with the external load. A power series resistor is placed between the unregulated
source and the parallel transistor-load combination. The control circuit dynamically diverts current away from the load
through the transistor to maintain a constant load voltage.

If the output voltage attempts to rise due to an increased input voltage or decreased load, the control circuit
causes the shunt transistor to conduct more heavily. This draws increased current through the primary series resistor,
which proportionally increases the voltage drop across the resistor and forces the load voltage back down to the target
level. Shunt regulators inherently possess built-in short-circuit protection but suffer from fundamentally poor efficiency
because substantial power is continuously dissipated in the parallel transistor even when the load is disconnected or
drawing minimal current.
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4. Integrated Circuit (IC) Voltage Regulators Modern electronic power supply design overwhelmingly relies
on monolithic Integrated Circuit (IC) voltage regulators. These ICs are favored due to their compact physical size,
exceptional electrical performance, comprehensive built-in protection mechanisms, and remarkably low cost. They
elegantly encapsulate the entire closed-loop control system—the error amplifier, precise voltage reference, high-current
pass transistor, and protection circuitry—onto a single tiny silicon substrate.

» Fixed Positive Regulators (78XX Series): These ubiquitous three-terminal ICs provide a rock-solid, fixed
positive output voltage. The "XX" suffix denotes the designated output voltage. For instance, the 7805 outputs a
steady +5V, and the 7812 outputs +12V. They require only minimal external decoupling capacitors for stable
operation.

+ Fixed Negative Regulators (79XX Series): Acting as the precise complementary counterparts to the
78XX series, these ICs provide a fixed negative output voltage. A 7905, for example, delivers —5V. They are
indispensable in creating dual-polarity power supplies (e.g., +15V and —15V) strictly required for powering
operational amplifiers and analog signal processing circuits.

o Adjustable Regulators (e.g., LM317): Unlike their fixed-voltage siblings, adjustable regulators like the
LM317 allow the design engineer to set a precise, custom output voltage (typically ranging from 1.25V to 37V)
using a simple external resistor divider network connected to its dedicated "Adjust" control pin.

Advanced IC Protection Features A paramount advantage of IC-based regulators over discrete designs is their
sophisticated internal safety mechanisms. Almost all feature Thermal Shutdown (the IC automatically disables
its output if the silicon die exceeds a safe temperature, e.g., 150°C) and Current Limiting (restricting maximum
output current to a safe threshold to prevent catastrophic destruction during a dead short circuit).

Key Performance Specifications

To rigorously evaluate and compare the quality and suitability of different regulated power supplies, design engineers
rely on specific standardized performance metrics.

Line Regulation (Source Regulation) Line regulation is a quantitative measure of the regulator circuit’s ability
to maintain a constant output voltage despite anticipated variations in the primary input line voltage. It is typically
mathematically expressed as a percentage change in the output voltage for a specified change in the input voltage, or
in absolute terms as millivolts per volt (mV/V).

AVt
Line Regulation (%) = ( o ) x 100
g %) ={av,,
An ideal, perfect power supply has a line regulation of 0%, signifying that the output is entirely isolated and immune
to input fluctuations.

Load Regulation Load regulation defines the robustness of the power supply in maintaining its stated output
voltage when the dynamic load current demand changes drastically from a minimal state (no-load) to its maximum
rated capacity (full-load).

Load Regulation (%) = (VNL_VFL> x 100

FL

where Vv, represents the output voltage with zero load connected, and Vgj, represents the voltage when the maximum
rated current is drawn. Considerably lower percentages indicate vastly superior regulation performance and a very low
internal dynamic resistance.

Ripple Rejection Ratio Even after rigorous capacitive filtering, a trace amount of AC ripple voltage stubbornly
remains superimposed on the unregulated DC input. Ripple rejection characterizes the regulator IC’s internal amplifier’s
ability to actively cancel and attenuate this residual input AC component from reaching the output. It is conventionally
expressed in decibels (dB). A high-quality linear regulator with an 80dB ripple rejection specification will effectively
reduce input voltage ripple magnitude by a massive factor of 10, 000.
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Switched-Mode Power Supplies (SMPS) vs. Linear Regulators

While linear voltage regulators (like all the architectures discussed above) provide exceptionally clean, noise-free power
with fast transient response, they are fundamentally inefficient when there is a large voltage differential between the
input and output. The excess electrical energy is wastefully dissipated as thermal heat, requiring massive aluminum
heatsinks for high-current applications.

To overcome these severe efficiency limitations in high-power or space-constrained modern electronics, Switched-
Mode Power Supplies (SMPS) are universally preferred. In an SMPS, the principal regulating element (typically a
MOSFET) does not act as a variable resistor. Instead, it acts as a high-frequency switch, aggressively toggling fully
ON and fully OFF thousands to millions of times per second (e.g., 50kHz to 2MHz).

By dynamically adjusting the duty cycle (the ratio of ON time to OFF time) of this high-frequency switching
transistor—a technique known as Pulse Width Modulation (PWM)—the average output voltage is precisely regulated.

Advantages of SMPS: This switching approach dramatically increases electrical efficiency (routinely achieving
85% to 95%), vastly reduces waste heat generation, and permits the use of significantly smaller, lighter high-frequency
transformers and filter components compared to heavy 50Hz mains transformers.

Disadvantages of SMPS: However, SMPS architectures are inherently far more complex to design. More
importantly, the aggressive high-frequency switching generates substantial Electromagnetic Interference (EMI) and
high-frequency electrical noise, requiring sophisticated shielding and filtering to prevent interference with sensitive
adjacent circuits.

Applications of Regulated Power Supplies

Highly stable regulated power supplies form the invisible backbone of modern technological infrastructure. Their
critical applications encompass:

e Consumer Electronics and IoT: Smart televisions, high-fidelity audio amplifiers, smartphones, and IoT smart
home appliances rely entirely on internal regulated supplies to power their delicate microcontrollers and RF
communication modules.

e« Computing Systems and IT Infrastructure: Motherboards, high-performance CPUs, GPUs, and enterprise
solid-state drives require multiple, exceptionally precise, and stable DC voltage rails (e.g., 3.3V, 5V, 12V) provided
by sophisticated ATX standard regulated power supplies.

e Laboratory Bench Power Supplies: Variable, highly precise regulated DC power supplies featuring adjustable
voltage and current limiting are absolutely essential diagnostic and development tools for engineers and technicians
to safely design, prototype, and troubleshoot complex electronic circuits.

o Medical and Diagnostic Instrumentation: Life-critical equipment, such as electrocardiogram (ECG) machines,
MRI scanners, and patient life-support monitors, require ultra-stable, medically isolated, low-noise power supplies
to ensure flawless diagnostic accuracy and uncompromised patient safety.

o Industrial Automation and Telecommunications: Factory robotics, programmable logic controllers (PLCs),
5G cellular base stations, and fiber-optic routing equipment utilize ruggedized, high-current, high-efficiency
regulated supplies to maintain uninterrupted, mission-critical operations in harsh physical environments.

In conclusion, the regulated power supply is an absolutely indispensable foundational element in the broad field of
electronics. By actively neutralizing the chaotic, unpredictable effects of mains input voltage fluctuations and variable
dynamic load demands, it guarantees the stable, quiet electrical foundation necessary for all modern electronic systems
to operate accurately, predictably, and safely over their intended lifespans.
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5.38 Shunt Voltage Regulator

A shunt voltage regulator provides a constant DC output voltage irrespective of variations in the input voltage or load
current by connecting a regulating element in parallel (shunt) with the load. It diverts extra current away from the
load to maintain a stable voltage.

Shunt Voltage Regulator A shunt voltage regulator is a type of voltage regulator in which the regulating device is

connected in parallel with the load. The regulator controls the output voltage by providing a variable parallel
current path that compensates for changes in load current or input voltage.

5.38.1 Basic Concept and Block Diagram

In a shunt voltage regulator, an unregulated input voltage is supplied through a series resistor (Rg) to the parallel
combination of the regulating element and the load (Rrz). The series resistor is essential because it absorbs the excess
voltage from the unregulated supply. As the input voltage fluctuates or the load current changes, the shunt regulating
element automatically alters its resistance to draw more or less current. This variation in current causes a corresponding
voltage drop across the series resistor, thereby keeping the voltage across the load perfectly constant.

Current Diverting Mechanism The fundamental principle of a shunt regulator relies on Kirchhoft’s Current Law
(KCL): Is = I, + Ir. The total current supplied (I;) splits between the load (I1) and the shunt regulator (I,). If
load current drops, the shunt regulator draws the excess current to keep I (and consequently the voltage drop
across Rs) constant.
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5.38.2 Zener Diode Shunt Voltage Regulator

The simplest and most widely used form of a shunt voltage regulator utilizes a Zener diode. A Zener diode is a heavily
doped p-n junction diode designed to operate in the reverse breakdown region, known as the Zener region. Once the
reverse bias voltage reaches the Zener breakdown voltage (Vz), the voltage across the diode remains practically constant
over a wide range of reverse currents.

In this circuit, the Zener diode is connected in parallel with the load resistor, with its cathode facing the positive
terminal of the input supply (ensuring reverse bias operation). A series resistor (R) limits the total current to prevent
the Zener diode from overheating and being destroyed.

Circuit Analysis

By applying basic circuit laws, we can analyze the operation of the Zener shunt regulator under two primary conditions:
varying input voltage (Line Regulation) and varying load resistance (Load Regulation).
The total current in the circuit is given by:
I;=1;+1;

where I is the source current, Iz is the Zener current, and Iy, is the load current.
The voltage across the series resistor is:

VRs = Vin — Vour = IR
Since the load is in parallel with the Zener diode, the output voltage is ideally equal to the Zener voltage:
‘/out = VZ

Case 1: Line Regulation (Varying Input Voltage) When the input voltage (V;,,) increases, the series current
(Is) increases. Since the load resistance (Rp) is constant, the load current (I, = Vz/Ry) remains unchanged. The
extra current must be absorbed by the Zener diode, resulting in an increase in Iz. The increased I causes a larger
voltage drop across R, perfectly cancelling out the increase in Vj;, and maintaining V,,; constant. Conversely, if V;,
decreases, I, decreases, reducing Is and lowering the voltage drop across R, keeping V,,,; stable.

Case 2: Load Regulation (Varying Load Resistance) When the load resistance (Ry) decreases, the load
demands more current (I, increases). Assuming V;, is constant, the total current I tends to remain relatively constant.
To satisfy the increased load demand, the Zener diode proportionally reduces its current (Iz). As long as the Zener
diode remains in breakdown (Iz > Iz(mn)), the output voltage stays constant at Vz. If Ry, increases, I;, decreases,
and the Zener diode absorbs the excess current.

Important / Warning

Maximum Zener Current Limitation Care must be taken to ensure that the Zener diode does not exceed its
maximum power dissipation rating (Pz = Vz X I;(;4e)). This scenario usually occurs when the load is completely
disconnected (open circuit, I, = 0), forcing the Zener diode to conduct the entire source current ().

Zener Shunt Regulator Design Design a Zener shunt regulator to maintain a constant output of 12V for a load
current varying from 0 to 50 mA. The unregulated input voltage varies from 15V to 20V. Assume the minimum
Zener current to maintain breakdown is 5 mA.

Solution: The output voltage V,,; = Vz = 12V. The series resistor R must be sized to ensure the Zener diode
remains in breakdown at the worst-case scenario: minimum input voltage and maximum load current.

Is(min) = IZ(min) + IL(max) =5 mA + 50 mA = 55 mA
The value of Ry is calculated using the minimum input voltage:

Vin(min) = Vout _ 15V —12V 3V

— — ~ 54.5 Q
I y(min) 55 mA 0.055 A

R, =

Next, we must check the maximum power dissipation of the Zener diode. This occurs at maximum input voltage
and minimum load current (I, = 0).
I o ‘/in(max) -Vz . 20V — 12V
s(maz) = R, T 5459

~ 146.8 mA
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Since I, = 0, Iz(maz) = Ls(mar) = 146.8 mA. Power rating required for the Zener diode:
Pz =Vz x IZ(ma:Jc) =12V x 146.8 mA = 1.76 W

A Zener diode with a power rating of at least 2W and an R of 54.5 2 should be selected.

\

5.38.3 Transistor Shunt Voltage Regulator

While a simple Zener regulator is useful for low-current applications, it has limitations. The primary issue is that the
Zener diode must dissipate significant power, especially when the load is disconnected. To overcome this and handle
higher currents, a transistor can be added to the circuit, creating a Transistor Shunt Voltage Regulator.

In this configuration, a standard bipolar junction transistor (BJT) is placed in parallel with the load. The base of
the transistor is controlled by a Zener diode, or the Zener diode is connected between the collector and the base.

Circuit Operation

Consider a circuit where an NPN transistor is connected in shunt with the load. A series resistor R, limits the total
current. A Zener diode provides a stable reference voltage to the base. The output voltage is the sum of the Zener
voltage (Vz) and the base-emitter voltage (Vpg) of the transistor:

Vout = Vz + VBE

When the output voltage attempts to rise (due to an increase in Vj, or a decrease in Ir), the Vpg of the transistor
momentarily increases. This causes a substantial increase in the base current (Ig), which in turn gets multiplied by the
current gain () of the transistor, leading to a massive increase in the collector current (I¢). Because the transistor
draws more current, the total current I passing through R increases, causing a larger voltage drop across Rs. This
drops the output voltage back to its regulated value.

Conversely, if V,,; attempts to fall, Vpp decreases, leading to a lower Iz and Io. The transistor conducts less
current, lowering the voltage drop across Rs and allowing V,; to rise back to the desired level.

Current Amplification in Shunt Regulators The transistor acts as a current amplifier. Instead of the Zener diode
absorbing all the excess current directly, it only handles the small base current (Ip). The transistor absorbs
the bulk of the excess current (I = f1g). This allows the circuit to regulate much larger load currents using a
low-power Zener diode.

5.38.4 Improved Transistor Shunt Regulator with Error Amplifier

For even tighter regulation and to make the output voltage adjustable, an operational amplifier (op-amp) or an
additional transistor can be used as an error amplifier.

In this advanced circuit, a sample of the output voltage is taken using a resistive voltage divider and fed to the
inverting input of an op-amp. A fixed reference voltage (usually provided by a Zener diode) is fed to the non-inverting
input. The op-amp compares these two voltages and drives the base of the shunt transistor.

If the output voltage rises above the desired level, the voltage at the inverting input exceeds the reference. The
op-amp amplifies this error and increases its output voltage, which drives the shunt transistor harder into conduction.
The transistor diverts more current away from the load, pulling the output voltage back down. This closed-loop
feedback mechanism ensures highly precise voltage regulation.

5.38.5 Advantages and Disadvantages

Advantages

e Inherent Short-Circuit Protection: Unlike series regulators, a short circuit across the load in a shunt regulator
simply pulls the output voltage to zero and diverts all current through the short. The maximum current is safely
limited by the series resistor Rs to Vj,/Rs. The regulating element (Zener or transistor) is completely bypassed
and safe from damage.

o Simplicity: Basic Zener shunt regulators are incredibly simple, requiring only two components (a resistor and a
Zener diode).

o Overvoltage Immunity: Shunt regulators are generally robust against transient input overvoltages because the
shunt element will just clamp the voltage by drawing more current.
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Disadvantages

e Low Efficiency: The primary drawback of a shunt regulator is its poor efficiency. Power is continuously
dissipated in the series resistor Rs. Furthermore, the regulating element dissipates maximum power when the
load is minimum (or disconnected).

e Constant Input Current: The regulator draws a relatively constant current from the power supply, regardless
of the load’s requirements. This makes it unsuitable for battery-powered devices where conserving energy is
crucial.

e Output Voltage Bound: The output voltage cannot be higher than the input voltage, and typically there must
be a significant voltage margin to allow Rs to operate properly.

5.38.6 Applications

Because of their inefficiency, shunt voltage regulators are rarely used for high-power, variable-load applications. However,
their unique characteristics make them perfectly suited for specific use cases:

e Voltage References: They are widely used to provide stable reference voltages for analog-to-digital converters,
digital-to-analog converters, and comparator circuits. Low-power, high-precision Zener diodes or bandgap
references function as shunt regulators.

« Overvoltage Protection: Transient Voltage Suppressor (TVS) diodes and Metal Oxide Varistors (MOVs) act
essentially as high-power shunt regulators that sit completely idle until a voltage spike occurs, at which point
they shunt the dangerous current to ground.

¢ Solar Power Systems and Wind Turbines: In simple battery charging systems, a shunt regulator diverts
excess power generated by solar panels or wind turbines into a "dump load" (like a heating element) once the
batteries are fully charged, preventing overcharging without disconnecting the source.

Important / Warning

Heat Management Due to the continuous power dissipation, especially at no-load conditions, proper thermal
management (heatsinks) must be considered for the series resistor and the shunt regulating transistor in practical
implementations.
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5.39 Transistorized Series Voltage Regulator

5.39.1 Introduction

A voltage regulator is an essential component in a power supply system, designed to maintain a constant DC output
voltage despite variations in the input AC line voltage, changes in the load current, or fluctuations in temperature.
Among the various types of linear voltage regulators, the transistorized series voltage regulator is one of the most
widely used configurations.

In a series voltage regulator, the active control element—typically a bipolar junction transistor (BJT)—is connected
in series with the load. Because all the load current passes through this control element, it is commonly referred to
as the "series pass transistor." The fundamental principle of operation relies on adjusting the voltage drop across the
series transistor to compensate for any changes in the input voltage or the load, thereby keeping the output voltage
perfectly stable.

Concept Series Pass Element: In a series voltage regulator, the regulating device (a transistor) is placed in
series with the load. By automatically varying its internal resistance (and thus the voltage dropped across it), the
transistor ensures that the voltage delivered to the load remains constant.

5.39.2 Basic Transistorized Series Voltage Regulator

The basic transistorized series voltage regulator is a simple yet effective circuit that uses a Zener diode to provide a
stable reference voltage and a transistor to act as a variable resistor.

Circuit Description

The basic circuit consists of an unregulated DC input voltage (Vj,), an NPN transistor (Q1), a Zener diode (Dz), and
a biasing resistor (Rg).

e The Zener diode is connected between the base of the transistor and the ground, reverse-biased to operate in its
breakdown region. This establishes a constant reference voltage (V) at the base of the transistor.

e The resistor Rg provides the necessary biasing current to the Zener diode to keep it in the breakdown region and
supplies the base current to the transistor.

e The collector of the transistor is connected to the unregulated input voltage, and the emitter is connected to the
load. Therefore, the load current (I1,) flows from the collector to the emitter.

Box Basic Series Regulator: A linear voltage regulator where a transistor, acting in its active region, is placed
in series with the load. Its base voltage is held constant by a Zener diode, forcing the output emitter voltage to
follow the reference voltage minus the base-emitter drop.
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Principle of Operation

The NPN transistor ()1 operates as an emitter follower. In an emitter follower configuration, the voltage at the emitter
(Vour) "follows" the voltage at the base (V). Since the base voltage is held rigidly at the Zener voltage (V), the output
voltage is given by:

Vout = Vz — VBE

where Vg is the base-emitter voltage drop of the transistor (approximately 0.7 V for silicon).
The regulating action occurs automatically:

o Against changes in input voltage (V;,): If the unregulated input voltage increases, it attempts to increase
the output voltage. However, any momentary increase in Vj,; reduces the base-emitter voltage Vg (since Vp
is fixed at V7). A reduced Vg decreases the base current, which in turn reduces the emitter/collector current.
This causes the transistor to increase its effective resistance, dropping more voltage across its collector-emitter
terminals (Vo). Thus, Vg, is restored to its original value.

o Against changes in load current (I1): If the load demands more current (e.g., load resistance decreases), the
output voltage V,,; momentarily drops. This drop increases the potential difference between the base and the
emitter (Vg increases). A larger Vi causes an increase in base current, prompting the transistor to conduct
more heavily (its effective resistance decreases). As a result, the transistor supplies the additional required load
current while pulling the output voltage back up to its regulated level.

Calculating Output Voltage: Suppose a basic series voltage regulator circuit uses a Zener diode with a breakdown
voltage V; = 12 V. Assuming a standard silicon transistor with a base-emitter voltage drop Vg = 0.7 V, what
will be the regulated output voltage?

Solution: The output voltage is directly dependent on the reference voltage and the transistor’s junction drop:

Vour =Vz -V =12V -07TV=113V

The output voltage will be maintained at approximately 11.3 V regardless of minor fluctuations in the input
source.

Limitations of the Basic Circuit

While simple, the basic series regulator has notable drawbacks:

e Fixed Output Voltage: The output voltage cannot be easily adjusted because it is strictly determined by the
selected Zener diode.

o Temperature Sensitivity: The output voltage depends on Vppg, which decreases by roughly 2 mV/°C as
temperature rises. The Zener voltage V; also has a temperature coefficient. This makes the output susceptible to
thermal drift.

e Poor Regulation at High Currents: For large load currents, the transistor requires a substantial base current.
This base current is drawn from the biasing resistor Rg, potentially reducing the Zener current below its minimum
required value (17 i), which causes the regulation to fail.

Important / Warning

Power Dissipation Limit: The series pass transistor must dissipate a power equal to Pp = (Vi — Vo) X I If
the input-output voltage difference is large, or if the load current is high, the transistor can generate significant
heat and may be destroyed unless mounted on an appropriately sized heat sink.

5.39.3 Transistorized Series Voltage Regulator with Feedback

To overcome the limitations of the basic circuit—specifically poor regulation under varying conditions and the inability
to adjust the output voltage—a feedback mechanism is introduced. The series voltage regulator with feedback
uses an error amplifier to constantly monitor the output and actively correct any deviations.
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Circuit Description and Components

The feedback-based regulator is significantly more robust. The primary components include:

o Series Pass Transistor ((Q)1): Positioned in series with the load to control the current flow and adjust the
voltage drop.

o Error Amplifier Transistor ((Q)2): Amplifies the difference (error) between a sampled fraction of the output
voltage and a fixed reference voltage.

« Reference Voltage Source (Dyz): A Zener diode used to provide a highly stable reference voltage (V,..f) to
the emitter of the error amplifier.

» Voltage Sampling Network (R, R2): A resistive voltage divider connected across the output terminals. It
continuously feeds a fraction of the output voltage back to the base of the error amplifier.

Concept Closed-Loop Control: The feedback regulator is a classic closed-loop control system. It continuously
"samples" the output, "compares" it to a reference, and "adjusts" the series transistor to eliminate any error,
resulting in excellent line and load regulation.

Principle of Operation

The core mechanism is negative feedback. Let us examine how the circuit stabilizes the output voltage:

1. Establishing the Output Voltage:
The voltage divider network composed of resistors R; and Rs taps into the output voltage V,,; and produces a feedback
voltage (V) at the base of the error amplifier Qs:

Ry
Ve = Vit =2
F Ot<R1+R2)

The emitter of Q2 is pinned to the constant Zener voltage (Vz). Therefore, the base-emitter voltage of Q9 is the
difference between the sampled voltage and the reference voltage:

VBp2 = VFr —Vz

The error amplifier compares these two values. Based on this comparison, it controls the base current supplied to the
series pass transistor ()1, forcing the output to remain stable.

2. Compensating for an Increase in Output Voltage:
Assume that the input voltage increases, or the load current decreases, causing a momentary spike in the output voltage
‘/out-

o The voltage divider instantly senses this, causing the feedback voltage Vr at the base of Q)2 to rise.
e Because the emitter voltage of ()5 is fixed at Vz, an increase in base voltage leads to a higher Vpgs.
e ()9 conducts more heavily, pulling more collector current.

e This increased collector current of Qs flows through the biasing resistor connected to (Q1’s base. Consequently,
less current is available for the base of the series pass transistor ().

o With less base current, ()1 reduces its conduction (its effective collector-emitter resistance increases).

o The voltage drop across Q1 (Vo) increases, which precisely cancels out the initial rise, bringing V,,; back to its
steady-state value.

3. Compensating for a Decrease in Output Voltage:
Conversely, if the output voltage attempts to drop (due to a drop in Vj, or an increase in load demand):

e The sampled feedback voltage Vi decreases.

e The base-emitter voltage Vpgo of the error amplifier falls, causing ()2 to conduct less.

e As Q5 draws less current, more current is diverted into the base of ().

e (Q; is driven harder into conduction (its internal resistance drops), reducing the voltage drop across it.

e This action pulls the output voltage back up to the desired setpoint.
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Box Error Amplifier: A critical component in feedback regulators that measures the difference between the

actual output voltage and the desired reference, producing an amplified control signal to drive the regulating
element.

Expression for Output Voltage

Without diving into complex mathematical derivations, we can understand the output voltage behavior by looking at
the steady state. In equilibrium, the base-emitter voltage of the error amplifier (Vpgs) is typically very small compared
to the output voltage. Thus, the feedback voltage is roughly equal to the Zener reference voltage (Vi ~ Vy).

By rearranging the voltage divider equation:

Ry +R R
e () 1 (12)

Substituting Vy with approximately Vz, the practical output voltage is defined as:

Ry
Vour = Vz 14+ —
t Z<+R2>

This relationship highlights a massive advantage of the feedback regulator: the output voltage is adjustable.
By replacing R and Ry with a potentiometer, the user can tune the feedback ratio and continuously vary the regulated
output voltage across a wide range.

Adjusting Output with Feedback: Consider a feedback series regulator where the reference Zener voltage is
Vz =5V and Vppgs is negligible for simplicity. The voltage divider consists of Ry = 10 k2 and Ry = 5 k).
Solution: The output voltage can be found using the ratio:

10k
Vout=Vz(1+&):5Vx(1+i):5\/x(1+2)=15v
Ry 5k

If R; is changed to 5 kf2, the output becomes 10 V. This demonstrates the flexibility provided by the feedback
network.

\.

5.39.4 Advantages and Disadvantages
Advantages:

e Excellent Regulation: The continuous closed-loop monitoring in the feedback circuit provides highly stable
output voltages with minimal ripple, even under drastically changing loads.

e Adjustability: The output voltage can be easily scaled up from the Zener reference voltage by altering the
feedback resistor ratio.

e Low Output Impedance: Negative feedback significantly lowers the internal impedance of the supply, making
it an ideal "stiff" voltage source.

Disadvantages:

e Inefficiency: Because it is a linear regulator, the series transistor must dissipate the difference between input
and output power as heat (P = (V;;, — Vout) X I1). For large voltage drops and high currents, efficiency plummets.

o No Short-Circuit Protection (in basic forms): Without additional current-limiting circuitry, a short-circuited
output will draw massive currents through the series pass transistor, rapidly destroying it due to thermal runaway.

5.39.5 Summary

The transistorized series voltage regulator is a foundational circuit in analog electronics. While the basic version
provides a simple, fixed-voltage solution, the addition of a feedback loop transforms it into a highly accurate, adjustable,
and robust regulating system. By continuously comparing a fraction of the output against a strict reference, the
feedback regulator dynamically alters the conduction of its series pass transistor to counteract any fluctuations. Despite
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modern reliance on integrated circuits (ICs) and switching regulators for high efficiency, understanding this discrete
linear topology remains crucial for mastering power electronics principles.
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5.40 Three Terminal Fixed and Variable Voltage Regulators

5.40.1 Introduction to Voltage Regulators

A dependable power supply is the backbone of almost all electronic systems. While a transformer, rectifier, and filter
circuit can convert alternating current (AC) into a relatively steady direct current (DC), the resulting output voltage is
often subject to variations. These fluctuations can arise from changes in the AC input line voltage or from variations in
the load current demanded by the connected circuit. To ensure stable and reliable operation, electronic circuits require
a precisely maintained constant DC voltage, irrespective of input voltage swings or changes in load conditions. This
crucial function is performed by a voltage regulator.

Voltage Regulator A voltage regulator is an electronic circuit or device designed to maintain a constant output DC
voltage, regardless of variations in the input line voltage, changes in the load current, or temperature fluctuations.

The performance of a voltage regulator is primarily measured by two key metrics:

¢ Line Regulation: The ability of the regulator to maintain a constant output voltage despite changes in the
input (line) voltage. It is typically expressed as a percentage change in the output voltage for a specified change
in the input voltage (% / V).

e« Load Regulation: The ability of the regulator to maintain a constant output voltage despite changes in the
load current (from no-load to full-load conditions). It is usually expressed as a percentage change in the output
voltage from a minimum load to a maximum rated load.
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Historically, voltage regulation was achieved using discrete components such as Zener diodes and transistors.
However, modern electronics heavily rely on integrated circuit (IC) voltage regulators due to their compact size,
reliability, built-in protection features, and ease of use. Among these, the three-terminal voltage regulators are the
most popular and widely utilized in both commercial and industrial applications.

Key Concept

Three-Terminal Regulators As the name implies, three-terminal voltage regulators feature only three functional
pins: an input pin, an output pin, and a common (or ground/adjust) pin. They eliminate the need for complex
discrete circuits, requiring only a few external capacitors to stabilize the voltage and suppress high-frequency noise.

Three-terminal regulators are broadly classified into two categories:
1. Fixed Voltage Regulators: These provide a constant, pre-set output voltage (e.g., +5V, -12V).

2. Variable (Adjustable) Voltage Regulators: These allow the user to set the output voltage to a specific value
within a specified range using external resistors.

5.40.2 Fixed Voltage Regulators: 78xx and 79xx Series

Fixed voltage regulators are designed to provide a specific, non-adjustable output voltage. The most ubiquitous families
of fixed voltage regulators are the 78xx series for positive voltages and the 79xx series for negative voltages.

The 78xx Series (Positive Voltage Regulators)

The 78xx series is a family of self-contained fixed positive voltage regulators. The "78" indicates a positive voltage
regulator, while the "xx" is replaced by a two-digit number that signifies the exact output voltage provided by the IC.
Common members of the 78xx family include:

e 7805: +5V output
e 7809: +9V output
e 7812: +12V output
e 7815: +15V output
o 7824: 424V output

Interpreting the 78xx Part Number If an electronic circuit requires a stable +12V power supply for operation, you
would select the 7812 IC. If the requirement is for a standard TTL logic circuit, which operates at +5V, the 7805
IC is the appropriate choice.

Pin Configuration and Operation The 78xx series typically comes in a standard TO-220 package, featuring three
pins:

1. Pin 1 (Input): Receives the unregulated positive DC voltage from the filter circuit. For proper operation, the
input voltage must be at least 2V to 3V higher than the desired output voltage. This difference is known as the
"dropout voltage."

2. Pin 2 (Ground): Connected to the common ground of the circuit.
3. Pin 3 (Output): Delivers the regulated positive DC voltage to the load.
Standard Application Circuit The standard application circuit for a 78xx regulator is remarkably simple. It

involves placing the regulator between the unregulated DC source and the load.
To ensure stability and transient response, two external capacitors are generally used:

o An input capacitor (typically 0.33uF") is placed between the Input pin and Ground to filter out high-frequency
noise and prevent the regulator from oscillating, especially if the regulator is located at an appreciable distance
from the power supply filter.
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e An output capacitor (typically 0.1uF') is placed between the Output pin and Ground to improve the transient
response and further smooth any remaining ripple.

Important / Warning

Heat Dissipation Linear voltage regulators like the 78xx series drop the excess voltage in the form of heat. The
power dissipated is calculated as Py = (Vin, — Vout) X Ijoaq- If the input voltage is significantly higher than the
output voltage, or if the load current is high, the IC can become extremely hot. In such cases, attaching a suitable
heatsink to the regulator’s metal tab is mandatory to prevent thermal shutdown or permanent damage.

The 79xx Series (Negative Voltage Regulators)

Many electronic systems, particularly those involving operational amplifiers (op-amps) or analog signal processing,
require a dual-polarity power supply (e.g., £12V or +15V). While the 78xx series handles the positive voltage
requirement, the 79xx series is used to provide the corresponding regulated negative voltage.

Similar to the 78xx nomenclature, the "79" indicates a negative voltage regulator, and the "xx" denotes the magnitude
of the negative output voltage.

Common members include:

e 7905: -5V output
e 7912: -12V output

e 7915: -15V output

Pin Configuration It is crucial to note that the pinout of the 79xx series differs from the 78xx series, despite sharing
the same TO-220 package format. Incorrect wiring can lead to immediate destruction of the IC.

1. Pin 1 (Ground): Connected to the common ground. (Note the difference: this is the Input pin on the 78xx).
2. Pin 2 (Input): Receives the unregulated negative DC voltage.

3. Pin 3 (Output): Delivers the regulated negative DC voltage.

Dual Power Supply Design By combining a center-tapped transformer, a bridge rectifier, filter capacitors, a 78xx
regulator, and a 79xx regulator, one can construct a highly stable symmetric dual power supply. The center tap of
the transformer serves as the common ground. The positive half of the rectified output is regulated by the 78xx to
provide +Vee, while the negative half is regulated by the 79xx to provide —Vgg. This configuration is a staple in
analog laboratory power supplies.

5.40.3 Variable Voltage Regulators: The LM317

While fixed regulators are convenient, many applications require non-standard voltages or the ability to dynamically
adjust the supply voltage during operation or testing. This requirement is fulfilled by variable (or adjustable)
three-terminal voltage regulators. The most renowned and widely used positive adjustable voltage regulator is the
LM317.

Overview of the LM317

The LM317 is a monolithic integrated circuit capable of supplying more than 1.5A of load current with an output
voltage adjustable over a wide range, typically from 1.25V to 37V. It requires only two external resistors to set the
output voltage, making it exceptionally versatile and easy to implement.

Furthermore, the LM317 boasts excellent line and load regulation specifications, often outperforming standard
fixed regulators. It also includes comprehensive internal protection mechanisms, such as current limiting, thermal
overload protection, and safe operating area (SOA) protection, rendering it essentially blowout-proof under normal
fault conditions.
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Pin Configuration and Operation

Unlike fixed regulators, the LM317 does not have a "ground" pin. Instead, it features an "Adjust" pin. The pinout in a
standard TO-220 package is:

1. Pin 1 (Adjust - ADJ): Used to set the desired output voltage via an external resistor divider network.
2. Pin 2 (Output - Vout): Delivers the regulated variable positive DC voltage.

3. Pin 3 (Input - Vin): Receives the unregulated positive DC voltage.

Key Concept

The Internal Reference Voltage The core principle of the LM317’s operation relies on an internal bandgap reference.
The regulator develops and maintains a precise constant reference voltage, denoted as V.., tightly controlled at
exactly 1.25V. This reference voltage appears between the Output pin and the Adjust pin.

Setting the Output Voltage

To set the output voltage, a voltage divider network consisting of two resistors, R; and Rs, is connected across the
output and ground, with the center point tied to the Adjust pin.

o R; (Program Resistor): Connected between the Output pin and the Adjust pin.

o Ry (Set Resistor): Connected between the Adjust pin and Ground. This is usually a variable resistor
(potentiometer) to allow for voltage adjustment.

Because the LM317 maintains a constant 1.25V (V. f) across I?1, a constant current [1 = V. ¢ /Ry flows through it.
This current then flows through Ry (along with a very small adjustment pin current, I,4;, typically around 50u.A).

The output voltage is determined by the sum of the voltage drops across R; and Rs. The fundamental equation
governing the output voltage of the LM317 is:

R
‘/out = ‘/;‘ef (1 + R_2> + (Iadj X R2)
1

Since Vi is 1.25V and I,4; is extremely small (and designed to be relatively constant), the term (/,4; X Ra) can
often be neglected in practical, low-precision calculations, simplifying the formula to:

Ry
Vour = 1.25V (1 + —
! < * Rl)

Calculating V,,+ for an LM317 Suppose we design a power supply using an LM317. We choose a standard value of
Ry = 2409). We want to find the output voltage if the variable resistor Ry is adjusted to 1.2kQ (or 120012).
Using the simplified formula:

240
Vout = 1.25 (1 4+ 5)
Vour = 1.25 X 6
Vout = 7.0V

12
Vour = 1.25 (1 F ﬂ)

If Ry is reduced to 0f), the output voltage drops to its minimum possible value, which is the reference voltage
itself: 1.25V.

\.

Practical Design Considerations for LM317

While the basic LM317 circuit requires only two resistors, a robust design usually incorporates additional components
for enhanced performance and safety:

1. Capacitors:

e An input bypass capacitor (e.g., 0.1uF") is recommended if the regulator is located far from the main rectifier
filter capacitors.
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e An output capacitor (e.g., 1uF tantalum or 10uF electrolytic) improves transient response and ensures
absolute stability.

» A bypass capacitor across Ry (the adjust pin to ground) can significantly improve the ripple rejection ratio
of the regulator.

2. Protection Diodes: When external capacitors are used, especially large output or adjust pin capacitors,
protection diodes should be added. If the input is shorted to ground, a large output capacitor could discharge
back through the regulator, potentially damaging it. A diode placed in reverse bias across the input and output
pins provides a safe discharge path.

5.40.4 Summary of Three-Terminal Regulators

Three-terminal voltage regulators have revolutionized power supply design by condensing complex regulation, current
limiting, and thermal protection circuitry into a single, easy-to-use package. The 78xx and 79xx series provide robust,
fixed-voltage solutions for ubiquitous voltage rails (+5V, £12V), simplifying digital and analog designs. Conversely, the
LM317 and its negative counterpart (the LM337) offer unparalleled flexibility, allowing designers to create highly stable,
custom-voltage power supplies or adjustable laboratory equipment. Understanding the pin configurations, dropout
voltage requirements, and thermal management strategies for these ICs is a fundamental skill for any electronics
engineer.
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5.41 Switch Mode Power Supply (SMPS)

5.41.1 Introduction to SMPS

A Switch Mode Power Supply (SMPS) is an electronic power supply that incorporates a switching regulator to convert
electrical power efficiently from one form to another. Unlike linear power supplies, which regulate output voltage
by dissipating excess power as heat in a continuously conducting transistor, an SMPS rapidly switches a power
transistor between full-on (saturation) and full-off (cutoff) states. Because the transistor spends very little time in the
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high-dissipation transition state, this mechanism drastically reduces energy waste and yields a high-efficiency power
conversion process.

SMPS systems are ubiquitous in modern electronics. They provide the highly regulated, low-voltage direct current
(DC) necessary for integrated circuits to function properly. From compact mobile phone chargers to massive industrial
power distribution systems, the SMPS is the cornerstone of modern power electronics.

Switch Mode Power Supply (SMPS) An electronic power supply that utilizes a switching regulator to convert

electrical power efficiently. It achieves regulation by rapidly switching a transistor between saturation (fully
on, zero voltage drop) and cutoff (fully off, zero current) states, effectively minimizing power dissipation and
maximizing energy transfer.

The primary goal of any power supply is to convert an available input voltage—often unregulated alternating
current (AC) from the mains or a fluctuating DC battery voltage—into a stable, precise DC output voltage required by
electronic loads. The fundamental difference in an SMPS is its method of regulation, which relies on adjusting the
switching timing rather than acting as a variable resistor.

5.41.2 Pulse Width Modulation (PWM) and Duty Cycle

The most critical concept in understanding how an SMPS regulates voltage is Pulse Width Modulation (PWM). The
SMPS controls the average voltage delivered to the load by varying the ratio of the "on" time to the total switching
period.

Duty Cycle (D) The duty cycle is the fraction of time the switch is closed over one complete switching period. It
is mathematically expressed as:

lon
D=2
T

where to, is the duration the switch is conducting, and T is the total period of one switching cycle. By altering
the duty cycle, the SMPS dynamically changes the amount of energy transferred to the output, thereby regulating
the voltage.

If the output voltage attempts to drop due to an increase in load current, the control circuit responds by increasing
the duty cycle (leaving the switch on longer). Conversely, if the load decreases and the output voltage attempts to rise,
the duty cycle is decreased. This constant, high-speed adjustment ensures a highly stable output.

5.41.3 Block Diagram and Working Principle
To fully grasp the operation of an offline SMPS (one that takes power directly from the AC mains), we must break it
down into its functional blocks. A typical offline AC-to-DC SMPS consists of the following consecutive stages:

1. Input Rectifier and Filter

The alternating current (AC) from the mains (typically 120V or 230V at 50/60 Hz) is first fed into a bridge rectifier.
The rectifier converts the bidirectional AC voltage into a unidirectional, pulsating direct current (DC). This pulsating

DC is then passed through a large bulk smoothing capacitor to reduce the low-frequency voltage ripple, producing an
unregulated, high-voltage DC (around 170V DC for a 120V input, or 340V DC for a 230V input).

Important / Warning

High Voltage DC Hazard The primary side bulk filter capacitor in an offline SMPS stores a massive amount of
energy at dangerously high voltages. Extreme caution must be exercised when handling, probing, or repairing
SMPS units. These capacitors can retain a lethal charge for minutes or even hours after the power supply has
been disconnected from the mains. Always discharge them safely before commencing any maintenance.

2. High-Frequency Switching Section

The high-voltage, unregulated DC is then supplied to the main switching element. Today, this is typically a high-voltage
Power MOSFET (Metal-Oxide-Semiconductor Field-Effect Transistor) or an IGBT (Insulated-Gate Bipolar Transistor).
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MOSFETs are preferred for higher frequency applications due to their faster switching speeds compared to older Bipolar
Junction Transistors (BJTs).

This transistor is driven by a PWM controller IC. It switches on and off at a very high frequency—commonly
ranging from 50 kHz to several megahertz (MHz). The switching action effectively chops the smooth DC voltage into a
high-voltage, high-frequency square wave.

3. Power Transformer (Isolation and Scaling)

The high-frequency square wave is applied to the primary winding of a high-frequency ferrite-core transformer. The
use of a high frequency is the key to the SMPS’s small size. According to Faraday’s law of induction, a transformer’s
required physical size is inversely proportional to its operating frequency. Therefore, a transformer operating at 100
kHz can be hundreds of times smaller and lighter than a traditional iron-core transformer operating at 50 Hz.

The transformer serves two critical purposes:

o Voltage Scaling: It steps the high-voltage square wave down (or occasionally up) to the desired output voltage
level, dictated by the turns ratio between the primary and secondary windings.

o Galvanic Isolation: It physically separates the sensitive, low-voltage output circuitry (and the user) from the
lethal high-voltage AC mains input, ensuring safety.

4. Output Rectifier and Filter

The stepped-down, high-frequency alternating voltage from the transformer’s secondary winding must be converted
back to steady DC. Standard PN junction rectifier diodes are too slow to switch at 100 kHz without massive switching
losses. Therefore, fast recovery diodes or Schottky diodes are utilized for secondary rectification.

The rectified voltage is essentially a pulsating DC at a high frequency. It is then passed through a low-pass output
filter, typically an LC filter consisting of series inductors (chokes) and parallel low-ESR (Equivalent Series Resistance)
capacitors. This filter smoothly averages the high-frequency pulses into a clean, flat DC output voltage suitable for
powering delicate microelectronics.

5. Feedback and Control Circuit

To maintain a constant output voltage regardless of fluctuations in the input AC mains or varying load demands, the
SMPS employs a closed-loop feedback mechanism. A voltage divider samples a fraction of the output voltage and
compares it against a highly accurate internal reference voltage using an error amplifier.

The resulting error signal must be transmitted back to the primary-side PWM controller without breaking the
galvanic isolation. This is typically achieved using an opto-isolator (optocoupler). Based on the feedback signal, the
PWM controller dynamically adjusts the duty cycle of the main switching MOSFET, completing the regulatory loop.

Transient Load Response in an SMPS Consider a desktop computer powered by a 500W SMPS. When the computer
is idle, it may only draw 2 Amps on its 12V rail. If the user starts a complex 3D rendering task, the graphics
card and CPU suddenly draw 30 Amps. This massive, instantaneous demand causes the 12V output to dip. The
feedback loop detects this microsecond voltage drop, signals the PWM controller across the optocoupler, and the
controller widens the PWM pulses. The main MOSFET stays on longer per cycle, pumping vastly more energy
through the transformer to stabilize the output precisely at 12V—all happening in a fraction of a millisecond.

\. /

5.41.4 Power Factor Correction (PFC)

In higher-power offline SMPS units (typically above 75W), Power Factor Correction is a mandatory feature in many
regions. Because the input bridge rectifier and bulk capacitor only draw current from the AC mains in short,
high-amplitude spikes at the peak of the AC waveform, they cause severe harmonic distortion and a poor power factor.

Active PFC introduces an additional switching boost converter stage immediately after the bridge rectifier. This
stage forces the input current to follow the sinusoidal shape of the AC input voltage, bringing the power factor close to
1.0 (unity) and significantly reducing harmonic pollution on the power grid.

5.41.5 Basic SMPS Topologies

The arrangement of the switch, inductor, capacitor, and transformer defines the "topology" of the SMPS. Topologies
are categorized into non-isolated and isolated designs.
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Non-Isolated Topologies

Used primarily in DC-DC conversion where isolation is unnecessary (e.g., generating a 3.3V supply from a 12V battery).

o Buck Converter (Step-Down): Produces an output voltage strictly lower than the input. Energy is stored in
a series inductor while the switch is closed, and discharged to the load via a freewheeling diode when the switch
is open.

» Boost Converter (Step-Up): Produces an output voltage strictly higher than the input. Closing the switch
charges the inductor; opening it forces the inductor’s voltage to add to the input voltage, pushing energy through
a diode into the output capacitor.

¢ Buck-Boost Converter: Can produce an output voltage either higher or lower than the input. The output
voltage polarity is mathematically inverted relative to the input voltage.

Isolated Topologies

These incorporate a transformer, making them essential for AC-DC mains-connected power supplies.

o Flyback Converter: Highly prevalent in low-power applications (up to ~100W) like laptop chargers. The
transformer acts as a coupled inductor. Energy is stored in the transformer’s magnetic field when the primary
switch is on, and released to the secondary side when the switch turns off.

o Forward Converter: Used for medium power (100W to 300W). Unlike the flyback, energy is transferred to the
secondary side continuously while the primary switch is on. It requires an additional inductor on the output side
for energy storage.

e Push-Pull, Half-Bridge, and Full-Bridge: These advanced topologies use two or four switching transistors to
alternately drive current through the transformer in both directions. They utilize the transformer’s magnetic core
much more efficiently, allowing them to handle very high power levels ranging from 400W to several kilowatts
(e.g., high-end PC power supplies, server racks, and welding equipment).

5.41.6 Advantages of SMPS

SMPS technology has largely superseded linear power supplies due to several compelling advantages:

1. Exceptional Efficiency: By minimizing transistor conduction losses, efficiencies of 85% to 98% are routinely
achieved. Linear supplies typically max out around 40% to 60%.

2. Drastic Reduction in Size and Weight: High-frequency operation eliminates the massive iron-core transformers
and huge filter capacitors required at 50/60 Hz, resulting in exceptionally compact and lightweight power supplies.

3. Wide Input Voltage Tolerance: An SMPS can be easily designed to accept a universal AC input range (e.g.,
85V to 265V AC) without requiring mechanical voltage selector switches, allowing a single product to be sold
globally.

4. Reduced Thermal Dissipation: High efficiency directly translates to less wasted heat. This eliminates the
need for massive aluminum heatsinks or noisy cooling fans in lower power designs.

5.41.7 Disadvantages and Challenges of SMPS

Despite their dominance, SMPS designs face specific engineering challenges:

1. Circuit Complexity: Designing an SMPS requires advanced knowledge of magnetics, control theory, and
high-frequency layout techniques. The bill of materials (BOM) is significantly larger than a linear equivalent.

2. Electromagnetic Interference (EMI): The rapid, high-amplitude switching of voltages and currents generates
substantial high-frequency electrical noise. This noise can conduct back into the AC mains or radiate wirelessly,
interfering with adjacent equipment.

3. Output Ripple: An SMPS output always contains a small amount of high-frequency switching ripple superim-
posed on the DC output. While negligible for digital logic, it can be problematic for highly sensitive analog audio
or precision RF circuitry.
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EMI Mitigation in SMPS To comply with strict international regulatory standards (like FCC or CISPR), SMPS
designs must incorporate robust EMI mitigation strategies. This includes installing complex input line filters (using
common-mode chokes and specialized X/Y safety capacitors), careful PCB trace routing to minimize parasitic
loop areas, and often enclosing the entire switching section in a grounded metal Faraday cage to block radiated
emissions.

5.41.8 Conclusion

The Switch Mode Power Supply is a masterclass in modern power electronics engineering. By leveraging the principles
of high-frequency switching and closed-loop Pulse Width Modulation, SMPS technology delivers the high efficiency,
compact footprint, and unwavering stability demanded by today’s complex electronics. While the design complexities
and challenges related to high-frequency noise require sophisticated engineering solutions, the overwhelming benefits
have cemented the SMPS as the standard power conversion technology across almost every sector of the electronics
industry.
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5.42 Uninterruptible Power Supply (UPS)

In modern electronic and electrical systems, a continuous and stable supply of power is not just a convenience but
an absolute necessity. From critical medical equipment in hospitals to large-scale data centers, telecommunication
networks, and industrial automation systems, even a momentary loss or fluctuation in power can lead to catastrophic
consequences. Such events can result in data corruption, equipment damage, financial loss, or even risk to human life.
This essential requirement for highly reliable power is fulfilled by an Uninterruptible Power Supply (UPS).
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Uninterruptible Power Supply (UPS) An Uninterruptible Power Supply (UPS) is an electrical apparatus that
provides emergency power to a connected load when the primary input power source (usually the utility mains)
fails or falls outside acceptable voltage and frequency limits. Unlike an auxiliary or emergency power system or
standby generator, a UPS provides near-instantaneous or instantaneous protection from input power interruptions
by supplying energy stored in batteries, supercapacitors, or flywheels.

\.

5.42.1 The Need for a UPS System

While power utility companies strive to provide continuous and high-quality electrical power, the reality is that the AC
mains supply is susceptible to various disturbances. A UPS is designed to mitigate these power quality issues, acting
as a shield between the raw utility power and the sensitive electronic load. The most common power anomalies that
necessitate the use of a UPS include:

Common Power Anomalies

o Blackout (Power Outage): A complete loss of utility power, which can last from a few milliseconds to
several hours.

o Brownout (Voltage Sag): A temporary drop in voltage levels. This often occurs when large electrical
loads are turned on, pulling down the grid voltage.

o Power Surge (Voltage Swell): A short-duration increase in voltage, often caused by the switching off of
large loads or sudden load reductions on the grid.

» Voltage Spike (Transient): An instantaneous and drastic spike in voltage, frequently caused by lightning
strikes or severe switching actions in the power grid.

e Electrical Noise: High-frequency interference superimposed on the AC waveform, often generated by
electromagnetic interference (EMI) or radio frequency interference (RFI) from nearby industrial equipment.

o Frequency Variation: Changes in the standard operating frequency (50 Hz or 60 Hz), commonly seen
when power is supplied by a local standby generator.

A robust UPS system conditions the power, filtering out spikes, sags, and noise, ensuring that the critical load
receives a pristine, perfectly synthesized sine wave under all circumstances.

5.42.2 Basic Components of a UPS

Although UPS systems come in various topologies, virtually all battery-backed solid-state UPS systems share four
primary functional blocks. Understanding these components is critical to comprehending how the overall system
achieves uninterruptible operation.

1. Rectifier / Battery Charger

The primary function of the rectifier block is to convert the incoming alternating current (AC) from the utility mains into
direct current (DC). This DC power serves two distinct purposes: first, it provides the necessary power to float-charge
or recharge the battery bank; second, in certain UPS topologies, it supplies the DC power required by the inverter to
generate the output AC voltage.

The rectifier must be carefully controlled to ensure it draws a clean sinusoidal current from the utility grid,
minimizing harmonic distortion. Modern rectifiers often utilize advanced power electronics, such as Insulated-Gate
Bipolar Transistors (IGBTs) with Pulse Width Modulation (PWM), to achieve high power factor and low Total
Harmonic Distortion (THD).

2. Energy Storage (Battery Bank)

The battery bank is the heart of the UPS’s emergency capabilities. It stores electrical energy in chemical form and
releases it instantaneously as DC power when the AC utility fails. Valve-Regulated Lead-Acid (VRLA) batteries are
the most common choice due to their cost-effectiveness and low maintenance requirements. However, Lithium-ion
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(Li-ion) batteries are increasingly popular in modern installations due to their higher energy density, lighter weight,
and longer lifespan.

3. Inverter

The inverter is the critical subsystem responsible for converting the DC power—either from the rectifier (during normal
operation) or from the battery bank (during an outage)—back into a highly regulated AC power output. The quality
of the power delivered to the critical load depends entirely on the inverter’s performance. High-quality inverters use
pure sine wave generation techniques, ensuring that the output waveform matches or exceeds the quality of standard
utility power.

4. Static Bypass Switch

The static bypass switch is an essential fail-safe mechanism incorporated into higher-end UPS systems. It consists of
fast-acting solid-state devices (typically Silicon-Controlled Rectifiers or SCRs). If the UPS experiences an internal
hardware failure, severe overload, or requires scheduled maintenance, the static bypass switch automatically and
seamlessly transfers the load directly to the raw utility mains.

Important / Warning

Bypass Mode Vulnerability When a UPS is operating in static bypass mode, the critical load is directly exposed
to the raw utility grid. While the load continues to receive power, it is no longer protected against surges, sags, or
power outages. System administrators must rectify the fault and return the UPS to normal operation as quickly
as possible.

5.42.3 Types of UPS Topologies

The design and interaction of the aforementioned components determine the UPS topology. The International
Electrotechnical Commission (IEC) formally defines three primary categories of UPS systems: Offline (Standby),
Line-Interactive, and Online (Double-Conversion). Each topology offers varying degrees of protection, efficiency, and
cost.

Offline (Standby) UPS

The Offline or Standby UPS is the simplest and most cost-effective topology, typically used for personal computers,
home networking equipment, and non-critical applications.

In this design, under normal conditions, the utility AC power passes directly through the UPS to the load with
minimal filtering (usually just basic surge protection). Simultaneously, the rectifier trickle-charges the battery. If
the utility voltage drops below or spikes above predetermined thresholds, the UPS rapidly switches a mechanical or
solid-state relay to disconnect the utility and connects the inverter. The inverter then draws power from the battery to
supply the load.

Transfer Time in Offline UPS Because the inverter is "offline" until needed, there is a distinct delay—known as the
transfer time—when switching from utility power to battery power. This transfer time typically ranges from 2 to
10 milliseconds. While most modern computer power supplies have enough holdup time (capacitance) to survive a
10 ms gap without rebooting, highly sensitive equipment might reset or malfunction during this brief interruption.

Advantages: High efficiency (since the inverter is normally off), low cost, silent operation under normal conditions,
and compact size.
Disadvantages: Non-zero transfer time, minimal power conditioning, and frequent battery cycling if utility power is
unstable, which can degrade battery life.

Line-Interactive UPS

The Line-Interactive UPS topology represents a middle ground between the offline and online designs. It is widely used
in small business environments, enterprise network closets, and edge computing facilities.

Unlike the offline UPS, the line-interactive design incorporates an Automatic Voltage Regulator (AVR) transformer.
This multi-tap autotransformer allows the UPS to correct minor voltage fluctuations (brownouts and swells) without
switching to battery power. The inverter is always connected to the output, operating in reverse to charge the battery
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when utility power is present. If the power fails, the transfer switch opens, and the inverter reverses its operation to
supply AC power from the battery.

Advantages: Provides better voltage regulation than an offline UPS, significantly reduces reliance on battery
power during minor fluctuations (extending battery life), and usually features a slightly faster transfer time.
Disadvantages: Still has a brief transfer time and does not provide complete isolation from the utility grid.

Online (Double-Conversion) UPS

The Online, or Double-Conversion, UPS provides the highest level of power protection and conditioning available. It is
the mandatory standard for data centers, critical medical infrastructure, industrial control systems, and enterprise
servers.

As the name implies, the power is converted twice. First, the input AC from the mains is rectified into DC. This
DC power continuously charges the battery and simultaneously feeds the inverter. Second, the inverter continuously
converts this DC power back into perfectly regulated AC power for the load.

Because the load is strictly powered by the inverter at all times, there is absolutely no transfer switch involved
in the main power path during a utility outage. When the mains power fails, the rectifier stops operating, and the
inverter seamlessly draws its DC supply from the battery.

Zero Transfer Time The most significant defining characteristic of an Online Double-Conversion UPS is its zero
transfer time. The transition from utility power to battery power is electrically invisible to the load, guaranteeing
flawless continuity for even the most sensitive electronics. Furthermore, the double-conversion process completely
isolates the load from any grid anomalies, including frequency variations and severe electrical noise.

Advantages: Absolute isolation from utility power anomalies, continuous pure sine wave output, perfect voltage
and frequency regulation, and true zero transfer time.
Disadvantages: Lower overall energy efficiency compared to offline systems (due to continuous double-conversion
losses), higher heat generation requiring adequate cooling, and significantly higher initial and operational costs.

5.42.4 UPS Selection and Sizing

Selecting the appropriate UPS involves evaluating several critical parameters to ensure it meets the specific demands of
the load.

1. Capacity Rating (VA and Watts): UPS systems are rated in Volt-Amperes (VA) and Watts (W). The VA
rating represents the apparent power, while the Watt rating represents the real power. It is crucial to ensure that
neither the VA nor the Watt rating of the UPS is exceeded by the connected load. A common rule of thumb is to
select a UPS with a capacity 20% to 30% higher than the total maximum load to accommodate future expansion
and prevent overloads.

2. Runtime (Autonomy): This specifies how long the UPS can sustain the load during a complete blackout.
Runtime is determined by the size of the battery bank and the magnitude of the attached load. Most internal
battery UPS systems provide 5 to 15 minutes of runtime—enough to safely shut down equipment or bridge the
gap until a backup diesel generator starts and stabilizes. Extended runtimes require external battery cabinets.

3. Form Factor: UPS systems are available in various form factors, including tower (standalone), rack-mount
(designed to fit into standard 19-inch IT racks), and modular, scalable architectures.

5.42.5 Advanced Features and Management

Modern UPS systems are intelligent devices integrated with sophisticated monitoring and management capabilities.
They feature built-in communication interfaces (USB, Serial, and Ethernet/SNMP) that allow administrators to monitor
power quality, battery health, and load levels remotely.

In the event of an extended power failure, the UPS can communicate with connected servers and initiate graceful,
automated shutdown procedures, ensuring that no data is corrupted or lost when the batteries are finally depleted.

5.42.6 Summary

An Uninterruptible Power Supply is an indispensable component in the modern electrical infrastructure. By under-
standing the distinct operational characteristics, advantages, and limitations of Offline, Line-Interactive, and Online
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Double-Conversion topologies, engineers can effectively specify and deploy UPS systems that guarantee maximum
uptime and optimal protection for critical technological investments.
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5.43 Solar Battery Charger Circuits

The transition towards renewable energy sources has made solar energy one of the most accessible and widely utilized
power generation methods for small- to medium-scale applications. At the heart of many off-grid and hybrid solar
power systems is the solar battery charger circuit. This circuit acts as the critical bridge between the solar panels,
which harvest light energy and convert it into direct current (DC) electricity, and the batteries, which store this energy
for later use.

Without a reliable and well-designed solar battery charger circuit, harnessing solar power would be highly inefficient
and potentially damaging to the storage elements. Solar panels inherently output fluctuating voltage and current,
highly dependent on solar irradiance and temperature. Applying this unregulated power directly to a battery can
lead to severe consequences, such as overcharging, overheating, and significantly reduced battery lifespan. Thus, a
dedicated charging circuit must mediate the power transfer, ensuring that the battery receives the optimal charging
profile according to its chemistry and current state of charge.

Solar Battery Charger A solar battery charger is an electronic circuit or device that regulates the voltage and

current coming from solar panels to safely and efficiently charge a battery or battery bank. It ensures that the
battery is charged according to its specific chemical requirements and prevents conditions such as overcharging
and reverse current flow.
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5.43.1 Essential Components of a Solar Charging System

A standard solar battery charging system comprises three primary components: the solar panel array, the charge
controller (the charger circuit itself), and the battery bank.

Solar Panel (Photovoltaic Module)

The solar panel is the energy source of the system. It consists of multiple photovoltaic (PV) cells connected in series
and parallel combinations to achieve a desired output voltage and current. The output characteristics of a solar panel
are typically represented by its Current-Voltage (I-V) and Power-Voltage (P-V) curves. A key operating point on these
curves is the Mazimum Power Point (MPP), which is the specific voltage and current at which the panel produces its
highest possible power output. Because this point shifts dynamically with changes in sunlight intensity and ambient
temperature, the charger circuit must account for these variations to maintain efficiency.

The Battery Bank

The battery bank stores the electrical energy generated by the solar panels. The choice of battery chemistry profoundly
impacts the design requirements of the solar battery charger circuit. Common chemistries include:

o Lead-Acid (Flooded, AGM, and Gel): Traditional and cost-effective, but require strict adherence to a
multi-stage charging profile (Bulk, Absorption, Float) to prevent sulfation and water loss.

o Lithium-Ion (Li-ion) and Lithium Iron Phosphate (LiFePO4): Offer higher energy density and longer
cycle life. They require very precise voltage regulation and charge termination to prevent thermal runaway and
permanent cell degradation.

The Charge Controller Circuit

The charge controller is the intelligent core of the system. Its primary role is to condition the erratic power from the
solar panel into a stable and appropriate output for the battery. Depending on its complexity, the charge controller
monitors battery voltage, charging current, and sometimes battery temperature to adjust the charging parameters
dynamically.

The Need for Regulation A typical "12V" solar panel actually outputs between 17V and 21V under full sun. If
this 21V output is connected directly to a 12V lead-acid battery (which typically requires a maximum of 14.4V
to charge), the battery will overcharge, boil its electrolyte, and fail prematurely. The charge controller drops or
converts this excess voltage to the safe charging level.

5.43.2 Types of Solar Charge Controller Circuits

Solar battery charger circuits broadly fall into two main categories based on their underlying operational principles:
Pulse Width Modulation (PWM) and Maximum Power Point Tracking (MPPT).

Pulse Width Modulation (PWM) Charge Controllers

PWM charge controllers operate essentially as highly responsive electronic switches. As the battery approaches its fully
charged state, the PWM circuit rapidly connects and disconnects the solar panel from the battery. By varying the
width of the "on" pulses compared to the "off" pulses (the duty cycle), the controller modulates the average amount of
power sent to the battery.

e Operation: When the battery is significantly depleted, the PWM switch remains fully closed, allowing maximum
current to flow. As the battery voltage reaches the absorption setpoint, the switch begins to pulse. The closer the
battery gets to a full charge, the shorter the pulses become.

e Advantages: PWM circuits are relatively simple, cost-effective, and highly reliable. They have been the industry
standard for small systems for decades.

e Disadvantages: The fundamental flaw of a PWM controller is that it pulls the solar panel’s operating voltage
down to match the battery voltage. Since power is the product of voltage and current (P =V x I), and the
current remains relatively constant, pulling the panel voltage down from its optimal 18V to the battery’s 13V
results in a substantial loss of potential power (often up to 30% loss).
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Maximum Power Point Tracking (MPPT) Charge Controllers

MPPT charge controllers represent a much more sophisticated approach. Instead of simply switching the connection, an
MPPT controller incorporates a DC-DC converter (typically a buck converter) controlled by a microcontroller running
an advanced tracking algorithm.

e Operation: The MPPT controller continuously measures the voltage and current of the solar panel to determine
its Maximum Power Point. It then operates the panel at this optimal voltage, extracting the absolute maximum
power available. The internal DC-DC converter then transforms this higher-voltage, lower-current power into the
lower-voltage, higher-current power required to safely charge the battery.

e Advantages: Because it converts excess voltage into additional charging current rather than simply discarding
it, an MPPT controller is significantly more efficient than a PWM controller. This efficiency gain is particularly
pronounced in cold weather (when panel voltage naturally rises) or when the battery is deeply discharged.

o Disadvantages: The inclusion of high-frequency switching components, inductors, and microprocessors makes
MPPT circuits more complex and considerably more expensive than PWM alternatives.

PWM vs. MPPT Power Conversion Consider a 100W solar panel with an optimal operating point of 18V and
5.55A (18V x 5.55A =~ 100W). The battery is currently at 12V.

With a PWM Controller: The controller connects the panel directly to the battery, pulling the panel voltage
down to 12V. The current remains around 5.55A. Power to battery = 12V x 5.55A4 = 66.6WW. (Roughly 33% of
potential power is lost).

With an MPPT Controller: The controller operates the panel at 18V, extracting the full 100W. The internal
DC-DC converter steps the voltage down to 12V while stepping the current up. Assuming 95% conversion efficiency:
Power to battery = 100W x 0.95 = 95W. The charging current becomes 95W/12V = 7.91A. The MPPT controller
delivers significantly more current to the battery.

\. J

5.43.3 Circuit Design and Operation of a Basic Solar Charger

To understand the fundamental principles, let us examine a basic analog solar battery charger circuit. A simple but
effective design often utilizes a voltage regulator IC, such as the LM317, or a dedicated battery charging IC.
A rudimentary linear solar charger circuit typically consists of the following stages:

1. Reverse Current Protection: A blocking diode (often a Schottky diode to minimize forward voltage drop) is
placed in series between the solar panel and the rest of the circuit. This prevents the battery from discharging
backward through the solar panel during the night when the panel generates no voltage.

2. Voltage Regulation: An adjustable linear voltage regulator (like an LM317) is configured to output a stable
float voltage corresponding to the battery chemistry (e.g., 13.8V for a 12V lead-acid battery). A voltage divider
network connected to the adjust pin of the regulator sets this output voltage.

3. Current Limiting: A low-value sense resistor is placed in the current path. As charging current flows, it creates
a voltage drop across this resistor. If the current exceeds a safe threshold, a feedback loop (often involving a
small transistor) triggers the voltage regulator to reduce its output voltage, thereby limiting the current to a safe
maximum level.

4. Charge Status Indication: Simple LED circuits, often driven by a comparator or an operational amplifier
measuring the battery voltage, provide visual feedback indicating whether the battery is charging or fully charged.

While educational, these linear regulator-based circuits are inefficient because they dissipate excess voltage as heat.
Practical modern circuits utilize the switching topologies (PWM or Buck/Boost converters for MPPT) discussed earlier.
5.43.4 [Essential Protection Mechanisms

A robust solar battery charger circuit must incorporate several critical protection mechanisms to ensure the longevity
of the battery and the safety of the entire system.
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Overcharge Protection

Continuing to force current into a fully charged battery is highly destructive. For lead-acid batteries, overcharging
causes the electrolyte to boil, leading to severe water loss and grid corrosion. For lithium batteries, overcharging can
lead to dangerous thermal runaway, potentially resulting in fire or explosion. The charge controller constantly monitors
the battery voltage and must reliably terminate the charge or switch to a low-current "float" maintenance stage once
the full charge threshold is reached.

Important / Warning

Lithium Battery Sensitivities Lithium-based battery banks are extremely sensitive to overvoltage conditions.
When designing or selecting a solar charge controller for lithium batteries, it is absolutely critical to ensure that
the controller has specific, high-precision lithium charging profiles. Using a generic lead-acid charger on a lithium
battery bank poses a severe safety hazard.

Deep Discharge (Low Voltage) Disconnect

Draining a battery below its recommended minimum voltage (deep discharging) permanently damages its internal
chemistry, drastically reducing its overall lifespan and capacity. Many sophisticated charge controllers include a "Load"
terminal. System loads (like lights or small appliances) are connected to this terminal rather than directly to the
battery. If the controller detects that the battery voltage has fallen to a critically low level, it automatically disconnects
the load terminal, preventing further discharge and saving the battery from irreversible damage.

Reverse Polarity Protection

Human error during installation is common. Connecting the solar panels or the battery backward (positive to negative)
can instantly destroy the charge controller circuit. Good designs incorporate protective measures, such as properly
rated fuses, reverse-biased parallel diodes to blow the fuse instantly upon reverse connection, or active protection using
MOSFETSs that prevent current flow entirely if the polarity is incorrect.

Reverse Current Blocking

As mentioned previously, solar panels act as loads when they are not generating electricity. At night, without
intervention, the higher voltage of the battery would push current backward into the solar panels, draining the battery
and potentially damaging the PV cells. While simple circuits use blocking diodes, high-efficiency controllers utilize
actively switched MOSFETSs (synchronous rectification) to block this reverse flow with far less voltage drop and power
loss than a traditional diode.

5.43.5 Summary

Solar battery charger circuits are indispensable components in renewable energy systems. Whether employing a
simple PWM switching strategy or an advanced MPPT DC-DC conversion technique, these circuits ensure that the
variable and unregulated power from the sun is safely and efficiently converted into stored chemical energy. A deep
understanding of battery chemistries, power electronics topologies, and protective mechanisms is essential for designing
and implementing reliable solar charging solutions.
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