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CHAPTER 1

Amplifiers (Negative Feedback)

1.1 Concept of Feedback: Negative and Positive

1.1.1 Introduction

In the realm of electronics and control systems, the concept of "feedback" is one of the most fundamental and powerful
principles ever developed. An amplifier in its basic form takes an input signal, multiplies it by a certain gain factor
(A), and delivers an amplified output signal to a load. This is called an open-loop system because the output has
absolutely no influence on the input. The amplifier blindly multiplies whatever signal is presented at its input terminals.

However, in practical applications, open-loop amplifiers suffer from severe limitations. Their gain is highly unstable
and varies drastically with changes in temperature, aging of components, and power supply fluctuations. They also
introduce distortion and are highly susceptible to internal noise.

To solve these critical issues, engineers introduced the concept of Feedback. Feedback is the process of taking a
fraction of the output signal from a system and returning it (feeding it back) to the input. By comparing the actual
output with the desired input, the system can self-correct its errors. When feedback is introduced, the system becomes
a closed-loop system.

1.1.2 General Block Diagram of a Feedback System

Before classifying feedback into positive or negative, it is essential to understand the generalized architecture of any
feedback amplifier. A standard feedback system consists of five fundamental blocks:

1. Signal Source (Vs): The external source generating the original input signal (e.g., a microphone or a sensor)
that needs to be amplified.

2. Basic Amplifier (A): This is the core active circuit (like an Op-Amp or a BJT amplifier). It has an open-loop
gain denoted by A. It amplifies the signal Vi presented directly at its input terminals to produce the output Vo.
Therefore, Vo = A · Vi.

3. Sampling Network: This network connects to the output of the basic amplifier. Its job is to "sample" or
measure a portion of the output signal (Vo or Io) without heavily loading the amplifier.

4. Feedback Network (β): This is usually a passive circuit (consisting of resistors, capacitors, or inductors). It
takes the sampled output signal and reduces it by a feedback factor denoted by β. It produces the feedback
signal, Vf = β · Vo.

5. Mixer Network (Comparator): This network lies at the input. Its critical job is to combine the external
source signal (Vs) with the feedback signal (Vf ) to generate the actual input signal (Vi) that will be fed into the
basic amplifier.
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Figure 1.1: Generalized Block Diagram of a Closed-Loop Feedback System.

Depending on the phase relationship between the feedback signal (Vf ) and the external source signal (Vs) at the
mixer, feedback is strictly classified into two categories: Positive Feedback and Negative Feedback.

1.1.3 Positive Feedback

Positive feedback occurs when the feedback signal (Vf ) is strictly in phase (0◦ or 360◦ phase shift) with the original
input source signal (Vs).

Because they are in phase, the mixer adds the two signals together.

Vi = Vs + Vf

Mechanism of Action

When a small signal Vs is applied, the amplifier produces an output Vo. A fraction of this output, Vf , is fed back in
phase with Vs. The actual input to the amplifier Vi becomes larger (Vs + Vf ). Because the input is now larger, the
amplifier produces an even larger output Vo. This larger output produces a larger feedback signal Vf , which again
increases the input Vi.

This creates a runaway, regenerative effect. The overall gain of the system with positive feedback (closed-loop gain,
Af ) becomes significantly higher than the open-loop gain (A).

Af = A

1−Aβ

Applications of Positive Feedback

While increasing the gain sounds beneficial, it comes at a catastrophic cost to stability. If the product Aβ = 1, the
denominator of the gain equation becomes zero, and the closed-loop gain Af becomes infinite. This means the system
will produce a massive output signal even if the external input Vs is completely removed (Vs = 0).

Therefore, positive feedback is almost never used in standard amplifiers because it causes severe distortion and
extreme instability.

However, this exact "instability" is exactly what is required to build an Oscillator. An oscillator is a circuit that
generates a continuous AC waveform (like a sine wave or square wave) without requiring any external input signal. By
utilizing positive feedback where Aβ = 1 (known as the Barkhausen Criterion), the circuit sustains its own output
indefinitely, drawing energy from the DC power supply. Positive feedback is also extensively used in digital electronics
to create fast-switching trigger circuits like the Schmitt Trigger.
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AI IMAGE PLACEHOLDER
A visual representation of positive feedback (the snowball effect). A small snowball

rolling down a hill, picking up more snow, becoming exponentially larger and
unstoppable. Below it, an oscilloscope screen showing an electronic signal rapidly

growing in amplitude until it clips.

Figure 1.2: The regenerative ’snowball’ nature of Positive Feedback, leading to massive gain and oscillation.

1.1.4 Negative Feedback

Negative feedback occurs when the feedback signal (Vf ) is completely out of phase (180◦ phase shift) with the original
input source signal (Vs).

Because they are out of phase, they oppose each other. The mixer subtracts the feedback signal from the source
signal.

Vi = Vs − Vf

Mechanism of Action

This opposing nature is also known as degenerative feedback. Because the feedback signal Vf subtracts from the
source signal Vs, the actual input Vi reaching the basic amplifier is significantly reduced. Consequently, the overall
closed-loop gain (Af ) of the system is drastically reduced compared to its open-loop gain (A).

Af = A

1 + Aβ

Since the term (1 + Aβ) is greater than 1, Af is always less than A.

Why use Negative Feedback?

At first glance, deliberately reducing the gain of an amplifier seems counterproductive. Why build an amplifier with a
gain of 100,000 only to use negative feedback to reduce its gain to 10?

The answer forms the foundational pillar of modern analog electronics: Sacrificing gain buys immense
performance improvements. The gain that is "thrown away" is traded for stability and precision.

When negative feedback is applied, the behavior of the entire amplifier system ceases to depend on the highly
unstable internal transistors of the basic amplifier (the A block). Instead, the overall gain Af becomes entirely dependent
on the highly stable, precise passive resistors in the feedback network (the β block). If A is very large (Aβ ≫ 1), the
equation simplifies to:

Af ≈
1
β

Advantages of Negative Feedback

Almost every single amplifier circuit built today (including every operational amplifier circuit) utilizes heavy negative
feedback because of its massive advantages:

1. Gain Stability: The closed-loop gain becomes virtually immune to temperature changes, power supply variations,
and the aging of internal transistors.

2. Reduction in Non-Linear Distortion: Negative feedback acts as a corrective mechanism. If the basic amplifier
distorts the signal, that distortion is fed back out of phase, actively canceling itself out at the input, resulting in
an exceptionally pure output waveform.

3. Increased Bandwidth: An open-loop amplifier can only amplify a narrow range of frequencies. Negative
feedback drastically widens this frequency range, allowing the amplifier to process a much broader spectrum of
signals uniformly.
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4. Modified Impedances: Negative feedback allows engineers to artificially increase the input impedance (drawing
less current from the source) and decrease the output impedance (delivering more power to the load), approaching
the characteristics of an ideal amplifier.

1.1.5 Conclusion

Feedback is the defining characteristic that separates simple amplification from intelligent control. Positive feedback
is the engine of regeneration; it is inherently unstable, forcing a system into oscillation, making it the fundamental
principle behind signal generators and clocks. Negative feedback is the engine of regulation; it deliberately suppresses
the system’s raw power to achieve absolute stability, precision, and fidelity, making it the mandatory architecture
for every modern linear amplifier. Understanding when to add signals, and when to subtract them, is the essence of
electronic circuit design.

1.2 Characteristics of Negative Feedback Amplifiers

1.2.1 Introduction

While introducing a fraction of the output signal back to the input in phase opposition (negative feedback) inherently
reduces the overall gain of an amplifier, the trade-off is remarkably beneficial. Negative feedback acts as a stabilizing
force, dramatically improving almost every other performance characteristic of the amplifier. In this section, we
will mathematically and conceptually explore how negative feedback affects gain, impedance, stability, bandwidth,
distortion, and noise.

1.2.2 Gain (Transfer Ratio) with Negative Feedback

The most immediate effect of negative feedback is the reduction in the amplifier’s gain.
Let the open-loop gain (gain without feedback) be A. Let the feedback factor (the fraction of output fed back to

the input) be β. In a negative feedback amplifier, the actual input to the basic amplifier (Vi) is the difference between
the source signal (Vs) and the feedback signal (Vf ):

Vi = Vs − Vf

Since Vf = βVo and Vo = AVi, we can write:
Vo = A(Vs − βVo)

Vo(1 + Aβ) = AVs

The closed-loop gain (Af ), which is the overall gain with feedback, is given by:

Af = Vo

Vs
= A

1 + Aβ

The term (1 + Aβ) is known as the desensitivity factor or return amount. Because both A and β are positive
numbers in a standard negative feedback configuration, (1 + Aβ) > 1. Therefore, the closed-loop gain Af is always less
than the open-loop gain A.

1.2.3 Gain Stability (Sensitivity)

The open-loop gain A of an amplifier is highly sensitive to variations in temperature, supply voltage, and the aging of
active components (like transistors or op-amps). Negative feedback significantly desensitizes the overall gain from these
internal variations.

The sensitivity of the closed-loop gain Af with respect to changes in open-loop gain A is defined as the ratio of the
fractional change in Af to the fractional change in A. Differentiating the gain equation:

dAf

dA
= (1 + Aβ) · 1−A · β

(1 + Aβ)2 = 1
(1 + Aβ)2

Dividing by Af = A
1+Aβ gives the fractional change:

dAf

Af
= 1

1 + Aβ
· dA

A
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This equation proves that any percentage change in the internal gain (dA
A ) is reduced by the factor (1 + Aβ) in the

closed-loop gain. Furthermore, if Aβ ≫ 1, the gain equation simplifies to:

Af ≈
A

Aβ
= 1

β

This is a profound result: the overall gain becomes completely independent of the active components’ properties (A)
and depends solely on the passive feedback network (β), which can be constructed using highly precise and stable
resistors.

1.2.4 Input and Output Impedance

Negative feedback modifies the input and output impedances, and the effect depends on the specific topology of the
feedback connection (how it is sampled at the output and mixed at the input).

Input Impedance (Zif )

• Series Mixing: When the feedback signal is mixed in series with the input source, it opposes the input voltage.
This causes the basic amplifier to draw less current from the source for a given input voltage. As a result, series
mixing increases the input impedance by a factor of (1 + Aβ).

Zif(series) = Zi(1 + Aβ)

• Shunt Mixing: When the feedback signal is mixed in parallel (shunt) with the input source, it draws a portion
of the source current. This causes the amplifier circuit to draw more total current from the source. Therefore,
shunt mixing decreases the input impedance by a factor of (1 + Aβ).

Zif(shunt) = Zi

(1 + Aβ)

Output Impedance (Zof )

• Voltage Sampling: When the feedback network samples the output voltage (shunt connection at the output), it
attempts to keep the output voltage constant regardless of load variations. A source that maintains a constant
voltage has a low internal impedance. Thus, voltage sampling decreases the output impedance by a factor
of (1 + Aβ).

Zof(voltage) = Zo

(1 + Aβ)

• Current Sampling: When the feedback network samples the output current (series connection at the output),
it attempts to maintain a constant output current. A source that maintains a constant current is equivalent to a
high-impedance current source. Thus, current sampling increases the output impedance by a factor of
(1 + Aβ).

Zof(current) = Zo(1 + Aβ)

1.2.5 Bandwidth and Frequency Response

An amplifier does not amplify all frequencies equally. The range of frequencies over which the gain remains relatively
constant (usually within 3 dB of the maximum gain) is its bandwidth (BW ).

The product of voltage gain and bandwidth for a specific amplifier design is generally a constant, known as the
Gain-Bandwidth Product (GBW).

A ·BWopen = Constant

Because negative feedback reduces the gain by a factor of (1 + Aβ), to maintain the constant GBW product, the
bandwidth must mathematically increase by the exact same factor.

BWclosed = BWopen(1 + Aβ)

Negative feedback effectively extends the lower cutoff frequency (fL) downwards and the upper cutoff frequency
(fH) upwards, resulting in a much flatter and wider frequency response.
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Figure 1.3: Frequency response curves showing how negative feedback flattens the gain curve, trading maximum gain
for a significantly wider bandwidth.

1.2.6 Reduction of Non-Linear Distortion

Active components like transistors have non-linear characteristics; a large input swing might be amplified slightly
differently at its peak than near the zero-crossing. This generates harmonics that were not present in the original signal,
known as non-linear distortion.

Suppose an amplifier generates a distortion signal D internally at its output stage. When negative feedback is
applied, this distortion signal is sampled, fed back to the input, amplified, and inverted. This inverted distortion signal
at the output partially cancels the original internally generated distortion. If D is the distortion without feedback, the
distortion with feedback (Df ) is reduced by the desensitivity factor:

Df = D

1 + Aβ

It is important to note that negative feedback only reduces distortion generated within the feedback loop itself. It
cannot correct a distorted signal that is fed into the input of the amplifier.

AI IMAGE PLACEHOLDER
An image showing an oscilloscope screen split in two. The top half shows a heavily
clipped (distorted) sine wave output from a standard amplifier. The bottom half
shows a clean, smooth sine wave of a slightly smaller amplitude, representing the
output of the same amplifier after a negative feedback loop has been connected.

Figure 1.4: Oscilloscope visualization of non-linear distortion reduction. The feedback loop corrects the flattening of
the waveform peaks.

1.2.7 Effect on Noise

Electronic circuits inherently generate electrical noise (thermal noise, shot noise) due to the random movement of
electrons.

If the dominant noise source is located inside the amplifier (e.g., in the later power amplification stages), negative
feedback reduces this noise at the output by the same factor (1 + Aβ), similar to how it reduces distortion:

Nf = N

1 + Aβ

However, if the noise is present at the very input of the amplifier (e.g., thermal noise from the source resistor or
the first transistor stage), negative feedback is ineffective at improving the Signal-to-Noise Ratio (SNR). Because the
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feedback loop attenuates both the valid input signal and the input noise equally, the ratio between them remains
unchanged. Therefore, in low-noise amplifier design, the primary focus must be on creating a physically quiet first
amplification stage, as feedback cannot cure input noise.

1.2.8 Conclusion

Negative feedback is the cornerstone of modern analog electronics. By deliberately sacrificing raw gain, engineers buy
precise control over the amplifier. Gain becomes stable and predictable, input and output impedances can be tailored
to match sources and loads, the usable frequency bandwidth is vastly expanded, and internal distortion is aggressively
suppressed.

1.3 Topologies of Negative Feedback Amplifiers

1.3.1 Introduction to Feedback Topologies

To implement negative feedback, we must perform two distinct operations:

1. Sampling: We must sample a portion of the output signal (either the output voltage or the output current) to
feed back.

2. Mixing: We must mix this sampled signal with the input signal (either in series or in parallel/shunt) to create
an error signal that drives the basic amplifier.

Since there are two ways to sample the output (voltage or current) and two ways to mix the feedback with the input
(series or shunt), there are exactly four possible basic feedback topologies. These are named based on the sampling
method followed by the mixing method:

1. Voltage-Series Feedback

2. Voltage-Shunt Feedback

3. Current-Series Feedback

4. Current-Shunt Feedback

Each topology creates an amplifier with distinct characteristics, specifically tailored for different types of signal
sources and loads.

1.3.2 1. Voltage-Series Feedback (Voltage Amplifier)

In this topology, the feedback network samples the output voltage and mixes the feedback signal in series with the
input source.

Configuration and Operation

• Sampling (Voltage): The feedback network is connected in parallel (shunt) across the output load. It senses
the output voltage Vo and produces a feedback voltage Vf = βVo.

• Mixing (Series): The feedback voltage Vf is connected in series with the input signal source Vs. Because it is
negative feedback, the signals subtract, creating the actual input voltage to the basic amplifier: Vi = Vs − Vf .

Basic
Voltage Amp
Av = Vo/Vi

Feedback
Network

βv = Vf /Vo

∼

Vs

+
Vi

−

Vf

RL

Vo

Figure 1.5: Voltage-Series Feedback topology. It senses output voltage in parallel and mixes it in series at the input.
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Characteristics

Because it samples voltage, it tries to act like an ideal voltage source at the output (low output impedance). Because it
mixes in series, it draws less current from the input source, acting like an ideal voltmeter at the input (high input
impedance).

• Input Impedance: Increases (Zif = Zi(1 + Aβ)).

• Output Impedance: Decreases (Zof = Zo/(1 + Aβ)).

• Ideal Application: This is the classic true Voltage Amplifier. It accepts a voltage signal and produces a
stable amplified voltage signal, largely independent of source and load resistances. The standard non-inverting
operational amplifier circuit is a prime example of voltage-series feedback.

1.3.3 2. Voltage-Shunt Feedback (Transresistance Amplifier)

In this topology, the feedback network samples the output voltage and mixes the feedback signal in parallel (shunt)
with the input source.

Configuration and Operation

• Sampling (Voltage): The feedback network is connected in parallel across the output load to sense Vo.

• Mixing (Shunt): The feedback network produces a feedback current (If ). This current is injected in parallel
with the input signal source current (Is). The actual input current to the basic amplifier is the difference:
Ii = Is − If .

Characteristics

Because it samples voltage, it provides a low output impedance. Because it mixes in shunt (parallel), it draws more
current from the source, acting like an ideal ammeter at the input (low input impedance).

• Input Impedance: Decreases (Zif = Zi/(1 + Aβ)).

• Output Impedance: Decreases (Zof = Zo/(1 + Aβ)).

• Ideal Application: Because it takes an input current and produces a stable output voltage, its transfer function
is Vo/Is, which has the units of Ohms (Resistance). Hence, it is known as a Transresistance Amplifier or a
current-to-voltage converter. The standard inverting operational amplifier circuit is an example of voltage-shunt
feedback.

1.3.4 3. Current-Series Feedback (Transconductance Amplifier)

In this topology, the feedback network samples the output current and mixes the feedback signal in series with the
input source.

Configuration and Operation

• Sampling (Current): The feedback network is connected in series with the output load. It senses the output
current Io (usually by passing it through a small sensing resistor).

• Mixing (Series): The feedback network produces a feedback voltage (Vf ) proportional to the output current.
This voltage is mixed in series with the input source voltage (Vs), yielding Vi = Vs − Vf .

Characteristics

Because it samples current, it tries to act like an ideal current source at the output (high output impedance). Because
it mixes in series, it acts like an ideal voltmeter at the input (high input impedance).

• Input Impedance: Increases (Zif = Zi(1 + Aβ)).

• Output Impedance: Increases (Zof = Zo(1 + Aβ)).

• Ideal Application: It takes an input voltage and produces a stable output current, regardless of the load
resistance. Its transfer function is Io/Vs, which has the units of Siemens (Conductance). Hence, it is a
Transconductance Amplifier or a voltage-to-current converter.
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Figure 1.6: Current-Series Feedback topology. It senses output current by being in series with the load, and mixes a
proportional voltage in series at the input.

1.3.5 4. Current-Shunt Feedback (Current Amplifier)

In this topology, the feedback network samples the output current and mixes the feedback signal in parallel (shunt)
with the input source.

Configuration and Operation

• Sampling (Current): Connected in series with the load to sense the output current Io.

• Mixing (Shunt): Produces a feedback current (If ) proportional to Io, and injects it in parallel with the input
signal current (Is), such that Ii = Is − If .

Characteristics

Because it samples current, it provides high output impedance. Because it mixes in shunt, it provides low input
impedance.

• Input Impedance: Decreases (Zif = Zi/(1 + Aβ)).

• Output Impedance: Increases (Zof = Zo(1 + Aβ)).

• Ideal Application: This is the true Current Amplifier. It accepts an input current and delivers a stable,
amplified output current to the load. It acts ideally when driven by a high-impedance current source and driving
a low-impedance load.

AI IMAGE PLACEHOLDER
A clean, visual summary table comparing the four feedback topologies. The table
should have columns for Topology Name, Input Signal Type, Output Signal Type,
Ideal Amplifier Name, Input Impedance Effect (Increase/Decrease), and Output

Impedance Effect (Increase/Decrease).

Figure 1.7: Summary of the four negative feedback topologies and their effects on amplifier characteristics.

1.3.6 Conclusion

Understanding these four topologies is crucial for analog circuit design. By choosing the correct sampling method
(voltage or current) and mixing method (series or shunt), an engineer can completely transform the input and output
impedance profiles of a basic amplifier, tailoring it perfectly to act as an ideal voltage, current, transresistance, or
transconductance amplifier.
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1.4 Detailed Analysis: Voltage-Shunt and Current-Series Amplifiers

1.4.1 Introduction

While the previous section introduced the four theoretical topologies of negative feedback, electronics engineering
requires analyzing how these theoretical blocks map onto physical, real-world circuits. To thoroughly understand the
mechanics of feedback, this section provides a deep, mathematical, and circuit-level analysis of two specific topologies:
the Voltage-Shunt Amplifier (the foundation of the inverting Op-Amp) and the Current-Series Amplifier (the
foundation of the common-emitter BJT amplifier).

1.4.2 1. The Voltage-Shunt Amplifier

The voltage-shunt topology samples the output voltage and feeds it back as a current in parallel (shunt) with the input
signal source. Because it takes an input current and produces an output voltage, its fundamental parameter is a ratio of
voltage to current (Vout/Iin). Therefore, its basic gain is measured in Ohms (Ω) and is referred to as Transresistance
Gain (Rm).

Circuit Level Example: The Inverting Operational Amplifier

The most iconic realization of the voltage-shunt topology is the standard Inverting Op-Amp circuit.

Av

−

+

RinVs

Rf

Vo

Mixer Node

Figure 1.8: The Inverting Op-Amp Circuit: A perfect example of Voltage-Shunt Feedback.

Topology Mapping

Let us map the physical circuit to the theoretical topology:

• Sampling Network: The feedback resistor Rf is connected directly from the output node (Vo) to the input
node. Because it connects directly across the output terminals (output to ground), it is Voltage Sampling
(Shunt connection at output).

• Mixing Network: The other end of Rf connects to the inverting terminal of the Op-Amp, the exact same
physical node where the input current from the source (Vs/Rin) arrives. By Kirchhoff’s Current Law (KCL) at
this node, the input current to the op-amp is the source current minus the feedback current. Because the currents
mix at a single node, this is Shunt Mixing (Parallel connection at input).

Effect on Impedances

• Output Impedance (Zof ): As derived in the previous section, voltage sampling (shunt) forces the amplifier to
act like an ideal voltage source, decreasing the output impedance dramatically.

Zof = Zo

1 + Aβ
≈ 0Ω

• Input Impedance (Zif ): Shunt mixing provides an alternative path for the input current (through Rf to
the output). Because current has an easier path to flow, the resistance perceived by the source is drastically
decreased. Due to the "Virtual Ground" concept at the inverting terminal, the source effectively only "sees" Rin.

Zif ≈ Rin

Therefore, the Inverting Op-Amp (Voltage-Shunt) has a very low input impedance (determined entirely by Rin) and
near-zero output impedance.
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1.4.3 2. The Current-Series Amplifier

The current-series topology samples the output current and feeds it back as a voltage in series with the input signal
source. Because it takes an input voltage and produces an output current, its fundamental parameter is a ratio of
current to voltage (Iout/Vin). Therefore, its basic gain is measured in Siemens or Mhos (℧) and is referred to as
Transconductance Gain (Gm).

Circuit Level Example: BJT with Unbypassed Emitter Resistor

The most classic realization of the current-series topology is a standard Common-Emitter amplifier where the emitter
bypass capacitor (CE) has been intentionally removed.

RC

+VCC

RE

Vs

Vout (or Iout)

IE ≈ ICVf = IERE

Figure 1.9: The Common Emitter Amplifier with RE : A prime example of Current-Series Feedback.

Topology Mapping

Let us map this BJT circuit to the theoretical topology:

• Sampling Network: The resistor RE is the feedback network. It is placed in the emitter leg. The current
flowing through the output load (IC) is essentially identical to the current flowing through RE (IE). Because RE

sits directly in the path of the output current, it is Current Sampling (Series connection at output).

• Mixing Network: The input signal Vs is applied to the Base. The Base-Emitter loop dictates the actual input
voltage VBE reaching the transistor. Applying Kirchhoff’s Voltage Law (KVL) to the input loop:

Vs − VBE − VRE
= 0 =⇒ VBE = Vs − (IE ·RE)

Here, VBE is the actual input Vi, and (IE · RE) is the feedback voltage Vf . Because voltages are subtracted
around a closed loop, this is Series Mixing.

Effect on Impedances

• Output Impedance (Zof ): Series sampling actively monitors the output current. If the output load changes,
attempting to draw more current, the current through RE increases. This increases Vf , which decreases the input
VBE , which in turn forces the transistor to shut down slightly, reducing the current back to its original level.
This aggressive resistance to current change mimics a perfect current source. Therefore, output impedance is
massively increased.

Zof = Zo(1 + Aβ)

• Input Impedance (Zif ): Series mixing introduces a bucking voltage (Vf ) that directly opposes the input source.
Because the source Vs must overcome this large opposing voltage to drive any current into the base, the perceived
resistance looking into the base is drastically increased. (This is often written as Zif = hie + (1 + hfe)RE).

Zif = Zi(1 + Aβ)
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AI IMAGE PLACEHOLDER
A visual flow chart summarizing the two circuits. Top path: Op-Amp → Shunt

mixing / Shunt sampling → Low Zin / Low Zout. Bottom path: BJT with RE →
Series mixing / Series sampling → High Zin / High Zout.

Figure 1.10: Visual summary of how physical connections alter the impedance profiles of the two amplifiers.

1.4.4 Conclusion

Theoretical feedback blocks mean nothing without physical implementation. The Voltage-Shunt topology, perfectly
realized in the inverting Op-Amp, uses nodal current subtraction (shunt mixing) and direct parallel voltage monitoring
to create an amplifier that aggressively lowers both its input and output impedances. Conversely, the Current-Series
topology, realized in the BJT amplifier with an unbypassed emitter resistor, uses loop voltage subtraction (series
mixing) and direct inline current monitoring to create a transconductance amplifier that aggressively raises both its
input and output impedances. Recognizing these physical connections is the key to analyzing any discrete or integrated
analog circuit.

1.5 Advantages and Disadvantages of Negative Feedback

1.5.1 Introduction

As established in previous sections, the application of negative feedback fundamentally alters the behavior of an
amplifier. It is the single most important technique in analog circuit design, transitioning a raw, highly variable basic
amplifier into a precise, reliable, and predictable system. However, in engineering, every benefit comes with a cost.
This section consolidates the trade-offs involved in utilizing negative feedback, explicitly detailing its overwhelming
advantages alongside its notable disadvantages.

1.5.2 Advantages of Negative Feedback

The primary reason negative feedback is universally employed in modern electronics is the sheer magnitude of its
benefits. The "desensitivity factor," (1 + Aβ), is the mathematical key to all these improvements.

1. Highly Stabilized Gain (Desensitivity)

This is arguably the most critical advantage. The open-loop gain (A) of active devices (transistors, vacuum tubes) is
notoriously inconsistent. It varies wildly with temperature changes, power supply fluctuations, and manufacturing
tolerances (two transistors of the exact same model might have a 50% difference in beta). By applying negative
feedback, the closed-loop gain Af becomes nearly independent of A, provided that the loop gain Aβ is much greater
than 1 (Aβ ≫ 1).

Af = A

1 + Aβ
≈ 1

β

Because β is typically determined by a simple voltage divider made of passive resistors, and resistors are highly stable
components, the overall gain of the amplifier becomes rock-solid and highly predictable.

2. Increased Bandwidth

An amplifier without feedback has a specific bandwidth (BWopen), limited by internal capacitances at high frequencies
and coupling capacitors at low frequencies. Negative feedback forces the amplifier to trade raw gain for increased
bandwidth. The Gain-Bandwidth Product (GBW) remains constant. Therefore, as the gain drops by a factor of
(1 + Aβ), the bandwidth expands by that exact same factor.

BWclosed = BWopen(1 + Aβ)
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This allows the amplifier to process a much wider range of frequencies (e.g., the entire audio spectrum from 20 Hz to
20 kHz) without losing signal amplitude at the extremes.

Sacrifice
Gain

Stability
Bandwidth

Low Distortion
Impedance Control

Negative Feedback

Figure 1.11: The fundamental trade-off of negative feedback: sacrificing raw, unstable gain to gain a massive host of
operational benefits.

3. Reduction in Non-Linear Distortion

Active components are not perfectly linear. At high signal swings, they can compress the signal, creating harmonic
distortion. Negative feedback senses this distortion at the output, feeds it back to the input in opposite phase, and
forces the amplifier to correct itself. If the open-loop distortion is D, the closed-loop distortion is significantly reduced
to Df = D/(1 + Aβ). This is why high-fidelity (Hi-Fi) audio amplifiers rely heavily on negative feedback to achieve
THD (Total Harmonic Distortion) levels below 0.01%.

4. Modification of Input and Output Impedance

A basic amplifier rarely has the ideal impedances required for a specific application.

• If we need an ideal voltage amplifier, we need an infinitely high input impedance (so it doesn’t load the source)
and a zero output impedance (so it can drive any load).

• By using Voltage-Series feedback, negative feedback artificially forces the amplifier to exhibit these exact
characteristics. It increases Zin by (1 + Aβ) and decreases Zout by (1 + Aβ).

• By choosing different feedback topologies (shunt or series mixing/sampling), the designer has complete control
over shaping the input and output impedances to perfectly match the application requirements.

5. Reduction of Internal Noise

If a power supply ripple or an internal thermal noise source introduces unwanted signals into the later stages of the
amplifier, negative feedback will sense this disturbance at the output and generate an opposing corrective signal at the
input, reducing the internal noise by the factor (1 + Aβ).

1.5.3 Disadvantages of Negative Feedback

Despite its overwhelming superiority, negative feedback does have drawbacks that the designer must carefully manage.

1. Drastic Reduction in Overall Gain

This is the most obvious disadvantage. If a basic amplifier has an open-loop gain of 100,000, and we apply negative
feedback to stabilize it to a gain of 10, we have thrown away 99,990 units of gain.

• Consequence: To achieve a high final output voltage, the designer is forced to use multiple amplifier stages in a
chain to make up for the gain lost to feedback. This increases the component count, circuit size, and cost.

2. Potential for Instability and Oscillation

This is the most severe and dangerous drawback of negative feedback. The equation for closed-loop gain is Af =
A/(1 + Aβ). This assumes that the feedback is strictly negative—meaning the feedback signal Vf is exactly 180◦ out of
phase with the input signal Vs.

However, all real amplifiers have internal capacitances. At high frequencies, these capacitances cause phase shifts.
If, at some high frequency, the internal phase shift of the amplifier A reaches 180◦, the total phase shift around the
loop becomes 360◦.
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When the phase shift is 360◦ (or 0◦), the feedback is no longer negative; it has accidentally become positive
feedback. If this occurs, the denominator (1 + Aβ) can become zero (if Aβ = −1). When the denominator is zero, the
closed-loop gain Af becomes infinite.

• Consequence: The amplifier will instantly stop amplifying and begin to oscillate violently, generating its
own high-frequency signals even with no input. This makes the amplifier completely useless and can potentially
destroy connected equipment (like tweeters in a speaker system). Designing a negative feedback loop requires
careful mathematical frequency compensation (Bode plots, Phase Margin analysis) to ensure it remains stable
and never accidentally turns into an oscillator.

AI IMAGE PLACEHOLDER
An oscilloscope screen showing a small, clean input signal on channel 1, and a
massive, wild, high-frequency oscillating sine wave on channel 2. This visually

represents an improperly designed negative feedback amplifier that has accidentally
slipped into positive feedback oscillation due to high-frequency phase shifts.

Figure 1.12: The greatest danger of negative feedback: improper high-frequency compensation can cause the circuit to
become an uncontrolled oscillator.

3. Inability to Reduce Input Noise

As discussed previously, negative feedback is excellent at reducing distortion and noise generated inside the feedback
loop. However, it is completely blind and powerless against noise present at the very input terminals. If the input source
is noisy, or the very first transistor in the amplifier generates thermal noise, the feedback loop cannot differentiate this
noise from the valid signal. It will simply attenuate the signal and the noise equally, leaving the Signal-to-Noise Ratio
(SNR) un-improved.

1.5.4 Conclusion

The design of analog electronics is essentially the management of negative feedback. The disadvantages—primarily
the loss of raw gain and the complex threat of high-frequency oscillation—are significant engineering challenges.
However, they are a small price to pay. Without negative feedback, it would be impossible to build the highly precise,
low-distortion, stable amplifiers that form the backbone of everything from operational amplifiers to high-end audio
systems and precision medical instrumentation.
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CHAPTER 2

Oscillators (Positive Feedback)

2.1 Positive Feedback and Oscillators

2.1.1 Introduction

In the previous unit, we established that negative feedback—where a portion of the output is fed back 180◦ out of
phase with the input—is used to stabilize an amplifier. If the feedback is instead fed back in phase (0◦ or 360◦ phase
shift) with the input, it is called positive feedback or regenerative feedback.

While positive feedback in an audio amplifier results in a deafening, uncontrollable squeal (instability), this exact
phenomenon is deliberately harnessed in electronics to create a fundamental building block: the Oscillator.

An oscillator is an electronic circuit that generates a continuous, periodic waveform (such as a sine wave, square
wave, or triangle wave) at a precise frequency, without any external AC input signal. It converts DC power from the
power supply directly into an AC signal.

2.1.2 The Concept of Positive Feedback

Consider a standard feedback amplifier with an open-loop gain A and a feedback factor β. The fundamental equation
for closed-loop gain (Af ) is:

Af = A

1−Aβ

Notice the crucial difference from the negative feedback equation: the denominator is now (1 − Aβ) instead of
(1 + Aβ). This minus sign represents the fact that the feedback signal is added to, rather than subtracted from, the
input signal.

Let us analyze what happens as the loop gain (Aβ) approaches 1:

• If Aβ < 1: The denominator is positive but less than 1. The closed-loop gain Af is greater than the open-loop
gain A. The circuit is an amplifier with increased, but stable, gain.

• If Aβ = 1: The denominator becomes exactly zero.

Af = A

1− 1 = A

0 →∞

An infinite gain implies that we can have an output voltage even when the input voltage is exactly zero
(Vo = Af · Vs =∞ · 0). This is the mathematical definition of an oscillator.

2.1.3 The Barkhausen Criterion

The condition Aβ = 1 is known as the Barkhausen Criterion for sustained oscillations. It actually encapsulates two
distinct requirements that must be met simultaneously at a specific frequency for a circuit to oscillate:

1. Phase Condition: The total phase shift around the entire closed loop must be 0◦ or an integer multiple of
360◦ (0◦, 360◦, 720◦, . . . ). This ensures that the signal fed back to the input is perfectly in phase with the signal
already there, reinforcing it. Typically, the basic amplifier provides 180◦ of phase shift (an inverting amplifier),
and the feedback network is designed to provide another 180◦ of phase shift specifically at the desired oscillation
frequency.

2. Magnitude Condition: The magnitude of the loop gain must be exactly equal to 1.

|Aβ| = 1

15
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This means the amplification A must exactly compensate for the attenuation β of the feedback network. If the
feedback network attenuates the signal to 1/10th its value (β = 0.1), the amplifier must have a gain of exactly 10
to keep the signal circulating at a constant amplitude.

Basic Amplifier
Gain = A

Phase = ∠180◦

Feedback Network
Atten = β

Phase = ∠180◦

Σ
Vi

Vf

+

Vo
Vs = 0

Barkhausen Criterion: |Aβ| = 1 and ∠Aβ = 0◦ or 360◦

Figure 2.1: Block diagram of an oscillator. Note the absence of an external input signal (Vs = 0) and the positive (+)
summing junction, representing 360◦ total loop phase shift.

2.1.4 How Oscillations Start: The Role of Noise

A common question arises: if there is no input signal (Vs = 0), how does the oscillator ever start? Where does the very
first tiny wave come from?

The answer is electrical noise. The moment power is applied to the circuit, random movement of electrons
(thermal noise) or the sudden surge of DC voltage generates a microscopic, broad-spectrum "noise spike." This noise
contains tiny amounts of energy at almost every imaginable frequency.

This broad-spectrum noise enters the amplifier and travels through the feedback network. The feedback network is
specifically designed to be frequency-selective (using RC or LC components). It will provide exactly 180◦ of phase shift
only at one specific frequency, f0.

1. For all frequencies other than f0, the phase shift is not 360◦. The feedback is not perfectly positive, so these
frequencies are suppressed.

2. For the specific frequency f0, the phase shift is exactly 360◦. This specific tiny noise component is fed back
perfectly in phase.

The Startup Condition (|Aβ| > 1)

For oscillations to actually build up from microscopic noise, the Barkhausen criterion of |Aβ| = 1 is not enough; it
must initially be greater than 1. During startup, the circuit is designed such that |Aβ| > 1 (e.g., |Aβ| = 1.2). When
the tiny noise signal at f0 completes one loop, it is multiplied by 1.2. It completes another loop and is multiplied by
1.2 again. The amplitude of the sine wave grows exponentially.

Amplitude Stabilization

If |Aβ| remained strictly greater than 1, the sine wave would grow infinitely until the amplifier clipped against its
power supply rails, turning the sine wave into a heavily distorted square wave. To maintain a pure sine wave, a
practical oscillator must include a non-linear amplitude stabilization mechanism. As the amplitude grows, the active
device (transistor or op-amp) begins to enter its non-linear region, or a specific component (like a thermistor or diode
network) changes its resistance. This automatically causes the amplifier gain A to decrease as the signal gets larger.
The amplitude will stop growing precisely when the gain has dropped just enough to make |Aβ| exactly equal to 1.
The oscillator then runs continuously, producing a stable sine wave.

2.1.5 Classification of Oscillators

Oscillators are classified based on the types of components used in their frequency-selective feedback networks:
1. RC Oscillators: Use Resistors and Capacitors in the feedback network. They are generally used for generating

low frequencies (audio frequencies, from a few Hertz up to about 1 MHz). Common types include the RC Phase
Shift Oscillator and the Wien Bridge Oscillator.
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AI IMAGE PLACEHOLDER
A graph showing the amplitude of a sine wave starting from microscopic noise
(almost a flat line), growing exponentially larger with each cycle (representing
|Aβ| > 1), and finally leveling off to a constant amplitude, perfect sine wave

(representing |Aβ| = 1).

Figure 2.2: The buildup of oscillations from initial noise. The amplitude grows while |Aβ| > 1 and stabilizes when
|Aβ| = 1.

2. LC Oscillators: Use Inductors and Capacitors (a tuned tank circuit) in the feedback network. They are used
for generating high frequencies (Radio Frequencies, RF, from 1 MHz up to hundreds of MHz). Common types
include the Hartley, Colpitts, and Clapp oscillators.

3. Crystal Oscillators: Use a piezoelectric quartz crystal in place of an LC circuit. Crystals have an incredibly
high Quality factor (Q) and provide unparalleled frequency stability. They are the heartbeat of modern digital
watches, computers, and microcontrollers.

2.1.6 Conclusion

Positive feedback transforms a passive amplifier into an active generator. By meticulously designing a feedback loop
that satisfies the Barkhausen Criterion—providing exactly 360◦ of phase shift and a loop gain of 1 at a single, specific
frequency—engineers can harness the instability of positive feedback to create the precise clock signals and radio waves
that drive the modern technological world.

2.2 The Unijunction Transistor (UJT): Working and V-I Characteristics

2.2.1 Introduction

While traditional transistors like BJTs and FETs are primarily designed for linear amplification or high-speed digital
switching, the Unijunction Transistor (UJT) is a specialized three-terminal semiconductor device designed almost
exclusively for one purpose: acting as a voltage-controlled switch to generate pulses.

Unlike a BJT, which has two PN junctions (NPN or PNP), the UJT has only one PN junction—hence the name
"Unijunction." It exhibits a unique characteristic called Negative Resistance, which makes it the ideal component
for building simple, reliable relaxation oscillators used for timing circuits and triggering thyristors (like SCRs and
TRIACs).

2.2.2 Construction and Symbol

The construction of a UJT is remarkably simple.

1. It consists of a solid, lightly doped N-type silicon bar. Because it is lightly doped, this bar has a relatively high
electrical resistance.

2. Two ohmic contacts are attached to the ends of the bar, labeled Base 1 (B1) and Base 2 (B2).

3. A single, heavily doped P-type region is diffused into one side of the N-type bar, closer to B2 than B1.

4. An electrical contact is made to this P-type region, forming the Emitter (E) terminal.

Because the P-type Emitter is fused to the N-type bar, a single PN junction is formed (a diode).
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N-type
Silicon Bar

Base 1 (B1)

Base 2 (B2)

PEmitter (E) ← Single PN
Junction

Physical Construction

B1

B2

E

Schematic Symbol

Figure 2.3: The physical construction and schematic symbol of a Unijunction Transistor. Note the arrow on the emitter
slants downward towards B1, indicating the standard direction of conventional current flow.

2.2.3 Equivalent Circuit and the Intrinsic Standoff Ratio (η)

To understand how the UJT works, we must look at its equivalent electrical circuit. The lightly doped N-type bar acts
as a simple resistor between B1 and B2. This total resistance is called the Interbase Resistance (RBB), typically
ranging from 4 kΩ to 10 kΩ.

Because the Emitter is connected partway up the bar, it essentially taps into this resistor, splitting it into two parts:
• RB1: The resistance of the silicon bar between the Emitter and Base 1.

• RB2: The resistance of the silicon bar between the Emitter and Base 2.
Therefore, RBB = RB1 + RB2.

Because the P-type emitter and the N-type bar form a diode, we represent this connection with a standard diode
symbol (D).

B2

Node A (VA)

(Resistance drops when E fires)

B1

E

IE

Figure 2.4: The equivalent circuit of a UJT. The N-type bar acts as a voltage divider (RB1 and RB2), holding the
internal diode in reverse bias until VE gets high enough.

The Voltage Divider and η

When a positive voltage VBB is applied across the two bases (B2 positive, B1 grounded), the silicon bar acts as a simple
resistive voltage divider. The internal voltage at Node A (VA), right at the cathode of the PN junction, is determined
by the voltage divider formula:

VA = VBB ·
(

RB1
RB1 + RB2

)
= VBB ·

(
RB1
RBB

)
This resistance ratio (RB1/RBB) is a fundamental physical property of the specific UJT, determined entirely during

manufacturing by exactly where the P-region was diffused into the bar. It is called the Intrinsic Standoff Ratio (η,
"eta").

η = RB1
RBB
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A typical UJT has an η value between 0.5 and 0.8. Therefore, the voltage sitting at the internal cathode of the diode is:

VA = η · VBB

2.2.4 Working Principle (How it Fires)

The working of the UJT is all about overcoming this internal standoff voltage VA.

1. Cut-Off State (The "Standoff")

Suppose we apply 10V to VBB , and our UJT has an η of 0.6. The internal cathode voltage is VA = 0.6 · 10V = 6V. If we
apply an external emitter voltage (VE) of 0V, or 2V, or 5V, the diode’s anode (E) is at a lower voltage than its cathode
(Node A). The PN junction is reverse-biased. Almost zero current flows into the emitter (IE ≈ 0). The UJT is "off."

2. The Firing Point (Peak Point)

To turn the UJT on, we must slowly increase the emitter voltage VE . We must raise VE until it is higher than VA.
Specifically, it must exceed VA by the forward voltage drop of the silicon diode (usually VD ≈ 0.7V). This critical
voltage is called the Peak Voltage (VP ).

VP = VA + VD

VP = ηVBB + VD

When VE reaches exactly VP , the internal diode becomes forward-biased.

3. Negative Resistance Region (The "Avalanche")

The moment the diode becomes forward-biased, holes from the heavily doped P-type emitter flood into the lightly
doped N-type bar, specifically flooding into the RB1 region, rushing towards the grounded B1 terminal.

This massive injection of charge carriers drastically increases the conductivity of the lower half of the bar. The
resistance RB1 suddenly and violently collapses from several kilo-ohms down to just a few ohms.

Because RB1 collapses, the internal voltage VA immediately drops toward zero. Because VA drops, the diode
becomes even more forward-biased, pulling in even more holes from the emitter, which lowers RB1 even further. This
is a runaway positive feedback loop.

From an external perspective looking at the Emitter terminal: as the current IE rapidly increases, the voltage
required at the Emitter (VE) actually decreases. By Ohm’s law (R = V/I), if voltage drops while current rises, the
resistance is mathematically negative. This is the Negative Resistance Region, and it is what allows the UJT to
act as a sudden, snapping switch in oscillator circuits.

4. Saturation State

The resistance RB1 cannot drop below zero. Once it reaches its minimum physical value (saturation), the negative
resistance region ends. The UJT is now fully "ON". A large current flows from E to B1. To turn the UJT off, the
external circuit must drop VE down to a very low level (the Valley Voltage, VV ), stopping the flow of holes and allowing
the bar to recover its original high resistance.

2.2.5 The V-I Characteristics Curve

A graph of Emitter Voltage (VE) versus Emitter Current (IE) perfectly illustrates this behavior.
The curve is divided into three distinct regions:

1. Cut-off Region (Left of Peak Point): VE < VP . The diode is reverse-biased. The only current is a tiny
leakage current. The UJT is OFF.

2. Negative Resistance Region (Between Peak and Valley): The moment VE = VP , the diode forward-biases,
holes flood the bar, RB1 collapses, and the voltage drops sharply even as current surges forward. This is the
unstable region used for switching.

3. Saturation Region (Right of Valley Point): RB1 has hit rock bottom. The UJT acts like a normal
forward-biased diode. Voltage slowly rises as current increases due to the remaining small bulk resistance. The
UJT is fully ON.
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IE (Emitter Current)

VE (Emitter Voltage)

Peak Point (VP , IP )

Valley Point (VV , IV )

VP

VV

IP IV

Cut-off
Region

(UJT OFF)

Negative
Resistance

Region
Saturation

Region
(UJT ON)

Figure 2.5: The V-I Characteristics of a UJT. Notice the distinctive red Negative Resistance region where voltage
drops as current increases.

2.2.6 Conclusion

The UJT is an elegant device that leverages internal positive feedback (the collapse of RB1) to create a sharp,
predictable negative resistance switching action. Its firing point (VP ) is highly stable because it is determined by the
physical geometry ratio (η) rather than absolute values, making it an exceptional component for timing and triggering
applications.

2.3 The UJT Relaxation Oscillator

2.3.1 Introduction

In the previous section, we established that the Unijunction Transistor (UJT) exhibits a "negative resistance" region.
When the emitter voltage (VE) reaches a specific threshold called the Peak Voltage (VP ), the internal resistance of the
UJT collapses, causing it to suddenly snap ON and draw a surge of current.

This unique snapping action makes the UJT the perfect active component for a Relaxation Oscillator. Unlike
LC or RC phase-shift oscillators that generate smooth sine waves via linear feedback, a relaxation oscillator generates
non-sinusoidal waveforms (like sawtooth waves or sharp pulses) by slowly charging a capacitor and then rapidly
discharging it when a threshold is reached.

The UJT relaxation oscillator is widely used in power electronics as a trigger circuit to fire SCRs (Silicon Controlled
Rectifiers) and TRIACs in motor speed controllers and light dimmers.

2.3.2 Circuit Construction

The classic UJT relaxation oscillator requires only four basic components:

1. A UJT: The active switching element.

2. A Timing Capacitor (C): Stores electrical energy slowly.

3. A Timing Resistor (R): Controls how fast the capacitor charges.

4. Base Resistors (R1 and R2): R1 limits the discharge current and provides a voltage pulse output. R2 provides
temperature compensation.

2.3.3 Working Operation (Step-by-Step)

1. The Charging Phase (UJT is OFF)

When power (+VCC) is first applied, the capacitor C is completely uncharged (VE = 0V). Recall from the previous
section that the UJT will remain OFF (in the cut-off region) as long as the emitter voltage (VE) is less than the Peak
Voltage (VP ).

VP = ηVBB + VD ≈ ηVCC + 0.7V
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+VCC (e.g., 12V)

VE

GND (0V)

B2

B1

E
Vout1 (Sawtooth)

Vout2 (Spikes)

Figure 2.6: The schematic diagram of a classic UJT Relaxation Oscillator.

Because VE = 0V, the UJT is OFF. It acts almost like an open circuit between Emitter and Base 1.
With the UJT acting as an open circuit, current from the power supply flows down through the timing resistor R

and begins to charge the capacitor C. The voltage across the capacitor (VE) begins to rise exponentially according to
the standard RC charging equation:

VE(t) = VCC(1− e−t/RC)

During this slow charging phase, no current flows through the UJT emitter, and therefore no current flows out of
Base 1. The voltage across R1 (Vout2) remains at zero.

2. The Firing Point (VE = VP )

The capacitor continues to charge, and VE continues to rise. Eventually, VE reaches the critical Peak Voltage threshold
(VP ). The moment VE = VP , the internal PN junction of the UJT becomes forward-biased.

3. The Discharging Phase (UJT is ON)

As soon as the junction is forward-biased, the UJT snaps into its negative resistance region. The internal resistance
between the Emitter and Base 1 (RB1) violently collapses from several kilo-ohms down to just a few ohms (typically
5Ω to 20Ω).

Suddenly, the fully charged capacitor sees a very low-resistance path directly to ground through the UJT (E to B1)
and resistor R1. The capacitor rapidly dumps all its stored energy through this path. This rapid discharge creates a
massive, sudden surge of current (IE) through resistor R1. By Ohm’s law (V = IR), this sudden current surge creates
a sharp, positive voltage spike across R1. This is our pulse output, Vout2.

Because the discharge path resistance is very low, the capacitor discharges much faster than it charged.

4. The Turn-Off Point (VE = VV )

As the capacitor dumps its charge, its voltage (VE) rapidly drops. Eventually, the capacitor drains so much that it can
no longer sustain the minimum current required to keep the UJT latched ON. The voltage drops to the Valley Voltage
(VV ), which is typically around 1 to 2 volts. At this point, the UJT snaps back OFF (returns to the high-resistance
cut-off state).

The discharge path is broken. The capacitor immediately stops discharging and begins slowly charging back up
through resistor R again. The entire cycle repeats endlessly.

2.3.4 Waveform Analysis

By analyzing the voltages at the two output nodes, we can see the dual nature of the relaxation oscillator.

1. At the Emitter (VE): We observe a sawtooth waveform. The voltage slowly ramps up exponentially as the
capacitor charges, and then almost instantly drops vertically when the UJT fires and discharges the capacitor.

2. At Base 1 (Vout2): We observe a series of sharp, positive voltage spikes. These spikes occur exactly at the
moment the capacitor discharges. Between spikes, the voltage is zero. This is the output most commonly used to
trigger thyristors.
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Time (t)

VE (Voltage across Capacitor)

VP (Peak Voltage)

VV (Valley Voltage)

Charge (RC) Discharge

Time (t)

Vout2 (Voltage at B1)

Figure 2.7: Waveforms of the UJT Relaxation Oscillator. The top shows the slow charging and rapid discharging of the
capacitor (Sawtooth wave). The bottom shows the resulting voltage spikes across R1 generated precisely during the
discharge phase.

2.3.5 Calculating the Frequency of Oscillation

The time taken for one complete cycle (the period, T ) is essentially the time it takes the capacitor to charge from the
Valley Voltage (VV ) up to the Peak Voltage (VP ).

Because VV is very small compared to VCC , it is often approximated as zero for simple calculations. The standard
approximation formula for the period T of a UJT relaxation oscillator is:

T ≈ R · C · ln
( 1

1− η

)
Where:

• R is the timing resistor in Ohms.

• C is the timing capacitor in Farads.

• η is the intrinsic standoff ratio of the specific UJT.
The frequency (f) is simply the inverse of the period:

f = 1
T
≈ 1

R · C · ln
(

1
1−η

)
By replacing the fixed resistor R with a variable potentiometer, the user can easily adjust the charging rate of the

capacitor, thereby smoothly tuning the frequency of the output pulses.

2.3.6 Conclusion

The UJT relaxation oscillator is a masterclass in elegant circuit design. By utilizing just one specialized active
component and a simple RC timing network, it converts steady DC power into a continuous train of sharp, powerful
triggering pulses. Its reliability and simplicity made it the absolute standard for industrial phase-control circuits for
decades.

2.4 Barkhausen’s Criteria for Oscillation: A Deep Dive

2.4.1 Introduction

While the previous section introduced the fundamental concept of positive feedback and briefly touched upon the
Barkhausen criterion as the mathematical condition for oscillation (|Aβ| = 1), this section will rigorously dissect this
principle. Named after the German physicist Heinrich Barkhausen who formalized it in 1921, this criterion is the
absolute law governing every continuous-wave electronic oscillator, from simple audio tone generators to the gigahertz
clocks driving modern microprocessors.

To truly understand oscillator design, one must understand not just the mathematical formula, but the physical
implications of both the magnitude and phase conditions it mandates.
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2.4.2 Derivation of the Criterion

To derive the Barkhausen criterion, we start with the standard block diagram of a feedback amplifier system, but we
explicitly set the external input source to zero (Vs = 0).

Amplifier
A

Feedback
β

Σ
Vi

Vf

+

VoVs = 0

Figure 2.8: The basic feedback loop configured for oscillation analysis. The input signal Vs is forced to zero.

The basic equations governing this loop are:

1. The output voltage is the input voltage amplified by A:

Vo = A · Vi

2. The feedback voltage is the output voltage attenuated by β:

Vf = β · Vo

3. The input voltage to the amplifier is the sum of the external source and the feedback voltage. Since we want an
oscillator, Vs = 0, so the input is solely the feedback voltage:

Vi = 0 + Vf = Vf

Substituting equation (2) into (3):
Vi = β · Vo

Now substitute this result into equation (1):
Vo = A · (β · Vo)

Vo = Aβ · Vo

If we assume the oscillator is functioning and producing an output, then Vo cannot be zero (Vo ̸= 0). We can
therefore divide both sides by Vo:

1 = Aβ

or
Aβ = 1

This elegant, simple equation is the Barkhausen Criterion. Because A (amplifier gain) and β (feedback transfer
function) are generally complex numbers containing both magnitude and phase information, this single equation dictates
two distinct physical conditions that must be met simultaneously.

2.4.3 Condition 1: The Magnitude Criterion (|Aβ| = 1)

The mathematical statement is: The magnitude of the loop gain must equal exactly 1.

|A| · |β| = 1

or
|A| = 1

|β|
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Physical Meaning of the Magnitude Criterion

Imagine a signal traversing the feedback loop.

• As it passes through the feedback network β, it loses energy (attenuation). For example, if |β| = 1/29, the signal
amplitude drops to roughly 3.4% of its original value.

• The magnitude criterion states that the basic amplifier A must provide exactly enough gain to perfectly replace
this lost energy. If |β| = 1/29, then |A| must be exactly 29.

If |A| < 1/|β| (|Aβ| < 1), the amplifier doesn’t provide enough gain to overcome the losses in the feedback network.
The sine wave will decay exponentially and die out. This is a damped oscillation. If |A| > 1/|β| (|Aβ| > 1), the amplifier
provides more gain than necessary. The sine wave will grow exponentially larger with every cycle. This is an undamped,
growing oscillation, which will eventually cause the amplifier to hit its voltage rails and severely distort the sine wave
into a square wave.

A perfect, sustained sine wave only exists exactly at the knife-edge where |Aβ| = 1. (As noted previously, practical
circuits start with |Aβ| > 1 and use non-linearities to settle down to exactly |Aβ| = 1).

2.4.4 Condition 2: The Phase Criterion (∠Aβ = 360◦n)

The mathematical statement is: The total phase shift around the closed loop must be an integer multiple of 360◦

(where n = 0, 1, 2, . . . ).
∠A + ∠β = 0◦, 360◦, 720◦, . . .

Physical Meaning of the Phase Criterion

For a signal to sustain itself, the feedback signal arriving back at the input must be perfectly in phase with the
signal that is already there. If it arrives slightly late or early (out of phase), it will partially destructively interfere with
the circulating signal, eventually killing the oscillation.

There are two common ways to achieve this total 360◦ loop phase shift:

1. Inverting Amplifier + Inverting Feedback: The most common approach. The basic amplifier is configured
as an inverting amplifier (like a Common Emitter BJT or a standard inverting op-amp configuration). This
inherently provides 180◦ of phase shift (∠A = 180◦). The feedback network must therefore be designed to provide
an additional 180◦ of phase shift (∠β = 180◦) at the desired frequency.

180◦(from Amp) + 180◦(from Feedback) = 360◦

2. Non-Inverting Amplifier + Non-Inverting Feedback: The basic amplifier provides 0◦ phase shift (∠A = 0◦).
The feedback network must therefore provide 0◦ phase shift (∠β = 0◦) at the desired frequency.

0◦(from Amp) + 0◦(from Feedback) = 0◦

Input (Vi)
Amplifier
180◦ shift Output (Vo)

Feedback
Network
180◦ shift

Total Loop Phase Shift = 180◦ + 180◦ = 360◦

The returning purple wave is perfectly in phase
with the original blue wave, reinforcing it.

Figure 2.9: Visualizing the Phase Criterion. The signal is inverted (180◦) by the amplifier, and then inverted again
(180◦) by the feedback network. It arrives back at the input exactly in phase (360◦) with the original signal.
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2.4.5 Frequency Determination

The Barkhausen Phase Criterion is the sole determinant of the oscillator’s frequency.
A typical feedback network is composed of capacitors and resistors (or inductors). The phase shift produced by

these reactive components changes drastically depending on the frequency of the signal passing through them.
Therefore, the condition ∠β = 180◦ (or 0◦) will only occur at one specific, mathematically defined frequency.

• If noise at 100 Hz enters the loop, the feedback network might shift it by 120◦. Total shift = 300◦. The signal
destructively interferes and dies.

• If noise at 1000 Hz enters the loop, the feedback network shifts it by exactly 180◦. Total shift = 360◦. This
frequency satisfies Barkhausen, perfectly reinforces itself, and becomes the continuous output frequency of the
oscillator.

2.4.6 Summary

Barkhausen’s criteria are the fundamental laws of continuous wave generation. To design an oscillator:

1. Design a reactive feedback network (β) that provides the necessary phase shift (180◦ or 0◦) exclusively at your
desired target frequency, f0.

2. Calculate the attenuation (magnitude of β) that this network causes at f0.

3. Design an amplifier (A) that provides exactly the inverse of that attenuation (|A| = 1/|β|), while ensuring it has
the correct phase relationship (180◦ or 0◦) to bring the total loop phase shift to exactly 360◦.

When these conditions are met, the circuit transforms from a quiet amplifier into an active, independent signal
generator.

2.5 Overall Gain of a Positive Feedback Amplifier

2.5.1 Introduction

In the study of control systems and electronics, the performance of an amplifier is fundamentally characterized by its
overall closed-loop gain (Af ). In Unit 1, we established that negative feedback employs subtraction at the input to
violently suppress and stabilize the overall gain.

Positive feedback, which is the foundational architecture of all oscillators, employs addition at the input. This
fundamentally alters the behavior of the system, turning it from a stable regulator into a volatile, regenerative engine.
This section deeply analyzes the mathematical derivation of the overall gain of a positive feedback amplifier, exploring
how the resulting equation mathematically predicts both extreme amplification and the transition into autonomous
oscillation.

2.5.2 Mathematical Derivation of Overall Gain

Consider a standard, generalized block diagram of a feedback amplifier consisting of an active basic amplifier block
(like a BJT or an Op-Amp) and a passive feedback network.

1. Let the open-loop voltage gain of the basic amplifier be A. Therefore, the output voltage is entirely dependent on
the voltage arriving directly at the amplifier’s input terminals:

Vo = A · Vi

2. Let the feedback network have a transfer ratio (feedback factor) of β. It samples the output voltage and returns
a feedback voltage:

Vf = β · Vo

3. The Critical Mixer Equation: The defining characteristic of positive feedback is that the feedback signal (Vf )
arrives exactly in phase (0◦ phase shift) with the external source signal (Vs). Therefore, the mixing node adds the
two signals together to create the final input voltage (Vi) for the amplifier:

Vi = Vs + Vf
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To find the overall closed-loop gain (Af = Vo/Vs), we substitute the feedback equation into the mixer equation:

Vi = Vs + βVo

Now, substitute this Vi into the basic amplifier equation (Vo = A · Vi):

Vo = A · (Vs + βVo)

Expand the equation:
Vo = AVs + AβVo

Group the Vo terms on the left side:
Vo −AβVo = AVs

Factor out Vo:
Vo(1−Aβ) = AVs

Finally, solve for the closed-loop gain ratio (Vo/Vs):

Af = Vo

Vs
= A

1−Aβ

This is the universal equation for the overall gain of a positive feedback amplifier. The term Aβ is the Loop Gain
(the total gain a signal experiences traveling once entirely around the loop).

2.5.3 Analysis of the Denominator: The Regenerative Effect

The entire behavior of a positive feedback system is governed by the denominator of the gain equation: (1 − Aβ).
Because A and β are positive numbers (due to the in-phase relationship), their product Aβ is also a positive number.

Therefore, the denominator (1−Aβ) is always less than 1 (assuming Aβ is less than 1). If you divide a numerator
(A) by a number smaller than 1 (like 0.5 or 0.1), the result is a number much larger than the original numerator.

Mathematical Example: Suppose an amplifier has an open-loop gain A = 100. Suppose we apply positive
feedback with a factor β = 0.009. The loop gain is Aβ = 100× 0.009 = 0.9. The overall closed-loop gain is:

Af = 100
1− 0.9 = 100

0.1 = 1000

By feeding back just a tiny fraction of the output in phase with the input, the overall gain skyrocketed from 100 to
1000. This is the Regenerative Effect. The signal loops around, adding to itself continuously, creating a massive
multiplication of power.

Vs = 1mV + Amplifier
A = 10 Vo

Feedback
β = 0.05

+ Vi

+

Vf

Loop 1: Vi = 1mV, Vo = 10mV, Vf = 0.5mV
Loop 2: Vi = 1.5mV, Vo = 15mV, Vf = 0.75mV
Loop 3: Vi = 1.75mV, Vo = 17.5mV, Vf = 0.875mV
... Signal grows exponentially until stable.

Figure 2.10: The iterative, regenerative "snowball" process of a positive feedback amplifier leading to massive overall
gain.

2.5.4 The Transition to Oscillation (Aβ → 1)

As we purposefully increase the feedback factor β, the loop gain Aβ moves closer to 1. The denominator (1 − Aβ)
approaches exactly 0.

As the denominator approaches zero, the overall gain Af shoots toward infinity (∞).

Af = lim
Aβ→1

A

1−Aβ
=∞
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What does an infinite gain physically mean? If Af = Vo/Vs =∞, we can rearrange this to:

Vo =∞ · Vs

The only mathematically logical way for this equation to yield a finite, measurable output voltage (e.g., Vo = 5V ) is if
the input source Vs is exactly zero.

5V =∞ · 0V

This represents the exact threshold where the circuit ceases to be an amplifier and transforms into an Oscillator.
The positive feedback has become so strong that it is entirely self-sustaining. The circuit no longer requires an external
Vs to drive it; it uses its own output (Vo) to continuously feed its own input (Vi) via the feedback loop. The external
signal source can be completely disconnected, and the circuit will continue to output a continuous AC wave indefinitely.

2.5.5 Practical Limitations: The Instability of Positive Feedback

If positive feedback provides such massive gain, why is it never used in standard audio amplifiers or sensor amplifiers?
The answer is absolute instability.

High Sensitivity to Variations

In a positive feedback amplifier (where Aβ < 1), the sensitivity to internal changes is catastrophic.

dAf

Af
= 1

1−Aβ

(
dA

A

)
Because (1−Aβ) is a very small decimal, the factor 1/(1−Aβ) becomes a massive multiplier. If the internal open-loop
gain A fluctuates by just 1% due to a slight temperature change in the room, the overall closed-loop gain Af might
wildly fluctuate by 50% or 100%. The amplifier is practically uncontrollable.

Non-Linearity and Clipping

Furthermore, if a strong input signal is applied, the regenerative effect will cause the internal voltages to skyrocket
instantly. The transistor will rapidly reach its physical limits. It will either enter "Saturation" (where it acts like a
short circuit) or "Cutoff" (where it acts like an open switch).

When this happens, the top and bottom of the output waveform are violently chopped off. This is known as
Clipping Distortion. A pure sine wave input will exit the amplifier looking like a harsh, jagged square wave.
Therefore, positive feedback is entirely banned in high-fidelity linear applications.

AI IMAGE PLACEHOLDER
A mathematical graph plotting Closed-Loop Gain (Af ) on the Y-axis versus Loop

Gain (Aβ) on the X-axis. As Aβ moves from 0 towards 1, the curve shoots
exponentially upward to infinity. At Aβ = 1, a vertical dotted line marks the

"Oscillator Threshold".

Figure 2.11: The exponential explosion of overall gain as Positive Feedback approaches the oscillation threshold.

2.5.6 Conclusion

The mathematical equation Af = A/(1−Aβ) perfectly describes the volatile nature of positive feedback. By utilizing
in-phase addition at the mixing node, the denominator actively shrinks, causing the overall gain to explode upwards.
While this extreme sensitivity renders the circuit completely useless as a stable, high-fidelity amplifier, it provides
the precise, infinite-gain mathematical conditions required to sever the circuit from the external world, allowing it to
become a self-sustaining, autonomous oscillator.
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2.6 The LC Tank Circuit

2.6.1 Introduction

As discussed previously, an oscillator requires a frequency-selective feedback network to satisfy the Barkhausen Phase
Criterion at only one specific frequency. For high-frequency applications (Radio Frequencies - RF), the primary circuit
used for this purpose is the LC Tank Circuit.

An LC tank circuit consists simply of an inductor (L) connected in parallel with a capacitor (C). Despite its
simplicity, this circuit exhibits a remarkable property: when stimulated with energy, it naturally oscillates at a specific
resonant frequency. It acts as an electrical pendulum, endlessly trading energy back and forth between the electric field
of the capacitor and the magnetic field of the inductor.

2.6.2 The Mechanism of Oscillation

To understand how a tank circuit works, let’s examine its operation step-by-step, assuming ideal components with zero
resistance.

Suppose we temporarily connect a DC battery across the capacitor, charging it up. The top plate becomes positively
charged, and the bottom plate becomes negative. An electric field is established, storing energy: E = 1

2CV 2. Now, we
remove the battery and close the switch to connect the fully charged capacitor across the inductor.

1. Discharge (t = 0 to t = T/4): The capacitor immediately acts as a voltage source and begins to discharge
through the inductor. The current (i) starts at zero and rapidly increases. As current flows through the inductor,
it builds a magnetic field. By the time the capacitor is completely discharged (voltage is zero), the current is at
its absolute maximum. All the energy that was stored in the electric field has been perfectly transferred into the
inductor’s magnetic field: E = 1

2LI2
max.

2. Recharge in Reverse (t = T/4 to t = T/2): Now the capacitor is empty, so one might expect the current
to stop. However, inductors violently oppose any change in current according to Lenz’s Law (v = Ldi

dt). The
collapsing magnetic field induces a voltage that forces the current to keep flowing in the same direction. This
current now flows into the bottom plate of the capacitor, charging it up in the reverse polarity. The current
gradually falls to zero exactly when the magnetic field fully collapses and the capacitor is fully charged again (but
upside down).

3. Reverse Discharge (t = T/2 to t = 3T/4): The process repeats in reverse. The negatively charged capacitor
discharges back through the inductor, sending current in the opposite direction and rebuilding the magnetic field.

4. Completion of Cycle (t = 3T/4 to t = T ): The inductor’s magnetic field collapses again, forcing current to
continue until the capacitor is fully charged back to its original, initial state (top plate positive).

This complete cycle generates one perfect sine wave of voltage across the tank, and one perfect cosine wave of
current circulating within it.

+ + +

−−−

1. C Fully Charged

Max Electric Field

I
2. C Discharged

Max Magnetic Field
(Current Flowing Right)

−−−

+ + +

3. C Reverse Charged

Max Electric Field

Figure 2.12: The flywheel effect in an LC Tank circuit. Energy oscillates perfectly between the electric field of C and
the magnetic field of L.

2.6.3 The Resonant Frequency (fr)

This sloshing of energy does not happen at a random speed. It occurs at one highly specific natural frequency determined
by the physical sizes of the inductor and capacitor.

At this natural frequency, known as the resonant frequency (fr), the inductive reactance (XL) exactly equals
the capacitive reactance (XC).

XL = XC
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2πfrL = 1
2πfrC

Solving for fr, we get the fundamental equation for an LC tank:

fr = 1
2π
√

LC

If the tank is used in the feedback loop of an amplifier, the amplifier will only oscillate at this specific frequency
fr, because this is the only frequency where the tank presents the correct purely resistive impedance to satisfy the
Barkhausen phase criterion.

2.6.4 Damping and the Need for an Amplifier

The description above assumed ideal components. In reality, inductors are made of miles of thin copper wire, which
has significant ohmic resistance (R). Because of this internal resistance, a small amount of the circulating energy is
dissipated as I2R heat during every single cycle.

If we charge the capacitor and walk away, the sine wave will not continue forever. Each cycle will be slightly smaller
than the last, until the energy is completely lost as heat. This is known as a damped oscillation.

AI IMAGE PLACEHOLDER
A graph showing a ’Damped Oscillation’. The x-axis is time, the y-axis is voltage.

The graph shows a sine wave that starts with a large amplitude, but with each
successive cycle, the peak amplitude shrinks exponentially, eventually flatlining at

zero.

Figure 2.13: Damped oscillations in a practical LC tank circuit due to inherent wire resistance.

To create a useful continuous-wave oscillator, we must undamp the tank circuit. This is the sole purpose of the
active amplifier (the transistor or op-amp) in an LC oscillator circuit. The amplifier acts like an adult pushing a
child on a swing. It senses the oscillation and injects a tiny "kick" of power from the DC supply into the tank circuit
at exactly the right moment during each cycle. This injected power exactly replaces the energy lost to the internal
resistance R, allowing the tank to ring continuously with a constant amplitude.

2.6.5 The Quality Factor (Q)

The "purity" of the tank circuit is defined by its Quality factor (Q). It is the ratio of the energy stored in the tank to
the energy lost per cycle.

Q = XL

Rseries
= 2πfrL

R

A high Q tank (e.g., Q = 100) loses very little energy per cycle. In oscillator design, a high Q tank is highly desirable
because:

1. It requires less gain from the amplifier to sustain oscillations.

2. It acts as an incredibly sharp bandpass filter, ensuring the oscillator’s output frequency is extremely stable and
free of unwanted harmonic noise.

2.6.6 Conclusion

The LC tank circuit is the electrical equivalent of a tuning fork. By choosing specific values of inductance and
capacitance, an engineer can set the natural resonant frequency (fr = 1/2π

√
LC). When paired with an amplifier to

replace its resistive losses, the tank circuit becomes the stable, high-frequency heart of radio transmitters, receivers,
and signal generators worldwide.
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2.7 The Hartley Oscillator

2.7.1 Introduction

Invented by Ralph Hartley in 1915, the Hartley Oscillator is one of the classic, fundamental LC (inductor-capacitor)
oscillator topologies. It is widely used in radio receivers and transmitters to generate Radio Frequency (RF) signals
ranging from roughly 20 kHz up to 30 MHz.

The defining characteristic of the Hartley oscillator is its specific feedback network: it utilizes an LC tank circuit
where the inductive branch is tapped (split into two series inductors, or a single tapped coil) to create the feedback
voltage, while the capacitive branch consists of a single solid capacitor.

2.7.2 Circuit Construction

To build a Hartley oscillator, we need two main blocks: an active amplifier to provide gain, and a tapped LC tank
circuit to provide the frequency-selective 180◦ phase-shifted feedback.

While a Bipolar Junction Transistor (BJT) or Field Effect Transistor (FET) can be used, we will analyze the circuit
using an Operational Amplifier (Op-Amp) for conceptual clarity, as it clearly isolates the gain stage from the feedback
network.

Av

−

+ Vo

Vf (to inverting input)

Vo (from amp output)

Figure 2.14: Circuit diagram of an Op-Amp based Hartley Oscillator. Note the tapped inductor (L1 and L2) with the
center tap grounded.

1. The Amplifier Stage

In Figure 2.14, the op-amp is configured as an inverting amplifier.

• The gain (A) is determined by the resistors: A = −(Rf /R1).

• Crucially, because it is an inverting configuration, the amplifier provides exactly 180◦ of phase shift between the
input signal (Vf ) and the output signal (Vo).

2. The Feedback Network (The Tapped Tank)

The output of the op-amp (Vo) is connected to the bottom of inductor L2. The top of inductor L1 is fed back to the
input resistor R1. The center tap between the two inductors is connected directly to ground.

This center-tapped grounding is the secret to the Hartley oscillator. It turns the single LC tank into a phase-splitting
transformer.

2.7.3 Fulfilling the Barkhausen Criteria

1. The Phase Criterion (360◦ Shift)

For oscillations to occur, the total loop phase shift must be 360◦ (0◦). The inverting amplifier already provided 180◦.
Therefore, the LC tank network must provide the remaining 180◦ of phase shift.

How does it do this? Look at the grounded center tap.

• The oscillating current circulating inside the tank circuit flows down through L1 and continues down through L2.
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• Because the center point between them is tied to 0V (ground), the voltages at the opposite ends of the inductors
must be of opposite polarity.

• If the bottom of L2 (driven by the output Vo) happens to be positive (+5V) relative to ground, the current flow
ensures that the top of L1 (Vf ) must be negative (-something) relative to ground.

• Therefore, Vf is always 180◦ out of phase with Vo.

The tank circuit provides the exact 180◦ phase inversion needed. 180◦ (Amp) +180◦ (Tank) = 360◦ total loop phase
shift.

2. The Frequency of Oscillation (fr)

This perfect 180◦ phase inversion across the tank only occurs exactly at the resonant frequency of the entire LC loop.
At resonance, the total inductive reactance equals the capacitive reactance. The total inductance (Leq) of the two
series inductors is simply their sum (assuming no mutual magnetic coupling between them). If they are wound on the
same core, mutual inductance (M) must be added: Leq = L1 + L2 + 2M .

Assuming two separate, uncoupled inductors, the frequency of oscillation is:

fr = 1
2π
√

LeqC
= 1

2π
√

(L1 + L2)C

To tune a Hartley oscillator (change its frequency), one simply uses a variable capacitor for C. Turning the tuning
dial physically meshes metal plates together, changing C and thereby smoothly shifting fr.

3. The Magnitude Criterion (|Aβ| ≥ 1)

The feedback fraction β is the ratio of the voltage fed back (Vf ) to the output voltage driving the tank (Vo).

β = Vf

Vo

Because the same circulating tank current flows through both L1 and L2, the voltage drop across each inductor is
directly proportional to its inductive reactance (XL = 2πfL), and therefore proportional to its inductance.

Vf ∝ L1

Vo ∝ L2

Therefore, the feedback fraction is simply the ratio of the two inductances:

β = L1
L2

To satisfy the Barkhausen magnitude criterion for starting oscillations (|Aβ| ≥ 1):

|A| ·
(

L1
L2

)
≥ 1

|A| ≥ L2
L1

Since the op-amp gain is |A| = Rf /R1, the required condition for the circuit to start oscillating is:

Rf

R1
≥ L2

L1

If Rf is too small, the amplifier won’t provide enough gain to overcome the attenuation of the L1/L2 voltage divider,
and the circuit will remain dead.

2.7.4 Advantages and Disadvantages

Advantages

• Easy Tuning: The frequency can be easily and smoothly varied over a wide range by using a single variable
capacitor. The feedback ratio (L1/L2) remains perfectly constant as the frequency changes, ensuring stable
oscillation amplitude across the entire tuning range.

• Constant Output: Because the feedback ratio doesn’t change with frequency, the output sine wave amplitude
remains relatively constant even when tuning from the bottom of the band to the top.
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AI IMAGE PLACEHOLDER
A 3D rendering of the physical components of a Hartley oscillator tank circuit. It
should prominently feature a ceramic coil form with copper wire wound around it,
clearly showing a wire (the ’tap’) soldered precisely to the middle of the winding.

Next to it, a large, multi-plate variable tuning capacitor.

Figure 2.15: The physical heart of a Hartley oscillator: A tapped induction coil and a variable capacitor.

Disadvantages

• Harmonic Content: The output voltage is usually taken across the inductor L2. Inductors naturally have high
impedance at high frequencies (XL = 2πfL). Therefore, any high-frequency harmonic distortion generated by the
amplifier is actually amplified when appearing across the inductor. Consequently, the Hartley oscillator tends to
produce a sine wave that is richer in unwanted harmonics compared to its cousin, the Colpitts oscillator (which
takes its output across a capacitor).

• Mutual Inductance Issues: If L1 and L2 are wound on the same core to save space, the complex mutual
inductance (M) makes precise mathematical design and frequency prediction more difficult.

2.7.5 Conclusion

The Hartley oscillator is an elegant application of the Barkhausen criteria. By utilizing a single tapped inductor, it
ingeniously splits the LC tank into a voltage divider that simultaneously provides the necessary 180◦ phase inversion
and the specific feedback attenuation fraction. Its ease of tuning via a single capacitor made it a staple of 20th-century
radio design.

2.8 The Colpitts Oscillator

2.8.1 Introduction

In 1918, just three years after Ralph Hartley invented his oscillator, the Canadian-American engineer Edwin Colpitts
patented a brilliant, evolutionary improvement upon the design. Like the Hartley, the Colpitts Oscillator is a
high-frequency LC resonant oscillator used extensively to generate Radio Frequency (RF) signals.

At a quick glance, the circuit diagrams of the two oscillators look almost identical. Both use a standard basic
amplifier (like a BJT or Op-Amp) and both place an LC tank circuit in the feedback loop.

However, they differ fundamentally in how they tap the tank circuit to extract the feedback signal. While the
Hartley oscillator splits the inductor into two parts (a tapped inductor), the Colpitts oscillator splits the capacitor
into two parts (C1 and C2) placed in parallel with a single, un-tapped inductor (L). This simple modification yields
massive improvements in signal purity and frequency stability.

2.8.2 Circuit Construction

The Colpitts Oscillator consists of a basic amplifier and a specialized "split-capacitor" feedback network.

The Basic Amplifier

• Exactly like the Hartley circuit, a BJT is configured as a Common Emitter (CE) amplifier to provide the necessary
open-loop gain (A).

• Resistors R1, R2, and RE provide the DC biasing.

• A Radio Frequency Choke (RFC) is placed in series with the collector supply (VCC) to block the high-frequency
AC oscillations from entering and shorting out through the DC power supply, forcing the signal into the feedback
loop.
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The Feedback Network (The Split-Capacitor Tank)

• The tank circuit is connected between the Collector and the Base.

• It consists of a single inductor L in parallel with a series combination of two capacitors, C1 and C2.

• The Crucial Connection: The center point (the junction) between capacitors C1 and C2 is rigidly tied to
Ground. One end of the tank (top of C1) connects to the Collector. The other end (bottom of C2) feeds the
signal back to the Base.

R1

+VCC

R2
RE

RFC

CC2

C1

C2

L

Figure 2.16: Schematic diagram of a BJT Colpitts Oscillator featuring the grounded center-tapped capacitors.

2.8.3 Operation and Fulfilling Barkhausen’s Criteria

Just like the Hartley, the Colpitts must satisfy Barkhausen’s absolute rules for oscillation: |Aβ| = 1 and ∠Aβ = 360◦.

Fulfilling the Phase Criterion (∠Aβ = 360◦)

1. The Amplifier’s Shift: The Common Emitter amplifier naturally provides a 180◦ phase shift between the Base
voltage and the Collector voltage.

2. The Tank’s Shift: The amplified AC signal from the Collector is applied across the top capacitor, C1. Because
the center junction between C1 and C2 is tied to Ground (0V), the two capacitors form an AC voltage divider. During
the AC cycle, when the top plate of C1 is pushed positive, the charging current flows down through the grounded
center tap, pulling electrons away from the top plate of C2, forcing the bottom plate of C2 (which is connected to the
Base) to swing negative. Therefore, the grounded capacitive divider acts as a phase inverter, providing exactly 180◦ of
additional phase shift.

3. Total Loop Phase: 180◦(Amp) + 180◦(Tank) = 360◦. The feedback is perfectly positive.

Fulfilling the Magnitude Criterion (|Aβ| = 1)

The feedback fraction (β) is determined by the capacitive voltage divider. Remember that the voltage across a capacitor
is inversely proportional to its capacitance (V = Q/C). The output voltage Vout from the collector is developed across
C1. The feedback voltage Vf returning to the base is developed across C2. Therefore, the feedback fraction is the
inverse ratio of the capacitors:

β = Vf

Vout
= C1

C2

(Notice this is inverse to the Hartley oscillator, where β = L2/L1).
To start and sustain oscillations, the basic amplifier’s open-loop gain (A) must be designed such that A ≥ C2/C1.

2.8.4 Frequency of Oscillation

The frequency is determined by the total inductance (L) and the total equivalent capacitance (Ceq) of the tank
circuit. Because C1 and C2 are connected in series across the inductor (from an AC perspective), their equivalent
capacitance is calculated using the standard series formula:

Ceq = C1 · C2
C1 + C2
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Applying Thomson’s equation, the resonant frequency of the Colpitts Oscillator is:

fr = 1
2π
√

L · Ceq

Hartley Oscillator
Tapped Inductor

Leq = L1 + L2
β = L2/L1

Colpitts Oscillator
Split Capacitors

Ceq = (C1C2)/(C1 + C2)
β = C1/C2

Key Design Differences

Figure 2.17: Mathematical comparison between the Hartley and Colpitts Feedback Networks.

2.8.5 Advantages over the Hartley Oscillator

While the Colpitts and Hartley oscillators operate on the same fundamental principle, the Colpitts circuit (using
capacitors to tap the tank) offers massive engineering advantages that make it vastly superior for high-frequency RF
applications.

1. Exceptional Frequency Stability: A tapped inductor in a Hartley oscillator is physically sensitive. Any slight
mechanical vibration alters the mutual inductance between L1 and L2, causing the frequency to drift. Capacitors
are solid-state and mathematically precise. Therefore, the Colpitts provides a much more stable, non-drifting
radio frequency.

2. Purer Sine Wave (Low Distortion): Capacitors act as low-pass filters. Because the feedback signal in a
Colpitts oscillator is drawn across C2, the capacitor naturally shorts any high-frequency harmonic distortion
generated by the transistor directly to ground. It only feeds back the pure fundamental frequency. The Hartley
feeds back across an inductor, which naturally blocks high frequencies, forcing the distortion back into the
amplifier and resulting in a "dirtier" sine wave.

3. High-Frequency Capability: At microwave frequencies (GHz), it is physically impossible to wind a precise,
center-tapped inductor coil. However, tiny, hyper-precise capacitors can be easily manufactured, making the
Colpitts the undisputed choice for extreme high-frequency generation.

2.8.6 Conclusion

Edwin Colpitts’ decision to replace the tapped inductor with a capacitive voltage divider fundamentally upgraded the
RF oscillator. By adhering to the exact same Barkhausen criteria as the Hartley, but utilizing the low-pass filtering
and physical stability of capacitors, the Colpitts Oscillator produces an exceptionally pure, mathematically stable
high-frequency sine wave. It remains one of the most widely used topologies in modern radio transmitters, radar
systems, and telecommunication equipment.

2.9 The Wien Bridge Oscillator

2.9.1 Introduction

While LC oscillators (like the Hartley and Colpitts) are excellent for generating high frequencies (Radio Frequencies),
they become highly impractical for generating low frequencies, particularly in the audio range (20 Hz to 20 kHz). To
achieve a low resonant frequency (fr = 1/2π

√
LC), one needs massive, heavy, and expensive inductors and capacitors.

For low-frequency generation, engineers turn to RC Oscillators, which use only Resistors and Capacitors in their
feedback networks. The most famous, stable, and widely used audio-frequency RC oscillator is the Wien Bridge
Oscillator. It famously formed the basis of Hewlett-Packard’s first product, the HP200A audio oscillator, built in
David Packard’s garage in 1939.
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Vin Vout

Figure 2.18: The Lead-Lag Network used in a Wien Bridge Oscillator.

2.9.2 The Wien Bridge Network (Lead-Lag Network)

The heart of this oscillator is a specific RC frequency-selective circuit called a Lead-Lag Network. It consists of a
series RC circuit connected to a parallel RC circuit.

Let us analyze how this network behaves at different frequencies:

• At Very Low Frequencies: The series capacitor C1 acts almost like an open circuit (XC1 →∞). It blocks the
signal, so the output voltage Vout is near zero. Because it acts like a pure capacitor, the current leads the voltage
(Lead network).

• At Very High Frequencies: The parallel capacitor C2 acts almost like a short circuit to ground (XC2 → 0). It
shorts the signal to ground, so the output voltage Vout is again near zero. Because it acts like a pure capacitor in
parallel with a resistor, the voltage lags the current (Lag network).

The Resonant Frequency (fr)

Between the extreme low and extreme high frequencies, there exists one specific "Goldilocks" frequency where the
output voltage reaches its absolute maximum. This is the resonant frequency (fr).

At exactly this frequency, the phase shift caused by the series C1 is perfectly cancelled by the phase shift caused by
the parallel C2. The total phase shift from Vin to Vout at fr is exactly 0◦.

If we assume the standard design where R1 = R2 = R and C1 = C2 = C, the resonant frequency is mathematically
defined as:

fr = 1
2πRC

The Attenuation Factor (β)

At this resonant frequency (fr), the network acts as a pure voltage divider made of resistors. The mathematical
derivation shows that the voltage at the output node (Vout) is exactly one-third of the input voltage (Vin).

β = Vout

Vin
= 1

3

2.9.3 The Complete Wien Bridge Oscillator Circuit

To build an oscillator, we must satisfy Barkhausen’s Criteria:

1. Total loop phase shift = 0◦ (or 360◦).

2. Loop gain |Aβ| ≥ 1.

Fulfilling the Phase Criterion

We saw that the Lead-Lag network provides exactly 0◦ phase shift at fr. To maintain a total loop phase shift of 0◦, the
basic amplifier must also provide exactly 0◦ phase shift. Therefore, the output of the Lead-Lag network is connected to
the non-inverting (+) terminal of the op-amp.

0◦(Amp) + 0◦(Feedback Network) = 0◦

The phase criterion is satisfied exclusively at fr = 1/2πRC.
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+

−

Vo

Positive Feedback Path

Figure 2.19: The Wien Bridge Oscillator circuit. The positive feedback loop (top) determines the frequency, while the
negative feedback loop (bottom) sets the gain.

Fulfilling the Magnitude Criterion

We saw that the Lead-Lag network attenuates the signal to 1/3 of its value (β = 1/3). To satisfy |Aβ| ≥ 1, the op-amp
must provide a gain of at least 3.

|A| ≥ 1
|β|

= 1
1/3 = 3

Because the signal is entering the non-inverting (+) terminal, the op-amp is configured as a non-inverting amplifier.
Its gain is set by a second set of resistors (Rf and R1) forming a negative feedback loop:

A = 1 + Rf

R1

To ensure oscillation starts:
1 + Rf

R1
≥ 3

Rf

R1
≥ 2

Rf ≥ 2R1

2.9.4 Why is it called a "Bridge"?

If you redraw Figure 2.19, you will see that the four arms of the circuit (the series RC, the parallel RC, Rf , and R1)
form a classic Wheatstone bridge configuration.

• The output of the op-amp drives the entire bridge.

• The difference between the two "legs" of the bridge is fed into the (+) and (-) terminals of the op-amp.

• The oscillator operates exactly at the point where the bridge is almost perfectly balanced.

2.9.5 Amplitude Stabilization: The HP Garage Secret

If we strictly set Rf = 2.1 ·R1 (so gain is 3.1), the circuit will start oscillating, but the sine wave will grow until it clips
and distorts against the power supply rails. To maintain a pure sine wave, the gain must be dynamically reduced to
exactly 3 as the oscillation amplitude reaches the desired level.

In 1939, Bill Hewlett solved this elegantly by replacing the fixed resistor R1 with a simple tungsten incandescent
light bulb.

• Cold State (Startup): When the circuit turns on, the light bulb filament is cold and has a low resistance. The
gain (1 + Rf /Rbulb) is high (e.g., 4). Oscillations start rapidly.

• Warm State (Stabilization): As the oscillation amplitude grows, the AC current flowing through the light
bulb increases, heating the tungsten filament. Tungsten has a positive temperature coefficient; as it heats up, its
resistance increases.
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• Equilibrium: The resistance of the bulb increases until the gain exactly equals 3. If the amplitude tries to
increase further, the bulb gets hotter, resistance goes up, gain drops below 3, and the amplitude shrinks back.
The light bulb acts as a perfectly continuous, non-linear automatic gain control (AGC), resulting in an incredibly
pure sine wave with negligible distortion.

Modern Wien Bridge oscillators often use JFETs or specialized thermistors instead of light bulbs to achieve this
automatic gain control, but the physical principle remains identical.

AI IMAGE PLACEHOLDER
A split image. On the left, a historic, vintage photograph of the original HP200A
audio oscillator inside a wooden cabinet. On the right, a modern circuit schematic

highlighting a small incandescent light bulb symbol used as the resistor in the
negative feedback leg of an op-amp.

Figure 2.20: The Wien Bridge Oscillator, famously stabilized by an incandescent light bulb in the original HP200A
design.

2.9.6 Conclusion

The Wien Bridge oscillator is the premier circuit for low-frequency sine wave generation. By cleverly balancing a
frequency-determining positive feedback loop (the lead-lag network) against a gain-determining negative feedback loop,
it produces highly stable, extremely low-distortion audio signals. Its historical significance as the foundation of the
Silicon Valley electronics industry only adds to its engineering elegance.

2.10 The Crystal Oscillator

2.10.1 Introduction

While LC and RC oscillators are widely used, they suffer from a fundamental problem: frequency drift. The values
of standard inductors, capacitors, and resistors change slightly with temperature fluctuations, mechanical vibration,
and aging. Consequently, the resonant frequency of an LC or RC oscillator will wander over time. For an AM radio,
this might mean occasionally retuning the dial. For a modern digital watch, a computer CPU, or a GPS satellite, even
a drift of a few parts per million is catastrophic.

When absolute, unwavering frequency stability is required, the standard LC tank circuit is replaced by a physical
piece of quartz rock: the Crystal Oscillator.

2.10.2 The Piezoelectric Effect

The heart of a crystal oscillator is a thinly sliced wafer of quartz crystal (SiO2). Quartz is a unique crystalline material
that exhibits the Piezoelectric Effect (from the Greek piezein, meaning to squeeze or press).

1. Direct Piezoelectric Effect: If you physically squeeze, bend, or strike a quartz crystal, its internal crystal
lattice deforms. This mechanical deformation forces the positive and negative ions out of alignment, generating a
tiny, measurable electrical voltage across the faces of the crystal. (This is how a barbecue spark igniter works).

2. Inverse Piezoelectric Effect: Conversely, if you apply an electrical voltage across the faces of the crystal, the
electric field forces the ions to shift, causing the entire physical crystal to mechanically deform (bend or stretch).

Mechanical Resonance

If you apply an Alternating Current (AC) voltage to the crystal, it will vibrate physically at the frequency of the
applied AC. Because the crystal is a physical object with a specific mass and stiffness (determined precisely by how
thick it is cut), it has a natural mechanical resonant frequency, much like a tuning fork.
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If the frequency of the applied AC voltage perfectly matches the crystal’s natural mechanical resonant frequency, the
amplitude of the physical vibrations becomes enormous, and the crystal acts as a highly efficient, electrically reactive
component.

AI IMAGE PLACEHOLDER
A close-up, semi-transparent 3D rendering of a quartz crystal wafer. On either side

of the wafer are thin metallic electrode plates. Arrows should indicate that an
electrical voltage applied to the plates causes the physical quartz lattice in the

center to vibrate or deform.

Figure 2.21: The Piezoelectric effect: The physical quartz wafer vibrates when subjected to an alternating electric field
via the metal electrodes.

2.10.3 Equivalent Electrical Circuit of a Crystal

To use a physical vibrating rock in an electronic circuit design, we must translate its mechanical properties into an
equivalent electrical circuit.

Remarkably, the mechanical vibrations of a quartz crystal behave exactly like an incredibly precise, high-Q RLC
tank circuit.

Crystal Symbol

≡

Equivalent Electrical Circuit

Figure 2.22: The electrical equivalent circuit of a quartz crystal. The series RLC branch represents the mechanical
mass, stiffness, and friction. The parallel capacitor represents the physical capacitance of the mounting plates.

The equivalent circuit consists of two branches in parallel:

1. The Motional Arm (Ls, Cs, Rs)

This series branch represents the actual physical, mechanical properties of the crystal:
• Ls(SeriesInductance) : Represents the physical mass (inertia) of the vibrating quartz rock. Because it’s a

solid piece of stone, the equivalent electrical inductance is massive, often measured in full Henrys (not milli- or
micro-Henrys like a wire coil).

• Cs(SeriesCapacitance) : Represents the physical stiffness or elasticity of the quartz. Since quartz is extremely
rigid, this equivalent capacitance is incredibly tiny, often measured in fractions of a picofarad (pF).

• Rs(SeriesResistance) : Represents the internal mechanical friction of the vibrating crystal structure and the
air resistance against it.

2. The Static Arm (Cp)

• Cp(ParallelCapacitance) : The crystal wafer is sandwiched between two metal electrode plates. These two plates,
separated by the dielectric quartz, physically form a standard capacitor. Cp represents this static electrical
capacitance, completely independent of the mechanical vibrations. It is typically much larger than Cs (e.g.,
Cp ≈ 100 · Cs).
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2.10.4 Series and Parallel Resonance

Because the equivalent circuit has both a series RLC branch and a parallel capacitor, a quartz crystal exhibits two
distinct resonant frequencies that are very close to each other.

1. Series Resonant Frequency (fs)

At the frequency where the reactance of the massive mechanical inductance (XLs) exactly equals the reactance of the
tiny mechanical capacitance (XCs), they cancel each other out.

fs = 1
2π
√

LsCs

At this exact frequency, the motional arm acts as a pure resistance (Rs), which is very low. The entire crystal acts as a
near short-circuit to the AC signal.

2. Parallel Resonant Frequency (fp)

At a slightly higher frequency, the net inductive reactance of the series arm (which is now behaving inductively because
f > fs) perfectly cancels the capacitive reactance of the parallel mounting capacitor (Cp).

fp = 1

2π

√
Ls

(
CsCp

Cs+Cp

)
At this exact frequency, the crystal acts like a parallel LC tank circuit at resonance. Its impedance becomes incredibly
high, acting almost like an open circuit.

The two frequencies fs and fp are usually within 1% of each other. An oscillator circuit can be designed to operate
at either frequency, though parallel resonance (acting as an inductive tank component) is more common.

2.10.5 Why are Crystals so Stable? (The Q-Factor)

The Quality Factor (Q) of any resonant circuit is the ratio of stored energy to dissipated energy.

Q = XLs

Rs

In a standard LC tank circuit made of copper wire, the internal resistance is relatively high, limiting the Q to perhaps
100 or 200.

In a quartz crystal, the equivalent inductance Ls (the mass of the rock) is massive (e.g., 5 Henrys), and the internal
mechanical friction Rs is incredibly low. Therefore, the Q factor of a quartz crystal routinely exceeds 20, 000,
and can reach over 1, 000, 000 in high-vacuum enclosures.

This astronomical Q factor means the phase shift graph of the crystal is a nearly vertical cliff at the resonant
frequency. If the temperature changes or component values drift slightly, the circuit physically cannot shift its operating
frequency, because the crystal will refuse to provide the necessary Barkhausen 180◦ phase shift at any frequency other
than its exact, physically carved resonant peak.

2.10.6 A Typical Crystal Oscillator Circuit (Pierce Oscillator)

The most common implementation of a crystal oscillator in digital electronics (like the clock circuit of a microcontroller)
is the Pierce Oscillator.

It is essentially a Colpitts oscillator, but the standard inductor is removed and replaced by the crystal operating in
its parallel-resonant (inductive) region.

2.10.7 Conclusion

The quartz crystal oscillator represents a perfect marriage of mechanics and electronics. By exploiting the piezoelectric
effect, engineers replace unstable electrical inductors with a physically vibrating piece of stone. The massive mechanical
inertia and minimal internal friction of the quartz provide an astronomical Q-factor, ensuring that the resulting electrical
oscillation remains locked to an unwavering, highly precise frequency, forming the stable heartbeat of the entire digital
age.
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Inverting Amp (CMOS)

Crystal (XTAL)

Vout (Clock)

Figure 2.23: The Pierce Crystal Oscillator. Commonly used as the clock generator for microprocessors. The inverting
amplifier provides 180◦ phase shift, and the pi-network formed by C1, C2, and the crystal provides the remaining 180◦.

2.11 Construction of the Uni-Junction Transistor (UJT)

2.11.1 Introduction

So far in our study of electronics, the word "transistor" has been synonymous with amplification. The Bipolar Junction
Transistor (BJT) and the Field Effect Transistor (FET) are primarily designed to take a small analog signal and linearly
amplify it.

The Uni-Junction Transistor (UJT) is a drastic departure from this philosophy. Despite carrying the name
"transistor," the UJT is absolutely useless as a linear amplifier. It is purely a switching device. It is designed to sit
completely in an "OFF" state, blocking current, until a specific voltage threshold is reached. Once that threshold is
crossed, it violently snaps into an "ON" state, allowing a massive surge of current.

This abrupt, non-linear snapping action makes the UJT the perfect semiconductor component for building specialized
oscillators, specifically Relaxation Oscillators, which are used to generate non-sinusoidal waveforms like sawtooth or
pulse waves, and to trigger power electronics like thyristors (SCRs).

2.11.2 Physical Construction of the UJT

The name "Uni-Junction" literally translates to "One Junction." Unlike a BJT which has two PN junctions (N-P-N or
P-N-P), the UJT possesses only a single PN junction, making its internal construction remarkably simple but unique.

The Base Bar

The foundation of the UJT is a continuous, solid bar of lightly doped N-type silicon. Because the doping is light,
there are very few free electrons available for conduction. Therefore, this entire N-type bar has a relatively high physical
electrical resistance (typically between 5 kΩ and 10 kΩ from end to end).

Ohmic contacts (non-rectifying metal connections) are attached to both the top and bottom ends of this N-type
bar. These form two of the three terminals of the device:

• Base 2 (B2): The terminal connected to the top of the bar.

• Base 1 (B1): The terminal connected to the bottom of the bar.

The Emitter

To create the single junction, a small, localized region of heavily doped P-type material is alloyed or diffused into
one side of the N-type bar. Because it is heavily doped, it contains a massive concentration of "holes" (positive charge
carriers). An ohmic contact is attached to this P-type region to form the third and final terminal:

• Emitter (E): The terminal connected to the P-type region.

Crucial Asymmetry: The P-type Emitter region is not placed exactly in the physical middle of the N-type bar.
It is intentionally placed significantly closer to Base 2 (B2) than to Base 1 (B1). This asymmetrical placement is the
entire key to how the UJT functions.
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Lightly Doped
N-Type Si Bar

Base 2 (B2)

Base 1 (B1)

P+Emitter (E)

Single PN Junction

Figure 2.24: Physical construction of a UJT. Note the closer proximity of the Emitter to Base 2.

2.11.3 The Equivalent Electrical Circuit

To understand how a UJT behaves in a circuit, engineers translate its physical construction into an equivalent model
made of standard components.

The Base Resistances (RB1 and RB2)

Remember that the main body of the UJT is just a solid bar of lightly doped, resistive silicon. The Emitter junction
physically divides this continuous bar into two separate resistive sections:

• RB2: The internal resistance of the silicon bar from the Emitter junction up to Base 2. Because the Emitter is
placed physically closer to B2, this path is shorter. Therefore, RB2 is the smaller of the two resistances (typically
2 kΩ to 3 kΩ).

• RB1: The internal resistance of the silicon bar from the Emitter junction down to Base 1. Because the distance is
longer, RB1 is the larger resistance (typically 4 kΩ to 7 kΩ).

The total end-to-end resistance of the bar (measured between B2 and B1 with the Emitter left completely open) is
called the Interbase Resistance (RBB).

RBB = RB1 + RB2

The Intrinsic Diode

The connection between the heavily doped P-type Emitter and the lightly doped N-type bar forms a classic, literal PN
junction. Electrically, a PN junction is simply a semiconductor Diode. Therefore, the Emitter acts as the Anode of a
diode, pointing inward toward the junction between RB1 and RB2.
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B2

RB2

Internal Node (VA)

RB1

B1

E

Figure 2.25: The Equivalent Electrical Circuit of a UJT, featuring the internal diode and the two base resistances
forming a voltage divider.

2.11.4 The Intrinsic Standoff Ratio (η)

Look closely at the equivalent circuit. If a DC voltage (VBB) is applied across the two bases (positive to B2, ground to
B1), the internal resistances RB1 and RB2 form a perfect voltage divider.

The voltage that appears exactly at the internal node (let’s call it VA, the Cathode of the internal diode) is
determined entirely by the standard voltage divider rule:

VA = VBB ·
(

RB1
RB1 + RB2

)
The ratio RB1

RB1+RB2
is so critical to the operation of the UJT that it is given its own name and symbol. It is called

the Intrinsic Standoff Ratio (η - Greek letter Eta).

η = RB1
RB1 + RB2

= RB1
RBB

Because RB1 is intentionally made larger than RB2 during manufacturing by placing the Emitter closer to the top,
η is a fixed, physical constant for any specific UJT. It always has a value less than 1, typically ranging from 0.5 to 0.8.

Therefore, the voltage sitting at the internal node is simply:

VA = η · VBB

The Concept of the "Stand-Off"

This voltage (VA) is the reason the UJT acts as a switch. The Anode of the internal diode is the Emitter terminal. The
Cathode of the diode is the internal node VA. For a diode to conduct (turn ON), the Anode voltage must be roughly
0.7V higher than the Cathode voltage.

If the user applies a voltage to the Emitter (VE), the internal diode will remain reverse-biased (completely OFF) as
long as VE is less than VA. The UJT is "standing off" the input voltage. It completely blocks any current from entering
the Emitter.

The UJT will only fire and snap ON when the Emitter voltage VE is increased enough to overcome the internal
divider voltage plus the 0.7V diode drop:

Firing Voltage (VP ) = ηVBB + VD
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AI IMAGE PLACEHOLDER
A metaphorical illustration. A heavy mechanical floodgate (the UJT) holding back
a rising reservoir of water (Emitter Voltage). The floodgate is locked by a specific
pressure mechanism (The Intrinsic Standoff Ratio η). Once the water level reaches
that exact threshold, the lock violently snaps open, releasing a massive surge of

water.

Figure 2.26: The UJT acts as a threshold-triggered switch, blocking current until a specific voltage is reached.

2.11.5 Conclusion

The construction of the Uni-Junction Transistor is a brilliant manipulation of basic semiconductor physics. By alloying
a single P-type region asymmetrically onto a resistive N-type bar, engineers created a device that contains an internal,
structurally permanent voltage divider (η). This divider creates an automatic voltage blockade. Unlike linear transistors
that respond smoothly to input changes, the physical construction of the UJT guarantees that it will sit perfectly idle
until its input crosses a precise, mathematically predictable threshold, at which point it violently switches states.
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CHAPTER 3

Power Amplifiers

3.1 Working Principles: Voltage and Power Amplifiers

3.1.1 Introduction to Amplification

In almost every electronic system—whether it is a medical ECG machine measuring heartbeats, a radio receiver picking
up broadcasts from space, or a mobile phone recording audio—the original source signal is incredibly weak. These
signals often exist in the realm of microvolts (µV) or millivolts (mV) and carry practically zero electrical power.

If you attempt to connect a microphone (which generates a few millivolts) directly to a loudspeaker (which requires
several volts and amps to physically move its heavy magnetic cone), absolutely nothing will happen. The microphone
cannot provide the energy required to drive the heavy load.

To bridge this massive gap, engineers utilize Amplifiers. However, amplification is almost never done in a single
step. The task is so physically demanding that it is split into two distinct, highly specialized stages:

1. The Voltage Amplifier: First, the microscopic amplitude of the signal must be mathematically multiplied.

2. The Power Amplifier: Second, the signal must be given the sheer electrical "muscle" required to move a heavy
physical load.

Understanding the fundamental difference in the working principles of these two amplifiers is crucial to understanding
any multi-stage electronic system.

3.1.2 The Voltage Amplifier (Small-Signal Amplifier)

The primary, exclusive job of a Voltage Amplifier is to take a tiny input voltage fluctuation (Vin) and produce a
massively larger output voltage fluctuation (Vout). It is concerned only with the amplitude of the signal, not the power.

Because the input signals are so small (often less than 50 mV), these amplifiers operate entirely within the small,
perfectly linear region of the transistor’s characteristic curve. Consequently, they are often referred to as Small-Signal
Amplifiers.

Working Principle

To understand how it works, we must examine the components and the math of a basic Common Emitter (CE) Voltage
Amplifier:

• High RC (Collector Resistor): The voltage gain (Av) of a CE amplifier is directly proportional to the
resistance it pushes its output current through (Av ≈ −gm ·RC). Therefore, to maximize voltage gain, engineers
use a very high value for RC (e.g., 4.7 kΩ to 10 kΩ).

• The Amplification Action: When a tiny AC signal (e.g., 10 mV) arrives at the Base, it causes a microscopic
fluctuation in the Base Current (IB). The transistor multiplies this by its current gain (β, typically 100), creating
a larger fluctuation in the Collector Current (IC).

• Voltage Conversion: This fluctuating IC must flow through the massive RC resistor. By Ohm’s Law (V = I ·R),
forcing a fluctuating current through a massive resistance creates a massive fluctuating voltage drop across
that resistor. A 10 mV input signal can easily be translated into a 2 V output signal. The amplitude has been
successfully multiplied by 200.
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The Fatal Flaw of the Voltage Amplifier

While the voltage amplifier successfully creates a 2 V signal, it cannot deliver any actual current. Because RC is so
massive (10 kΩ), it physically restricts the flow of current. If you connect a 2 V voltage amplifier directly to an 8 Ω
loudspeaker, the amplifier will try to deliver current. But the massive 10 kΩ internal resistance chokes the current down
to practically zero. The 2 V signal instantly collapses. The voltage amplifier has amplitude, but it has no "muscle."

AI IMAGE PLACEHOLDER
A visual analogy. A Voltage Amplifier is like a bicycle gear system that spins
incredibly fast (high voltage amplitude) but has very little torque (no current
pushing power). If it hits a steep hill (a heavy load like a speaker), it instantly

stalls and stops.

Figure 3.1: Voltage amplifiers increase the height of the wave but cannot push that wave into a heavy load.

3.1.3 The Power Amplifier (Large-Signal Amplifier)

This is where the Power Amplifier takes over. The input to a power amplifier is the already-large 2 V signal provided
by the voltage amplifier.

The job of the Power Amplifier is not to increase the voltage anymore. In fact, many power amplifiers have a
voltage gain of exactly 1 (they don’t amplify voltage at all). Their sole purpose is Current Amplification. They
must take the 2 V signal, preserve its exact shape and amplitude, but provide massive amounts of current so the 2 V
signal does not collapse when connected to a heavy 8 Ω load.

Because power amplifiers deal with massive voltage swings (the full 2 V) and massive currents simultaneously
(P = V × I), they handle serious wattage. They are therefore referred to as Large-Signal Amplifiers.

Working Principle

To deliver massive current, the construction of a Power Amplifier is fundamentally different:

• Physical Size: The transistors used are physically massive compared to those in voltage amplifiers. They are
bolted to large aluminum Heat Sinks because handling Amperes of current generates severe thermal heat (I2R
loss) that will melt a small transistor.

• Low Output Resistance: Unlike the voltage amplifier which uses a massive 10 kΩ RC , a power amplifier
cannot have a large internal resistor restricting the current. Therefore, RC is either extremely small (e.g., 10 Ω)
or replaced entirely by an active load or an impedance-matching transformer.

• The Amplification Action: The large 2 V signal arrives at the Base of the power transistor. The transistor
allows a massive amount of current from the main power supply (VCC) to flow straight through the Collector to
the Emitter, perfectly mimicking the shape of the 2 V Base signal. Because there is almost zero internal resistance
to stop it, this massive current rushes out of the amplifier and violently drives the heavy 8 Ω loudspeaker coil.

3.1.4 Impedance Matching: The Transformer’s Role

The greatest challenge in power amplification is transferring the maximum possible power from the transistor to the
load. According to the Maximum Power Transfer Theorem, maximum power is only delivered when the internal
resistance of the amplifier exactly matches the resistance of the load.

A power transistor might naturally have an output impedance of 500 Ω. A loudspeaker has an impedance of 8 Ω. If
connected directly, the massive mismatch causes most of the power to reflect and be wasted as heat inside the transistor.

To solve this, engineers historically used Transformer Coupling. An audio transformer is placed between the
transistor and the speaker. By carefully designing the ratio of the primary coil turns (N1) to the secondary coil turns
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(N2), the transformer acts as an "Impedance Gearbox."

Zprimary =
(

N1
N2

)2
× Zload

The transformer tricks the transistor into "seeing" a 500 Ω load, while simultaneously delivering the power perfectly
into the real 8 Ω speaker. While modern designs use complex transistor arrangements (like Push-Pull) to avoid heavy
transformers, the principle of lowering output impedance remains the core function of a power amplifier.

10 mV

Voltage Amplifier
(Pre-Amp)

High Av

Low Current

Power Amplifier
(Output Stage)

Av ≈ 1
Massive Current

Loudspeaker
8 Ω Load

Tiny Signal 2 V
No Muscle

2 V@2 Amps
Massive Power

Figure 3.2: The standard multi-stage amplification chain. The Voltage amplifier provides the amplitude, and the Power
amplifier provides the current to drive the load.

3.1.5 Summary of Differences

To solidify the distinct working principles, the following points summarize the critical differences:

• Input Signal: Voltage amplifiers handle microscopic signals (mV). Power amplifiers handle massive signals
(Volts).

• Transistor Size: Voltage amplifiers use tiny transistors. Power amplifiers use massive, heavy-duty transistors
mounted on cooling fins.

• Coupling Method: Voltage amplifiers are usually coupled to the next stage using simple Capacitors (RC
Coupling) because they don’t need to transfer power. Power amplifiers are coupled to the load using Transformers
or direct complementary-symmetry wiring to ensure maximum power transfer.

• Collector Resistance (RC): Voltage amplifiers use high RC (10 kΩ) to maximize voltage drop. Power amplifiers
use extremely low RC to prevent blocking current.

3.1.6 Conclusion

Amplification is a two-step process requiring completely different engineering approaches. The Voltage Amplifier acts
as a meticulous mathematical multiplier, taking a microscopic voltage from a sensor and stretching its amplitude
using high internal resistances. The Power Amplifier acts as the electrical muscle, taking that large-amplitude signal
and forcefully driving massive amounts of current through a heavy load without allowing the voltage to collapse.
Understanding that Voltage does not equal Power is the first critical step in understanding audio, radio, and control
system design.

3.2 Classification of Power Amplifiers

3.2.1 Introduction

In the previous sections, we studied voltage amplifiers (small-signal amplifiers). Their primary goal is to take a tiny
input voltage (like the microvolt signal from a microphone) and multiply it to a larger voltage level without concerning
themselves with the actual electrical power delivered.

However, a voltage signal alone cannot drive a heavy physical load. To physically move the heavy paper cone of a
loudspeaker, transmit a radio wave from an antenna, or drive a mechanical motor, you need Current and Voltage
simultaneously. You need Power (P = V · I).

This is the domain of the Power Amplifier (large-signal amplifier). Its primary function is not to increase voltage,
but to source massive amounts of current to a low-impedance load. Because they deal with high currents and high
voltages simultaneously, power amplifiers generate significant heat and are classified fundamentally by how efficiently
they manage this energy transfer.
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3.2.2 The Concept of the Operating Point (Q-Point)

To understand the classification of power amplifiers, we must revisit the concept of the Quiescent Point, or Q-point.
When a transistor is biased with DC voltage (before any AC signal is applied), it sits at a specific operating point

on its load line. This point dictates how much DC current flows through the transistor when it is "resting."

• If the Q-point is exactly in the middle of the active region, the transistor is heavily ON, drawing a large DC
current even when doing no useful work.

• If the Q-point is moved down to the cut-off point, the transistor is completely OFF, drawing zero DC current at
rest.

Power amplifiers are classified into different "Classes" (Class A, B, AB, C, D, etc.) based almost entirely on where
this Q-point is placed, which directly determines what percentage of the input AC cycle the transistor actually conducts
current. This is known as the Conduction Angle (θc).

3.2.3 Class A Power Amplifiers

Definition and Operation

In a Class A amplifier, the Q-point is placed exactly in the center of the active region of the load line. Because it is
perfectly centered, when an AC input signal is applied, the transistor’s output current can swing fully up (towards
saturation) and fully down (towards cut-off) without ever actually hitting the limits and clipping.

Conduction Angle: The transistor conducts current for the entire 360◦ of the input AC cycle. It never turns off.

VCE

IC

IC(sat)

VCC

Q-Point (Center)
ICQ

VCEQ

Input Signal

Output
Current

(Full 360◦)

Figure 3.3: Class A Operation. The Q-point is perfectly centered. The output current flows for the entire 360◦ cycle
without clipping.

Characteristics

• Distortion: Extremely low. Because the transistor stays entirely within its linear active region and never turns
off, it produces the cleanest, most faithful reproduction of the input signal. It is highly prized by audiophiles.

• Efficiency: Extremely poor. The theoretical maximum efficiency is only 25% (or 50% if transformer-coupled).
This means if the amplifier consumes 100 Watts from the wall, it delivers a maximum of 25 Watts of audio to the
speaker. The remaining 75 Watts are wasted entirely as heat.

• Reason for poor efficiency: Even when the volume is turned all the way down (zero input signal), the transistor
is still sitting at the center Q-point, drawing a massive DC resting current (ICQ) from the power supply and
dissipating it as heat.

3.2.4 Class B Power Amplifiers

Definition and Operation

To solve the terrible heat waste of Class A, engineers moved the Q-point. In a Class B amplifier, the Q-point is placed
exactly at the Cut-off point on the load line.

Conduction Angle: Because it rests at cut-off, the transistor only turns on when the input signal swings positive.
It conducts for exactly 180◦ (half) of the input cycle. During the negative half-cycle, the transistor is completely off.
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VCE

IC

VCC

Q-Point (Cut-off)

Output
Current

(Only 180◦)

Figure 3.4: Class B Operation. The Q-point is at cut-off. The transistor only conducts for the positive half of the cycle.
The negative half is completely clipped.

Characteristics

• Efficiency: Vastly improved. Theoretical maximum efficiency is 78.5%. Crucially, when there is no input signal,
the transistor is completely off and draws absolutely zero resting current. It runs very cool.

• Distortion: Severe. By chopping off half the waveform, a single Class B transistor produces massive distortion.

• The Push-Pull Solution: To make Class B usable for audio, two transistors must be used in a Push-Pull
configuration. One NPN transistor handles the positive 180◦, and one PNP transistor handles the negative 180◦.
They take turns, "pushing" and "pulling" current through the speaker.

3.2.5 Class AB Power Amplifiers

The Problem with Class B: Crossover Distortion

While a Class B push-pull amplifier sounds great in theory, it has a fatal flaw in practice. A silicon transistor doesn’t
turn on the moment the input goes above 0V; it requires a forward voltage of about 0.7V to turn on. Therefore, as
the AC signal crosses through zero, there is a dead zone between −0.7V and +0.7V where neither transistor in the
push-pull pair is turned on. This creates a highly audible, harsh "notch" in the output waveform every time it crosses
zero, known as Crossover Distortion.

The Class AB Solution

Class AB is a compromise designed specifically to cure crossover distortion. The Q-point is placed slightly above cut-off.
Conduction Angle: The transistor conducts for slightly more than 180◦ (e.g., 190◦ or 200◦).
By applying a very small DC bias voltage (usually using diodes) to both transistors in the push-pull pair, they

are kept right on the very edge of conduction (idling with a tiny resting current). When the signal crosses zero, one
transistor is already slightly on before the other turns off, completely eliminating the dead zone.

AI IMAGE PLACEHOLDER
A comparison of two oscilloscope waveforms side-by-side. The left shows severe
"Crossover Distortion" from a pure Class B amplifier, where a sine wave has flat,
horizontal steps exactly as it crosses the zero axis. The right shows a perfectly

smooth sine wave from a Class AB amplifier, demonstrating the cure.

Figure 3.5: Class AB amplifiers utilize a small resting bias to eliminate the crossover distortion inherent in pure Class
B designs.
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Characteristics

• Efficiency: Excellent (around 60% to 70%). It wastes a tiny bit of power idling compared to pure Class B, but
is vastly superior to Class A.

• Distortion: Very low. It eliminates crossover distortion while maintaining high efficiency.

• Application: Class AB is the dominant topology for almost all modern analog audio amplifiers, from cheap car
stereos to high-end home theater receivers.

3.2.6 Class C Power Amplifiers

Definition and Operation

In a Class C amplifier, the Q-point is pushed completely below the cut-off point, deep into the reverse-biased region.
Conduction Angle: The transistor only turns on for the very highest peaks of the input signal. It conducts for

significantly less than 180◦ (often only 90◦ or 120◦).

Characteristics

• Efficiency: The highest of any analog amplifier, approaching 90% or more. Because the transistor is off for the
vast majority of the time, it wastes almost no power as heat.

• Distortion: Absolute worst. The output is just a series of narrow, violent pulses. It cannot be used for audio.

• Application: Class C is used exclusively in Radio Frequency (RF) Transmitters. How can a highly distorted
pulse be used for radio? The output of the transistor is fed directly into an LC Tank Circuit. The tank circuit
acts like a massive flywheel. The violent Class C pulses act like brief "kicks" to the flywheel, keeping it ringing
with a perfect, smooth sine wave at its resonant frequency. The distortion is entirely filtered out by the tank
circuit, leaving pure, incredibly efficient RF power.

3.2.7 Conclusion: The Efficiency vs. Linearity Trade-off

The classification of analog power amplifiers is a direct study in engineering trade-offs.

• Class A: Maximum Linearity (low distortion), Minimum Efficiency (25%). Conduction: 360◦.

• Class B: Medium Linearity (crossover distortion), High Efficiency (78%). Conduction: 180◦.

• Class AB: High Linearity (no crossover), High Efficiency (70%). Conduction: slightly > 180◦. The gold standard
for audio.

• Class C: Minimum Linearity (pulse output), Maximum Efficiency (> 90%). Conduction: < 180◦. The standard
for RF transmission.

3.3 Detailed Working of Power Amplifier Classes

3.3.1 Introduction

While the previous section established the theoretical classification of power amplifiers based on their angle of conduction,
understanding how these theories are physically implemented in actual electronic circuits is the core of amplifier
design. This section provides a detailed analysis of the working schematics for Class A, Class B, Class AB, and Class
C amplifiers, focusing on how specific component arrangements force the transistors to operate within their defined
classifications.

3.3.2 1. Working of the Class A Amplifier

The defining characteristic of Class A is that it conducts for the entire 360◦ of the input cycle. To achieve this, the
transistor must be biased exactly in the center of its active region.
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Series-Fed Class A

The simplest, most primitive power amplifier is the Series-Fed Class A. It consists of a standard BJT with the physical
load (e.g., an 8 Ω speaker) connected directly in series with the Collector.

• The Fatal Flaw: Because it is Class A, a massive DC quiescent current must constantly flow through the
transistor, and therefore, directly through the delicate voice coil of the speaker. This continuous DC current heats
up the speaker, pushes the cone off-center, and wastes massive amounts of power from the battery. Maximum
theoretical efficiency is 25%.

Transformer-Coupled Class A

To solve the DC current problem and improve efficiency, engineers introduced the Transformer-Coupled Class A
Amplifier.

R1

+VCC

R2

Cin

Vin

Pri. Sec.RL

Figure 3.6: Transformer-Coupled Class A Amplifier. The transformer blocks DC from the load.

• Working: The primary winding of an audio transformer is placed in the collector circuit. The heavy DC quiescent
current flows safely through the thick primary wire and never reaches the secondary winding or the speaker.

• When the AC signal arrives, it fluctuates the IC . This fluctuating magnetic field induces an AC voltage in the
secondary winding, which perfectly drives the speaker.

• Efficiency: Because the primary winding has almost zero DC resistance (unlike a massive series load resistor),
much less power is wasted as heat. The maximum theoretical efficiency doubles to 50%.

3.3.3 2. Working of the Class B Push-Pull Amplifier

To achieve 78.5% efficiency, Class B amplifiers are biased perfectly at Cut-off (0V on the base). Because a single
transistor at cut-off chops off the entire negative half of a sine wave, engineers must use two transistors working together
as a team. This is the Push-Pull Configuration.

Complementary Symmetry Class B

Modern Class B amplifiers eliminate bulky transformers by using two complementary transistors: one NPN (which
turns ON for positive voltages) and one PNP (which turns ON for negative voltages).

+VCC

Q1 (NPN)

−VCC

Q2 (PNP)

Vin RL

Figure 3.7: Class B Complementary-Symmetry Push-Pull Amplifier.
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• Working - Positive Half Cycle: When the input AC wave swings positive, the top NPN transistor (Q1) turns
ON and actively "pushes" current from +VCC into the load. The bottom PNP transistor (Q2) is reverse-biased
and sits completely OFF.

• Working - Negative Half Cycle: When the input AC wave swings negative, Q1 turns OFF. The bottom PNP
transistor (Q2) now turns ON and actively "pulls" current from the load down to −VCC .

• By seamlessly handing off the signal at the zero-crossing, the two transistors reconstruct the full 360◦ wave across
the load, while each individually only works for 180◦.

The Crossover Distortion Problem

The theory sounds perfect, but physical silicon demands a toll. A silicon transistor requires exactly 0.7V on its base
before it begins to conduct. As the input sine wave drops from 1V down to 0V, the top NPN transistor turns OFF
prematurely at +0.7V. The signal continues to drop through 0V, and the bottom PNP transistor refuses to turn ON
until the signal reaches −0.7V.

There is a dead zone (1.4V wide) where both transistors are completely OFF. The output signal flatlines at
zero during this hand-off, creating a horrific, jagged step in the audio waveform. This is Crossover Distortion.

AI IMAGE PLACEHOLDER
An oscilloscope trace showing Crossover Distortion. It looks like a standard sine
wave, but right at the horizontal zero-axis, there is a distinct, jagged flat "step"

before the wave continues its downward or upward journey.

Figure 3.8: Crossover Distortion: The fatal flaw of pure Class B amplification caused by the 0.7V turn-on threshold.

3.3.4 3. Working of the Class AB Amplifier

The Class AB amplifier was explicitly invented to solve Crossover Distortion. It takes the Class B Push-Pull circuit
and slightly modifies its DC biasing.

The Diode Biasing Network

To prevent the transistors from falling into the 1.4V dead zone, engineers insert two standard silicon diodes (D1 and
D2) in series between the bases of the two transistors.

• Working: A small DC current is constantly passed through these two diodes from the power supply. Each diode
naturally drops exactly 0.7V. Therefore, the total voltage across the two diodes is 1.4V.

• This 1.4V is applied directly between the Base of the NPN and the Base of the PNP. It perfectly, exactly cancels
out the 0.7V threshold of both transistors.

• As a result, both transistors are given a microscopic "trickle" current, keeping them perpetually hovering right on
the absolute edge of turning fully ON.

• When the AC signal arrives, there is zero delay. The hand-off is perfectly instantaneous, and the crossover
distortion vanishes entirely. This is the universal standard for commercial audio.

3.3.5 4. Working of the Class C Amplifier

Class C amplifiers intentionally distort the signal into brutal, narrow pulses to achieve extreme efficiencies over 90%.
This is achieved by connecting the base to a negative DC voltage source (e.g., −5V).

If the input AC sine wave has a peak amplitude of 6V, the transistor will only turn ON when the sine wave pushes
past +5V and then another +0.7V. The transistor violently pulses ON for only the tiny top tip of the wave (less than
90◦ conduction angle).
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The Tuned LC Tank

Because a pulse is useless for radio transmission, a Class C amplifier never drives a simple resistor. It always drives a
Tuned LC Tank Circuit.

• Working: The violent, massive pulse of current from the Class C transistor hits the parallel LC tank circuit.
This massive kick of energy charges the capacitor and inductor.

• Even though the transistor instantly turns OFF for the rest of the cycle, the LC tank circuit acts as a massive
electrical flywheel. It takes that single violent pulse and rhythmically sloshes the energy back and forth, generating
a perfect, smooth, continuous RF sine wave.

• The transistor only has to wake up once per cycle, deliver a massive kick of current precisely timed to the
resonance of the tank, and then go back to sleep. This extreme resting time is what yields the > 90% efficiency.

3.3.6 Conclusion

The physical circuitry of power amplifiers perfectly reflects their classifications. Series resistors and transformers define
the continuous, inefficient flow of Class A. Symmetrical NPN/PNP pairs define the efficient 180◦ hand-off of Class B.
Clever diode biasing solves the inherent crossover flaws of silicon to create the perfect Class AB compromise. Finally,
the extreme negative biasing combined with the flywheel physics of an LC tank allows Class C to dominate the realm
of high-efficiency radio transmission.

3.4 The Class B Push-Pull Power Amplifier

3.4.1 Introduction

In the previous section, we established that a Class A amplifier, while highly linear, is woefully inefficient (max 25%
efficiency) because it draws a massive resting current even when perfectly silent. To build a powerful audio amplifier
that doesn’t melt itself or require a heatsink the size of a car engine, engineers developed the Class B topology.

The core philosophy of Class B is simple: Zero input signal means zero resting current. The transistors are
biased exactly at the cut-off point. They only turn on, draw current, and generate heat when there is an actual audio
signal telling them to do so.

However, a single transistor biased at cut-off can only amplify one half of an AC sine wave. To amplify the full wave,
we must use two transistors working as a team. This specific arrangement is known as a Push-Pull configuration.

3.4.2 Circuit Construction

A classic transformer-coupled Class B push-pull amplifier utilizes two identical (matched) NPN transistors, a center-
tapped input transformer, and a center-tapped output transformer.

T1 (Input)

Bias = 0V

Q1 (NPN)

Q2 (NPN)

T2 (Output)+VCC

Figure 3.9: Schematic of a transformer-coupled Class B Push-Pull Power Amplifier.

Let us break down the crucial components:

1. Input Transformer (T1): This transformer acts as a phase splitter. When the input sine wave swings positive,
the top of the secondary winding goes positive, and the bottom goes negative. They are exactly 180◦ out of phase.

2. Zero Bias: Notice that the center tap of the input transformer is connected directly to ground (0V). This means
the DC resting voltage at the bases of both Q1 and Q2 is exactly 0V. Because they need 0.7V to turn on, both
transistors are completely OFF when there is no input signal.
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3. Output Transformer (T2): This transformer recombines the two halves of the signal. The +VCC power supply
is fed into its center tap, forcing DC current to split and flow outwards through both halves of the primary
winding to reach the collectors.

3.4.3 Working Operation

The operation of the push-pull amplifier occurs in two distinct, alternating phases.

Phase 1: The Positive Half-Cycle (The "Push")

Suppose the input audio signal (Vin) swings into its positive half-cycle.
• Phase Splitting: The input transformer T1 induces voltages across its secondary. The top terminal (connected

to Q1 base) swings positive. The bottom terminal (connected to Q2 base) swings negative.

• Transistor Action:

– The base of Q1 is driven positive (above 0.7V). The base-emitter junction of Q1 becomes forward-biased.
Q1 turns ON.

– The base of Q2 is driven negative. The base-emitter junction of Q2 becomes heavily reverse-biased. Q2
remains completely OFF.

• Current Flow: Because Q1 is ON, a heavy surge of collector current (ic1) flows from +VCC , down through the
top half of the output transformer T2 primary, into the collector of Q1, and down to ground.

• Output Induction: This pulse of current flowing downwards through the top half of the primary winding
induces a positive voltage swing across the secondary winding, driving the speaker cone outward.

Q1 has successfully amplified the top half of the audio wave.

Phase 2: The Negative Half-Cycle (The "Pull")

Now, the input audio signal (Vin) swings into its negative half-cycle.
• Phase Splitting: The input transformer T1 reverses polarities. The top terminal now swings negative. The

bottom terminal now swings positive.

• Transistor Action:

– The base of Q1 is driven negative. Q1 turns completely OFF.
– The base of Q2 is driven positive (above 0.7V). Q2 turns ON.

• Current Flow: Because Q2 is ON, a heavy surge of collector current (ic2) flows from +VCC , upward through
the bottom half of the output transformer T2 primary, into the collector of Q2, and down to ground.

• Output Induction: Notice that ic2 flows through the transformer core in the exact opposite physical direction
compared to ic1. Therefore, it induces a negative voltage swing across the secondary winding, pulling the speaker
cone inward.

Q2 has successfully amplified the bottom half of the audio wave.

3.4.4 Efficiency Calculation

The primary advantage of Class B is efficiency.
The maximum DC power drawn from the supply occurs when the amplifier is driving the load at maximum volume.

PDC = VCC · IDC(avg) = VCC ·
(2 · Ipeak

π

)
The maximum AC power delivered to the load is:

PAC = VRMS · IRMS =
(

VCC√
2

)
·
(

Ipeak√
2

)
= VCC · Ipeak

2
Therefore, the maximum theoretical efficiency (η) is:

η = PAC

PDC
= VCC · Ipeak/2

VCC · (2 · Ipeak)/π
= π

4 ≈ 0.785

The maximum efficiency is 78.5%. This is a massive improvement over the 25% of Class A. Furthermore, when the
music stops, the efficiency is technically undefined, but the crucial point is that zero power is drawn from the battery
and zero heat is generated.
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t

Vin

Positive Half

Negative Half

t

ic1 (Q1 ON)

t

ic2 (Q2 ON)

t

Vout (Combined)

Figure 3.10: Waveform synthesis in a Class B Push-Pull amplifier. Q1 handles the positive half, Q2 handles the negative
half. The output transformer perfectly pieces them back together.

3.4.5 The Fatal Flaw: Crossover Distortion

While highly efficient, pure Class B has a severe problem.
In our ideal explanation above, we assumed the transistor turned on exactly when the signal crossed 0V. In reality,

a silicon transistor requires VBE ≥ 0.7V to begin conducting.

• As the input sine wave starts at 0V and rises to 0.1V, 0.3V, 0.5V . . . Q1 remains completely OFF.

• Only when the input finally reaches 0.7V does Q1 suddenly wake up and start pushing current.

• When the sine wave comes back down, Q1 shuts off at +0.7V. The signal continues down through 0V,
−0.1V,−0.5V . . . but Q2 is still OFF.

• Only when the signal drops past −0.7V does Q2 finally wake up and start pulling.

There is a 1.4V wide "dead zone" right in the middle of the audio wave where neither transistor is doing anything.
The speaker cone goes completely limp for a split second every single time the sound wave reverses direction.

This creates a flat, horizontal step in the output sine wave exactly at the zero-crossing line. This is Crossover
Distortion. It creates high-order harmonics that sound incredibly harsh, gritty, and unpleasant to the human ear.

3.4.6 Conclusion

The pure Class B push-pull amplifier solved the catastrophic heat generation problem of Class A by perfectly dividing
the labor. By allowing transistors to rest at cut-off, it achieved 78.5% efficiency. However, the resulting crossover
distortion made it entirely unusable for high-fidelity audio. This direct failure paved the way for the ultimate compromise
topology: the Class AB amplifier.

3.5 Efficiency of the Class B Push-Pull Amplifier

3.5.1 Introduction

The primary metric used to evaluate any power amplifier is its Efficiency (η). Efficiency is the measure of how
successfully the amplifier converts the DC power drawn from the main power supply (the battery or wall adapter) into
useful AC power delivered to the load (the loudspeaker).
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AI IMAGE PLACEHOLDER
A detailed, zoomed-in view of an oscilloscope trace showing Crossover Distortion.
The graph should show a red sine wave, but exactly where the wave crosses the

horizontal zero axis, the red line should flatten out horizontally for a short distance
before resuming its upward or downward curve, creating a distinct ’kink’ or ’notch’

in the otherwise smooth wave.

Figure 3.11: Crossover Distortion: The fatal flaw of pure Class B amplification caused by the 0.7V turn-on threshold of
silicon transistors.

Any DC power that is not converted into AC power is not simply lost; it is dissipated as heat inside the transistors
(I2R losses). High efficiency is therefore critical not just for saving electricity, but for preventing the amplifier from
physically melting down.

The formula for percentage efficiency is:
%η =

Pac(out)
Pdc(in)

× 100

In Unit 2, we stated that the maximum theoretical efficiency of a Class B Push-Pull amplifier is 78.5%. This
section provides the rigorous mathematical derivation to prove exactly where that specific number comes from.

3.5.2 1. Calculating the DC Input Power (Pdc(in))

The total DC power drawn from the power supply (VCC) is the product of the supply voltage and the average (DC)
current drawn by the entire amplifier.

Pdc(in) = VCC × Idc

To find Idc, we must analyze the current waveform. In a Class B Push-Pull amplifier, each transistor conducts for
exactly a half-cycle (180◦). The total current drawn from the power supply is a series of continuous, un-interrupted
half-sine wave pulses (like the output of a Full-Wave Rectifier).

Let the maximum peak current of these pulses be Ipeak (often written as Im). From basic alternating current theory,
the average or DC value of a continuous series of full-wave rectified half-sine pulses is given by the formula:

Idc = 2 · Ipeak

π

Substituting this back into the power equation:

Pdc(in) = VCC ×
(2 · Ipeak

π

)
= 2 · VCC · Ipeak

π

3.5.3 2. Calculating the AC Output Power (Pac(out))

The useful AC power delivered to the load is calculated using the Root Mean Square (RMS) values of the alternating
voltage and current across the load.

Pac(out) = Vrms × Irms

For a perfect sine wave, the relationship between the peak value and the RMS value is a division by
√

2:

Vrms = Vpeak√
2

Irms = Ipeak√
2

Substitute these into the power equation:

Pac(out) =
(

Vpeak√
2

)
×
(

Ipeak√
2

)
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Pac(out) = Vpeak · Ipeak

2

3.5.4 3. Calculating Maximum Theoretical Efficiency

We now have equations for the power going in and the power coming out.

η =
Pac(out)
Pdc(in)

=
Vpeak·Ipeak

2
2·VCC ·Ipeak

π

Simplify the complex fraction by multiplying the numerator by the reciprocal of the denominator:

η =
(

Vpeak · Ipeak

2

)
×
(

π

2 · VCC · Ipeak

)

The Ipeak term appears in both the numerator and denominator, so they cancel each other out completely:

η = π · Vpeak

4 · VCC

This is the general equation for the efficiency of a Class B amplifier at any output voltage level. Notice that the
efficiency is directly proportional to the output amplitude (Vpeak). If the volume is low, the efficiency is low.

To find the Maximum Theoretical Efficiency, we must assume the amplifier is being driven to its absolute
absolute limits. The highest possible peak voltage the amplifier can generate without clipping is exactly equal to the
power supply voltage. Therefore, for maximum efficiency, we assume Vpeak = VCC .

Substitute VCC for Vpeak in the equation:
ηmax = π · VCC

4 · VCC

The VCC terms cancel out perfectly, leaving only constants:

ηmax = π

4
Since π ≈ 3.14159:

ηmax = 3.14159
4 = 0.78539

Convert to a percentage:
%ηmax = 78.54%

AI IMAGE PLACEHOLDER
A mathematical derivation chart. Top block: DC Power In = 2VccIp/π. Middle

Block: AC Power Out = VpIp/2. Bottom Block: Ratio π/4 = 78.5%. Arrows
connecting the blocks showing the logical flow of the math.

Figure 3.12: The mathematical flow to derive the 78.5% maximum efficiency of Class B.

3.5.5 Power Dissipation (PD)

While 78.5% efficiency is massive compared to the 25% of Class A, it is not 100%. The remaining 21.5% of the power
drawn from the battery is not destroyed; the Law of Conservation of Energy dictates it must go somewhere. It is
converted entirely into heat inside the two transistors.

The total Power Dissipated (PD) as heat by the amplifier is simply the difference between the power taken from the
supply and the power delivered to the load:

PD = Pdc(in) − Pac(out)
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Because there are two identical transistors in a Push-Pull configuration, each transistor shares the thermal burden
equally. The power dissipated by one transistor (PD(pertransistor)) is:

PD(pertransistor) =
Pdc(in) − Pac(out)

2

The Worst-Case Heating Scenario

A fascinating and dangerous characteristic of Class B amplifiers is that they do not generate the most heat when they
are playing at maximum volume.

If we use calculus to differentiate the Power Dissipation equation with respect to the output voltage, we find that
the transistors get the hottest when the amplifier is playing at roughly 63% of its maximum output voltage
(specifically when Vpeak = 2

π VCC).
At this specific mid-volume level, the efficiency is lower, but the total power flowing through the circuit is high,

resulting in massive thermal stress. Engineers must calculate the size of their aluminum heat sinks based on this
specific "worst-case" 63% scenario, not the maximum 100% output scenario.

3.5.6 Conclusion

The mathematical derivation proves why the Class B Push-Pull amplifier became the universal standard for commercial
audio amplification for over half a century. By holding the transistors in cut-off and allowing them to conduct only
half-wave pulses, the average DC current drawn from the supply is severely minimized. This mathematical geometry
results in an absolute physical limit where π/4 (or 78.5%) of the power supply energy is successfully converted into
acoustic energy. The remaining 21.5% is the unavoidable toll collected by the silicon, requiring the use of aluminum
heat sinks to prevent thermal destruction.

3.6 The Complementary Symmetry Push-Pull Amplifier

3.6.1 Introduction

The transformer-coupled Class B (or Class AB) push-pull amplifier we studied previously successfully solves the
efficiency problem of Class A. However, it relies heavily on audio transformers.

Audio transformers are universally disliked by circuit designers for several reasons:

1. Size and Weight: They contain heavy iron cores and yards of copper wire, making the amplifier massive and
heavy.

2. Cost: Precision audio transformers are very expensive to manufacture.

3. Frequency Response: Transformers struggle to pass very low frequencies (bass) because the core saturates,
and they struggle to pass very high frequencies (treble) due to parasitic capacitance between the windings. They
fundamentally limit the high-fidelity performance of the amplifier.

To build a modern, lightweight, high-fidelity, and cheap amplifier, we must eliminate the transformers entirely. This
is achieved using a Complementary Symmetry Push-Pull circuit topology. It is the basis for almost every audio
power amplifier built today.

3.6.2 The Concept of Complementary Transistors

The transformer-coupled circuit used an input transformer acting as a phase splitter to drive two identical NPN
transistors. The Complementary Symmetry circuit throws away the phase splitter. Instead, it relies on the inherent
physical differences between an NPN transistor and its PNP counterpart.

An NPN transistor and a PNP transistor are considered a "complementary pair" if they have identical electrical
characteristics (same current gain β, same power rating, same switching speed) but opposite polarities.

• An NPN transistor turns ON when its base voltage goes positive relative to its emitter.

• A PNP transistor turns ON when its base voltage goes negative relative to its emitter.

By connecting a complementary pair directly to the same input signal, they will automatically take turns conducting
without needing any external phase splitting. The positive half of the signal automatically turns on the NPN, and the
negative half automatically turns on the PNP.
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+VCC (e.g., +15V)

−VCC (e.g., -15V)

Q1 (NPN)

Q2 (PNP)

Figure 3.13: The basic Complementary Symmetry Push-Pull Amplifier in Class B mode. It utilizes a split power supply
(±VCC) and requires zero transformers.

3.6.3 Circuit Construction (Class B Mode)

Let us look at the basic, un-biased (Class B) complementary symmetry circuit.
Notice the key features:

1. Split Power Supply: It uses both a positive (+VCC) and a negative (−VCC) power rail. This allows the output
node to swing both above and below 0V ground without needing an output coupling capacitor.

2. Direct Coupling: The input signal is connected directly to the bases of both transistors. The speaker is
connected directly to the combined emitters. There are no transformers anywhere.

3.6.4 Working Operation

1. Zero Input (Vin = 0V)

When no signal is applied, the bases of both transistors are sitting at exactly 0V ground potential. The emitters are
also tied to the speaker, which is grounded to 0V. Therefore, VBE for both transistors is 0V. Because neither transistor
has the required 0.7V to turn on, both Q1 and Q2 are completely OFF. No resting current flows. This is pure
Class B operation.

2. Positive Half-Cycle (The "Push")

When the input sine wave (Vin) swings positive (above +0.7V):

• The base of NPN Q1 goes positive relative to its emitter. Q1 turns ON.

• The base of PNP Q2 goes positive relative to its emitter. This severely reverse-biases it. Q2 remains OFF.

• Current flows from the +VCC rail, down through Q1, and pushes outward through the speaker RL to ground.

Q1 acts as an emitter-follower, amplifying the positive half of the wave.

3. Negative Half-Cycle (The "Pull")

When the input sine wave (Vin) swings negative (below −0.7V):

• The base of NPN Q1 goes negative. Q1 turns OFF.

• The base of PNP Q2 goes negative relative to its emitter. Q2 turns ON.

• Current flows from ground, pulls inward through the speaker RL, and flows down through Q2 into the −VCC rail.

Q2 acts as an emitter-follower, amplifying the negative half of the wave.
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+Vin

Q1 (ON)

Q2 (OFF)

+VCC

−VCC

Current
"Pushed"

to Ground

−Vin

Q1 (OFF)

Q2 (ON)

+VCC

−VCC

Current
"Pulled"

from Ground

Figure 3.14: Current flow during the Push (positive) and Pull (negative) cycles in a Complementary Symmetry amplifier.

3.6.5 Biasing to Class AB (Curing Crossover Distortion)

Because the circuit described above operates in pure Class B (zero resting bias), it suffers terribly from Crossover
Distortion. As the audio signal drops below +0.7V but hasn’t yet reached −0.7V, both transistors shut completely
off, creating a dead zone.

To make this a high-fidelity amplifier, we must shift the operation to Class AB. We must apply a small, steady
DC voltage between the bases of the two transistors to force them slightly ON, even when the audio volume is zero.

This is universally achieved by inserting two silicon biasing diodes into the input path.

+VCC

−VCC

Vin

+0.7V across D1

−0.7V across D2

Figure 3.15: A Class AB Complementary Symmetry Amplifier. The diodes D1 and D2 provide exactly 1.4V of
separation between the transistor bases, permanently eliminating the crossover dead zone.

How Diode Biasing Works

1. Resistors R1 and R2 pull a small, constant DC current from the power rails down through the two diodes (D1
and D2).

2. Because they are standard silicon diodes, each drops exactly 0.7V when forward-biased.

3. Therefore, the voltage at the base of Q1 is permanently held 0.7V higher than the input signal. The voltage at
the base of Q2 is permanently held 0.7V lower than the input signal.

4. There is a constant, rigid 1.4V difference between the two bases.
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5. This 1.4V perfectly cancels out the 0.7V turn-on requirement for the NPN and the −0.7V turn-on requirement
for the PNP.

Both transistors are now held exactly at the edge of conduction (idling). When the input sine wave crosses 0V, Q1
is already handing the baton smoothly to Q2 without dropping it. Crossover distortion is completely eliminated.

Furthermore, the diodes act as thermal compensation. If the power transistors get hot and their required turn-on
voltage shrinks (which would cause thermal runaway and destroy them), the diodes (often physically mounted to the
same heatsink) also get hot. Their voltage drop shrinks identically, dynamically turning down the bias and protecting
the amplifier.

3.6.6 Conclusion

The Complementary Symmetry Class AB Push-Pull amplifier is the zenith of analog audio power design. By relying on
the inherent mirror-image properties of NPN and PNP silicon, it entirely eliminates bulky, expensive, and distortion-
prone audio transformers. By utilizing simple diode biasing, it achieves the high efficiency of Class B without suffering
from its crippling crossover distortion.

3.7 Comparison of Different Types of Power Amplifiers

3.7.1 Introduction

Engineering is the applied science of compromise. In the realm of power amplification, the two most desirable
traits—absolute purity of the output signal (Fidelity) and the minimal waste of battery power (Efficiency)—are
fundamentally opposed to each other. You cannot physically have both in a single, simple circuit.

The classification system (Classes A, B, AB, and C) was developed to standardize these compromises. By selecting
a specific amplifier class, the engineer mathematically dictates the location of the Operating Point (Q-Point) on the
load line. This single decision governs exactly how long the transistor stays active during the AC cycle, which in turn
rigidly locks the amplifier into a specific profile of efficiency and distortion.

This section serves as a comprehensive comparative review, contrasting the strengths, weaknesses, and primary
applications of the four foundational amplifier topologies.

3.7.2 The Primary Trade-off: Class A vs. Class B

The most stark contrast in amplifier design lies between Class A and Class B. They represent the two extreme ends of
the audio amplification spectrum.

Class A: The Audiophile’s Choice

• Operating Point: Biased exactly in the center of the active region.

• Conduction Angle: 360◦. The transistor never turns off.

• The Advantage: Because the transistor handles the entire sine wave without ever hitting cut-off or saturation,
the signal is never chopped or abruptly handed off. Class A provides the absolute highest fidelity and the lowest
total harmonic distortion (THD) mathematically possible.

• The Disadvantage: It is catastrophically inefficient. A massive DC quiescent current flows constantly, even
during complete silence. With a maximum efficiency of 25% (or 50% with a transformer), a Class A amplifier
requires massive power supplies and enormous aluminum heat sinks to prevent thermal destruction.

• Applications: Used almost exclusively in ultra-high-end audiophile stereo systems where cost, weight, and power
bills are secondary to perfect audio purity. Also used in low-power voltage pre-amplification stages.

Class B: The Engineering Standard

• Operating Point: Biased exactly at the cut-off point (VBE = 0V).

• Conduction Angle: 180◦. A single transistor only handles exactly half of the wave.

• The Advantage: By sleeping for half the cycle, and drawing zero current when the music is silent, Class B
solves the massive heat problem of Class A. Its maximum theoretical efficiency rockets to 78.5%. This allows for
smaller batteries, lighter amplifiers, and cooler operation.
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• The Disadvantage: Because a single transistor chops the wave in half, engineers must use two transistors in a
complex Push-Pull configuration. Furthermore, the 0.7V required to turn on the silicon causes a "dead zone"
during the hand-off between the two transistors, introducing harsh Crossover Distortion at the zero-crossing
line.

• Applications: Pure Class B is rarely used for high-fidelity audio due to crossover distortion. However, it
is extensively used in battery-powered communication systems where efficiency is paramount and slight voice
distortion is acceptable.

Class A
High Fidelity

High Heat
Efficiency: 25%

Class B
Crossover Distortion

Low Heat
Efficiency: 78.5%

The Fundamental Audio Trade-off

Class AB
(The Compromise)
Excellent Fidelity

Moderate Heat
Efficiency: 60% - 70%

Figure 3.16: The relationship between the major audio amplifier classes.

3.7.3 The Perfect Compromise: Class AB

Engineers recognized that neither pure Class A nor pure Class B was suitable for mass-market commercial audio. The
solution was a hybrid: Class AB.

• Operating Point: Biased just slightly above cut-off (using diode biasing).

• Conduction Angle: Between 180◦ and 360◦ (typically around 190◦ to 200◦).

• The Result: By providing a tiny "trickle" current to the transistors, they are kept hovering on the edge of
conduction. This utterly eliminates the 0.7V dead zone and eradicates crossover distortion, restoring fidelity to
near Class A levels. Because the trickle current is very small, the amplifier retains most of the high efficiency of
Class B.

• Applications: Class AB is the undisputed champion of the audio industry. Over 95% of all commercial stereo
receivers, car stereos, and guitar amplifiers use a Class AB Push-Pull output stage.

3.7.4 The Outlier: Class C

Class C amplifiers do not belong in the audio conversation at all. They abandon linearity entirely to achieve extreme,
brutal efficiency.

• Operating Point: Biased deep below cut-off (heavily negative base voltage).

• Conduction Angle: Less than 180◦ (often only 90◦ or 120◦).

• The Advantage: The transistor is violently pulsed ON for only the absolute peak of the sine wave. For the vast
majority of the time, it rests and cools. This yields astonishing efficiencies of 90% or more.

• The Disadvantage: The output is not a continuous wave; it is a series of harsh, disconnected current spikes. It
is 100% distorted and completely useless for driving a loudspeaker.

• Applications: It is used exclusively in Radio Frequency (RF) transmitters. The harsh pulses are fed into a
parallel LC Tank Circuit. The tank circuit acts as an electrical flywheel, taking the violent kicks and smoothing
them out into a perfect, high-power, continuous RF sine wave for broadcast.
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3.7.5 Comprehensive Comparison Table

To consolidate the engineering parameters, the following table directly contrasts the four amplifier classifications across
their most critical metrics. This table is an essential reference for any circuit designer.

Parameter Class A Class B Class AB Class C

Operating Point (Q-Point) Center of Active Region Exactly at Cut-off Slightly Above Cut-off Deep Below Cut-off

Conduction Angle 360◦ (Full Cycle) 180◦ (Half Cycle) 180◦ < θ < 360◦ < 180◦

Quiescent Current Extremely High Zero Very Low (Trickle) Zero

Maximum Efficiency 25% to 50% 78.5% 50% to 70% > 90%

Signal Distortion Lowest (None) High (Crossover) Low (No Crossover) Highest (Pulsed)

Heat Sink Requirement Massive Small Moderate Minimal

Primary Application High-End Audio PA Systems (Voice) Home/Car Audio RF Transmitters

Table 3.1: Comprehensive Comparison of Power Amplifier Characteristics.

AI IMAGE PLACEHOLDER
A highly visual bar chart comparing the four classes. The chart has two

overlapping bars for each class: A blue bar representing "Fidelity/Audio Quality"
and a green bar representing "Power Efficiency." Class A has maximum blue,
minimum green. Class B has high green, low blue. Class AB has high blue,

moderate green. Class C has maximum green, zero blue.

Figure 3.17: Visualizing the inverse relationship between Signal Fidelity and Power Efficiency across the amplifier
classes.

3.7.6 Conclusion

Selecting a power amplifier class is a deliberate exercise in engineering compromise. If the goal is absolute sonic
perfection regardless of the heat generated or electricity consumed, Class A is the only choice. If the goal is to efficiently
drive a massive stadium sound system, the Push-Pull architecture of Class B is required. If a balance of commercial
cost, reasonable heat, and excellent sound quality is demanded, the diode-biased Class AB is the definitive solution.
Finally, if the goal is to blast a radio signal miles into the atmosphere with maximum power, the pulsing efficiency of
the Class C tuned amplifier reigns supreme. Understanding these trade-offs is the foundation of analog system design.
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CHAPTER 4

Operational Amplifiers (Op Amps)

4.1 The Operational Amplifier: Basic Block Diagram

4.1.1 Introduction

Up to this point, we have studied discrete amplifiers built from individual transistors, resistors, and capacitors. While
educational, designing high-performance discrete amplifiers from scratch is difficult, time-consuming, and prone to drift
due to mismatched components.

In 1968, Dave Fullagar at Fairchild Semiconductor revolutionized electronics by designing the µA741. It packed
dozens of carefully matched transistors and resistors onto a single, tiny chip of silicon. This was the first truly successful
integrated Operational Amplifier (Op-Amp).

An op-amp is an incredibly high-gain, direct-coupled voltage amplifier with two inputs and one output. While
we often treat it as a "black box" triangle in schematic diagrams, it is actually a complex, multi-stage circuit inside.
To truly understand its capabilities and limitations, we must look inside the black box and examine its basic block
diagram.

4.1.2 The Op-Amp Block Diagram

Regardless of the specific manufacturer or model (e.g., LM324, TL071, OP07), almost all general-purpose voltage-
feedback op-amps share the same fundamental internal architecture. This architecture is divided into three distinct
stages, cascaded one after the other.

Non-Inverting (V1)

Inverting (V2)

Stage 1:
Differential
Amplifier

Stage 2:
High-Gain

Voltage Amp

Stage 3:
Push-Pull

Output Amp
Vout

+VCC

−VEE

Figure 4.1: The internal block diagram of a standard Operational Amplifier, showing the three primary cascaded stages.

Let us analyze the role and function of each stage.

4.1.3 Stage 1: The Input Differential Amplifier

This is the front door of the op-amp. It provides the two input terminals: the Inverting Input (-) and the
Non-Inverting Input (+).

Function

The primary function of this stage is to amplify the difference between the two input voltages, while entirely ignoring
any voltage that is common to both inputs.

Vout_stage1 ∝ (V1 − V2)
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It acts as a subtraction mechanism.

Key Characteristics Provided

1. High Input Impedance (Zin): Because we want the op-amp to merely "read" the input voltages without
actually drawing any current from the signal source (which would load down the source and distort the signal),
this stage is designed to have an extremely high input resistance. In BJT op-amps, this is typically 1 MΩ to
10 MΩ. In FET op-amps, it can be 1, 000, 000 MΩ (1 Tera-ohm).

2. High Common-Mode Rejection Ratio (CMRR): If a 60Hz electrical noise hum is picked up equally by
both input wires, the differential amplifier sees zero difference between them and outputs zero. It rejects common
interference, providing a clean signal to the rest of the chip.

3. Level Shifting: It often converts the differential two-wire input into a single-ended (one wire relative to ground)
signal to feed into the next stage.

4.1.4 Stage 2: The High-Gain Voltage Amplifier

The differential stage provides good input characteristics, but its voltage amplification (gain) is relatively modest
(perhaps 10x or 50x).

Function

The second stage is the muscle of the voltage amplification process. It takes the small single-ended signal from the first
stage and multiplies it massively.

Key Characteristics Provided

1. Massive Open-Loop Gain (AOL): This stage typically consists of a Darlington pair or a high-gain common-
emitter/common-source configuration with an active current source acting as its collector load. This allows the
stage to achieve an astronomical voltage gain, often adding 10, 000x to 100, 000x to the signal. When combined
with stage 1, the total open-loop gain of the op-amp routinely exceeds 1, 000, 000 (120 dB).

2. Frequency Compensation: Because this massive gain can easily cause the op-amp to turn into an uncontrolled
oscillator (violating Barkhausen criteria by accident), a small internal capacitor (typically around 30pF) is usually
placed across this stage. This intentionally slows down the high-frequency response of the amplifier to guarantee
stability. This is why general-purpose op-amps struggle to amplify megahertz frequencies.

AI IMAGE PLACEHOLDER
A conceptual illustration of a tiny signal (a small sine wave) entering a massive

magnifying glass labeled "Stage 2". Emerging from the other side of the magnifying
glass is a gigantic, towering sine wave, visually representing the massive voltage

gain provided by this intermediate stage.

Figure 4.2: Stage 2 is responsible for the vast majority of the op-amp’s legendary open-loop voltage gain.

4.1.5 Stage 3: The Output Push-Pull Amplifier

After Stage 2, we have our massively amplified voltage signal. However, it is purely a voltage signal. The delicate
transistors in Stage 2 cannot provide any meaningful current. If we try to connect a 50Ω speaker to the output of
Stage 2, the voltage would instantly collapse to zero.
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Function

The final stage is a Current Buffer. It does not increase the voltage at all (voltage gain ≈ 1). Its sole job is to take
the high-voltage signal from Stage 2 and provide the massive amounts of current necessary to drive heavy external
loads without the voltage sagging.

Key Characteristics Provided

1. Low Output Impedance (Zout): To drive heavy loads efficiently without voltage drop, the output stage acts
as a nearly ideal voltage source. It has a very low internal resistance (typically less than 50Ω, and effectively near
0Ω when negative feedback is applied).

2. Push-Pull Configuration: To allow the output voltage to swing cleanly both positive and negative (sourcing
current into the load, and sinking current from the load), this stage is almost universally a Class AB Comple-
mentary Symmetry Push-Pull amplifier, utilizing an NPN and PNP transistor pair exactly as described in
the previous chapter.

3. Short-Circuit Protection: Modern op-amps include extra current-sensing transistors in this stage. If the user
accidentally shorts the output pin directly to ground, these safety transistors will instantly throttle the output
current (usually capping it at ±25mA), preventing the op-amp from melting itself.

4.1.6 Putting it all together: The Ideal vs. Practical Op-Amp

By cascading these three specialized stages, the manufacturer creates a device with remarkable overall characteristics.
We often compare a practical, real-world op-amp (like the 741) against the theoretical "Ideal" op-amp to see how close
the engineers got.

Parameter Ideal Op-Amp Practical Op-Amp (µA741)
Input Impedance (Zin) Infinite (∞Ω) Very High (2 MΩ)
Output Impedance (Zout) Zero (0Ω) Very Low (75Ω)
Open-Loop Voltage Gain (AOL) Infinite (∞) Very High (200, 000)
Bandwidth (BW ) Infinite (∞ Hz) Limited (1 MHz GBW)
Common Mode Rejection (CMRR) Infinite (∞ dB) High (90 dB)

Table 4.1: Comparison of Ideal vs. Practical Op-Amp characteristics.

4.1.7 Conclusion

While we draw an op-amp as a simple triangle, it is a sophisticated system. The input stage reads the signal without
disturbing it, the middle stage multiplies the voltage to massive levels, and the output stage provides the current muscle
to drive the real world. Understanding this internal division of labor is crucial for understanding why op-amps behave
the way they do, particularly regarding their speed limits and current-drive capabilities.

4.2 Introduction to the IC-741 Operational Amplifier

4.2.1 Historical Context

In the early days of analog computing and signal processing, "operational amplifiers" were built using vacuum tubes.
They were massive, fragile, hot, and required high voltages. The invention of the transistor allowed them to be shrunk
to the size of a deck of cards, but they were still expensive modules built from discrete components.

The true revolution occurred in 1968. Following the early, somewhat flawed attempts at integrated op-amps (like the
µA709 which lacked short-circuit protection and required complex external compensation), Dave Fullagar at Fairchild
Semiconductor designed the µA741.

The 741 was a masterpiece of analog IC design. It solved all the problems of its predecessors. It had internal
frequency compensation (so it wouldn’t accidentally oscillate), built-in short-circuit protection, and it was cheap to
manufacture. It became an instant industry standard. Today, more than half a century later, the 741 (and its countless
clones) remains the most recognizable and widely used operational amplifier in educational and general-purpose
applications worldwide.
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4.2.2 Packaging and Pinout

The modern 741 is most commonly found in an 8-pin Dual In-Line Package (DIP). This tiny plastic chip houses
approximately 20 transistors and 11 resistors etched into a single microscopic piece of silicon.

LM
74

1C
N

1: Offset Null

2: Inverting (-)

3: Non-Inverting (+)

4: −VEE 5: Offset Null

6: Output

7: +VCC

8: NC (No Connection)

Figure 4.3: The standard 8-pin DIP pinout of the 741 Operational Amplifier. Always orient the chip using the top
notch or the dot next to Pin 1.

Let us examine the function of each pin in detail.

Power Supply Pins (Pin 4 and Pin 7)

The 741 is designed to operate on a dual-polarity (split) power supply. This means it requires both a positive
voltage relative to ground and a negative voltage relative to ground.

• Pin 7 (+VCC): Connects to the positive supply. Typically +12V or +15V (Maximum rating is usually +22V).

• Pin 4 (−VEE): Connects to the negative supply. Typically −12V or −15V (Maximum rating is usually −22V).
Important Note: The 741 does not have a "ground" pin. The zero-volt reference is established externally by the power
supply and the circuit components connected to the inputs and output. The op-amp itself only "sees" the total potential
difference between Pin 7 and Pin 4 (e.g., 30V total for a ±15V supply).

Input Pins (Pin 2 and Pin 3)

These are the connections to the internal differential amplifier stage.
• Pin 2 (Inverting Input, -): Any voltage applied to this pin will be amplified and inverted (180◦ phase shift) at

the output. If you put a positive voltage here, the output goes negative.

• Pin 3 (Non-Inverting Input, +): Any voltage applied to this pin will be amplified and remain in phase at
the output. If you put a positive voltage here, the output goes positive.

Output Pin (Pin 6)

This is the output of the internal push-pull amplifier stage. The voltage at Pin 6 can swing positive (towards +VCC)
or negative (towards −VEE) depending on the inputs. However, it can never quite reach the power supply rails. For
a ±15V supply, the maximum output swing is typically limited to about ±13V or ±14V due to internal transistor
voltage drops. This limit is called the saturation voltage. Pin 6 is also internally short-circuit protected, limiting
maximum output current to roughly ±25mA.

Offset Null Pins (Pin 1 and Pin 5)

Because the 741 is built using real, imperfect silicon manufacturing, the internal transistors in the input differential
stage are never exactly identical. There is always a tiny mismatch. Because the op-amp’s gain is so astronomically high
(> 100, 000), even a microvolt difference in the internal transistors will be amplified, causing the output to sit at several
volts instead of exactly 0V when both inputs are grounded.

Pins 1 and 5 provide a way to manually correct this manufacturing error. By connecting a 10 kΩ potentiometer
across Pins 1 and 5, with the wiper connected to the negative supply (Pin 4), the user can manually "dial in" a tiny
offset to perfectly balance the internal transistors and force the output to exactly 0.00V. In most modern, non-precision
applications, these pins are simply left disconnected.

No Connection (Pin 8)

Pin 8 is not connected to any internal circuitry. It exists purely because the standard DIP package required 8 pins. It
can be used as a convenient mechanical tie-point on a printed circuit board, but serves no electrical function.
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4.2.3 Basic Electrical Characteristics of the 741

While it is no longer a state-of-the-art precision component, the 741 represents a solid, reliable baseline. Every modern
op-amp is essentially measured by how much it improves upon the 741’s specifications.

• Input Impedance (Zin): Approx. 2 MΩ. High enough for most general electronics, but too low for reading very
delicate sensors (like pH probes), which require FET-input op-amps (like the TL071) with Tera-ohm impedances.

• Output Impedance (Zout): Approx. 75Ω.

• Open-Loop Voltage Gain (AOL): Typically 200, 000 (106 dB).

• Slew Rate: 0.5 V/µs. This is a measure of how fast the output can change. If the input tells the output to
instantly jump from −10V to +10V, the 741 can only manage to move the voltage at a maximum speed of half a
volt per microsecond. It will take 40µs to make the 20V jump. This relatively slow slew rate is the main reason
the 741 is terrible at high-frequency audio or fast digital switching.

AI IMAGE PLACEHOLDER
A photograph comparing a massive, vintage vacuum tube operational amplifier

module (complex, glass tubes, large metal chassis) sitting next to a tiny, modern,
black plastic 8-pin DIP 741 integrated circuit resting on a fingertip, illustrating the

incredible miniaturization of the IC era.

Figure 4.4: The integrated circuit revolution allowed an entire complex operational amplifier circuit to be shrunk down
to a chip the size of a fingernail.

4.2.4 Conclusion

The IC-741 is the grandfather of modern analog integrated circuits. By understanding its 8-pin layout, its dual-supply
requirement, and its basic performance parameters, a student gains the foundational knowledge required to wire up
and troubleshoot almost any operational amplifier circuit in existence.

4.3 Detailed Pin Configuration of the IC 741

4.3.1 Introduction

While we introduced the general layout of the IC 741 in the previous section, a deeper, more technical understanding of
its pin configuration is essential for practical circuit design. The 8-pin Dual In-Line Package (DIP) is the most common
form factor, and its pinout has become a defacto industry standard, copied by countless other single-op-amp integrated
circuits (such as the TL081, LF351, and OP07).

Knowing exactly how each pin interacts with the internal circuitry, and what its absolute maximum ratings are, is
the difference between a successful circuit and a blown chip.

4.3.2 The 8-Pin DIP Pinout Diagram

4.3.3 Detailed Pin Descriptions

Pins 2 and 3: The Inputs

These are the most delicate pins on the chip, connecting directly to the bases of the input differential transistor pair.

• Pin 2: Inverting Input (-): A signal applied here is amplified and inverted by 180◦. Internally, this connects
to the base of one of the input NPN transistors.
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LM741

1: Offset Null 1

2: Inverting Input (-)

3: Non-Inverting Input (+)

4: −VEE (or GND) 5: Offset Null 2

6: Output

7: +VCC

8: NC (No Connection)

Figure 4.5: Detailed top-down view of the standard 8-pin DIP µA741 Op-Amp.

• Pin 3: Non-Inverting Input (+): A signal applied here is amplified and remains in phase. Internally, this
connects to the base of the other input NPN transistor.

• Differential Voltage Limit: The maximum voltage difference allowed between Pin 2 and Pin 3 is typically ±30V.
Exceeding this will destroy the input transistors through reverse-breakdown (Zener effect) of the base-emitter
junctions.

• Common-Mode Limit: The absolute voltage on either pin relative to ground must not exceed the power supply
voltages. If you are running the chip on ±15V, putting +20V on Pin 3 will destroy it.

Pins 4 and 7: The Power Supply

Operational amplifiers are active components; they require external DC power to perform amplification.

• Pin 7 (+VCC): The positive supply rail.

• Pin 4 (−VEE): The negative supply rail.

The standard 741 requires a dual power supply (e.g., +15V and −15V). The absolute maximum rating across these
two pins is usually 36V (or ±18V).

Single Supply Operation: While designed for dual supplies, a 741 can be run on a single supply (e.g., a 9V
battery). To do this, Pin 7 is connected to +9V, and Pin 4 is connected to ground (0V). However, to amplify AC
audio signals in this configuration, the input must be artificially biased to half the supply voltage (+4.5V) using a
voltage divider, which complicates the circuit design.

Pin 6: The Output

This pin provides the amplified voltage and the current to drive external loads.

• Voltage Swing (Saturation): The output voltage can never quite reach the power supply rails. For a ±15V
supply driving a 10 kΩ load, the output will typically "clip" or saturate at around ±14V. When driving a heavier
2 kΩ load, it may clip at ±13V. This lost voltage is dropped across the internal output transistors.

• Current Limit: Pin 6 is internally protected against short circuits to ground or either supply rail. The internal
circuitry limits the maximum current to approximately 25mA. Therefore, it cannot directly drive a heavy load
like an 8Ω loudspeaker (which would require hundreds of milliamps). It is designed to drive subsequent amplifier
stages or high-impedance headphones.

Pins 1 and 5: Offset Nulling

In an ideal op-amp, if both inputs are grounded (tied to 0V), the output should be exactly 0V. In a real 741, microscopic
mismatches in the manufacturing of the input transistors cause a slight Input Offset Voltage. Even when both
inputs are grounded, the output might sit at +2V or −3V due to the massive open-loop gain amplifying this tiny
internal mismatch.

Pins 1 and 5 provide access directly to the emitter resistors of the input differential stage.
How to Null the Offset:

1. Connect a 10 kΩ potentiometer across Pin 1 and Pin 5.
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+Pin 3

−Pin 2

Pin 6

Pin 7 (+VCC)

Pin 4 (−VEE)

Pin 1Pin 5

Figure 4.6: The proper wiring for the Offset Nulling procedure. A 10kΩ potentiometer is connected between Pins 1
and 5, with the wiper tied directly to the negative supply (Pin 4).

2. Connect the center wiper of the potentiometer directly to the negative power supply line (−VEE), which is also
connected to Pin 4.

3. Tie both input pins (Pin 2 and Pin 3) directly to ground (0V).

4. Connect a voltmeter to the output (Pin 6).

5. Slowly adjust the potentiometer with a screwdriver until the voltmeter reads exactly 0.00V.

This manually unbalances the circuit just enough to perfectly cancel out the internal manufacturing defect.

Pin 8: No Connection (NC)

As the name implies, there is absolutely no internal wire connecting the silicon die to Pin 8. In complex printed circuit
board layouts, traces can be safely routed through the pad for Pin 8 without affecting the op-amp in any way.

4.3.4 Conclusion

Mastery of the 8-pin layout is the first practical step in working with operational amplifiers. While newer op-amps may
boast better specs (lower noise, higher bandwidth, FET inputs), the vast majority of single-package op-amps adhere
strictly to the pinout established by the 741 over fifty years ago, making this knowledge universally applicable.

4.4 Op-Amp Configurations: Open-Loop and Closed-Loop

4.4.1 Introduction: The Concept of Feedback

The true power of an Operational Amplifier does not lie in its ability to multiply a signal by 100,000. In fact, a gain of
100,000 is practically useless for amplifying an audio signal, as it would instantly overload the circuit. The true power of
the Op-Amp lies in its ability to be tamed. By strategically routing a portion of the output signal back into the input
terminals—a concept known as Feedback—engineers can completely control and customize the behavior of the chip.

Based on the presence or absence of this feedback path, Op-Amp circuits are rigidly divided into two primary
configurations: Open-Loop and Closed-Loop. Understanding the drastic behavioral difference between these two
states is the fundamental key to analog circuit design.

4.4.2 The Open-Loop Configuration

An Op-Amp is in an "Open-Loop" configuration when there is absolutely no physical electrical connection (no resistor,
capacitor, or wire) between the Output terminal (Pin 6) and either of the Input terminals (Pins 2 or 3). The "loop" is
open.

Characteristics of Open-Loop

In this state, the Op-Amp operates purely on its internal manufacturing specifications. The most critical specification
is the Open-Loop Voltage Gain (AOL). For a standard 741, AOL is typically 200, 000 (or 105). The formula for the
output voltage is:

Vout = AOL × (VNon−Inverting − VInverting)
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The Problem with Open-Loop Amplification

Imagine applying a tiny, 1 millivolt (0.001V) audio sine wave to the Non-Inverting input, while grounding the Inverting
input. The math dictates:

Vout = 200, 000× (0.001V− 0V) = 200 Volts

However, the Op-Amp is powered by a ±15V power supply. It is physically impossible to generate 200 Volts. The
output will violently hit the +13V saturation limit and brutally chop the top off the sine wave. Because the gain is so
massive, even microscopic electrical noise (like 10 µV) will cause the output to swing wildly from +13V to −13V.

Therefore, an Open-Loop Op-Amp is completely useless as a linear amplifier. It is highly unstable,
unpredictable, and constantly saturated.

The Open-Loop Application: The Comparator

If it is useless as an amplifier, what is it good for? It is perfect for Comparing two voltages. If we put 5.001V on the
(+) pin, and 5.000V on the (−) pin, the difference is +0.001V. The massive gain multiplies this, instantly slamming
the output to +13V (High). If the (+) pin drops to 4.999V, the difference is −0.001V. The output instantly slams to
−13V (Low). In Open-Loop, the Op-Amp acts as a highly sensitive digital switch, transitioning from HIGH to LOW
based on which input pin has the higher voltage.

−V1

+V2

Vout = ±Vsat

No Feedback Path.
Loop is OPEN.

Figure 4.7: The Open-Loop Configuration. The output is almost always saturated at the supply rails.

4.4.3 The Closed-Loop Configuration (Negative Feedback)

To make the Op-Amp useful as a linear amplifier, we must "close the loop" by taking a fraction of the output signal
and feeding it back into the Inverting Input (−). This specific routing is called Negative Feedback.

The Mechanism of Negative Feedback

When a portion of the output is fed back to the Inverting input, it acts as a self-correcting mathematical brake. 1. The
input signal tries to drive the output voltage higher. 2. The feedback path takes this rising output and applies it to
the Inverting pin. 3. Because the Inverting pin mathematically subtracts from the output, the feedback signal fights
against the original input.

This self-fighting mechanism drastically reduces the massive 200, 000 Open-Loop Gain down to a much smaller,
highly stable Closed-Loop Gain (ACL).

Trading Gain for Perfection

Why would engineers intentionally destroy the massive gain of the 741? Because by sacrificing gain, we purchase
perfection in every other category. Negative Feedback provides:

• Absolute Stability: The new Closed-Loop gain (ACL) is dictated entirely by the ratio of the external resistors
you choose to plug in, not the internal silicon. If the silicon heats up and its internal AOL fluctuates from 200,000
to 150,000, the external ACL (e.g., exactly 10) will not change by even 0.01%.

• Increased Bandwidth: An open-loop 741 can only amplify signals up to 10 Hz before the gain collapses. With
heavy negative feedback, the bandwidth can be extended to hundreds of Kilohertz, perfect for audio.

• Improved Impedances: Negative feedback mathematically increases the input impedance (making it even
closer to an ideal open circuit) and decreases the output impedance (making it closer to an ideal short circuit to
drive heavy loads).
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−

+

Rf

Input Signal

Feedback Path (Rf )
Loop is CLOSED.

Figure 4.8: The Closed-Loop Configuration. Routing the output back to the Inverting pin stabilizes the amplifier.

4.4.4 The Concept of the "Virtual Short" (Virtual Ground)

When an Op-Amp is operating in a stable Closed-Loop configuration (not saturated), a fascinating mathematical
phenomenon occurs at its input pins, known as the Virtual Short Circuit.

Recall the formula: Vout = AOL× (V+−V−). If we mathematically rearrange this to solve for the difference between
the pins:

(V+ − V−) = Vout

AOL

Assume the Op-Amp is outputting a healthy 5V sine wave (Vout = 5V). We know the internal Open-Loop Gain
(AOL) is massive, let’s say 200, 000.

(V+ − V−) = 5V
200, 000 = 0.000025V

The voltage difference between Pin 3 and Pin 2 is 25 microvolts. For all practical engineering mathematics,
0.000025V is exactly zero.

(V+ − V−) ≈ 0

V+ ≈ V−

This is the Golden Rule of Op-Amp math: When Negative Feedback is applied, the Op-Amp will do
absolutely everything in its power to force the voltage at the Inverting pin to be exactly equal to the
voltage at the Non-Inverting pin.

If the Non-Inverting (+) pin is tied to Ground (0V), the Op-Amp will automatically force the Inverting (−) pin to
also sit at 0V. The (−) pin is not physically wired to ground, but it mathematically acts exactly like ground. This is
called a Virtual Ground. The two pins act as if they are short-circuited together (a Virtual Short), even though
zero current actually flows between them because of the massive input impedance.

4.4.5 Conclusion

The behavior of an Operational Amplifier is entirely governed by its external topology. Left in an Open-Loop state, its
massive internal gain turns it into a wild, saturating switch, useful only for comparing voltages. By closing the loop and
applying Negative Feedback, the engineer applies a mathematical harness to the silicon. The massive gain is sacrificed
to achieve absolute stability, extended bandwidth, and the magical property of the Virtual Short, transforming the IC
into a perfect, predictable, programmable amplifier.

4.5 Key Operational Amplifier Parameters

4.5.1 Introduction

When designing circuits with operational amplifiers, engineers do not treat them as perfect mathematical abstractions.
An ideal op-amp has infinite gain, infinite bandwidth, infinite input impedance, and zero output impedance. However,
real-world silicon is imperfect.

To choose the right op-amp for a specific job, we must consult the manufacturer’s datasheet. The datasheet lists
the parameters—the quantifiable imperfections of the device. In this section, we will explore five of the most critical
DC and AC parameters: Input Offset Voltage, Output Offset Voltage, Input Offset Current, Common-Mode Rejection
Ratio (CMRR), and Slew Rate.
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4.5.2 Input and Output Offset Voltage

The Problem of Offset

In a mathematically ideal op-amp, if you connect both the Inverting (-) and Non-Inverting (+) inputs directly to
ground (0V), the differential input voltage is exactly zero. Because the amplifier only multiplies the difference, the
output voltage should also be exactly 0V.

In a real op-amp, the input stage consists of two matched transistors. However, no two transistors are manufactured
identically at the microscopic level. One might have slightly higher gain or a slightly different base-emitter junction
voltage than the other. This inherent imbalance means that even when both inputs are grounded, the internal circuitry
"thinks" there is a tiny voltage difference between them.

Output Offset Voltage (Voo)

If you ground both inputs of a real op-amp (say, a µA741) and measure the output with a sensitive voltmeter, it will
not read 0V. It might read +2V or −1.5V. This error voltage appearing at the output when the inputs are grounded is
called the Output Offset Voltage (Voo).

Because the op-amp’s open-loop gain is so massive, even a microscopic internal mismatch gets multiplied into a
huge error at the output.

Input Offset Voltage (Vio)

Instead of talking about the output error (which changes depending on whether the op-amp is wired with negative
feedback or running open-loop), engineers define the error at the input.

The Input Offset Voltage (Vio) is defined as the exact amount of external DC voltage that must be deliberately
applied between the two input terminals to force the output voltage back to exactly zero.

−

+

V Reads Exactly 0.00V

Figure 4.9: Measuring Input Offset Voltage. Vio is the tiny battery you would have to insert to cancel out the internal
mismatch and force the output to zero.

For a standard µA741, the typical Vio is about 2mV. For a precision op-amp like the OP07, Vio might be as low as
30µV.

4.5.3 Input Offset Current (Iio)

Input Bias Currents

Real op-amps (especially BJT types like the 741) are not perfect insulators at their inputs. The input transistors
require a very small amount of DC current to flow into their bases just to turn on and operate.

• The DC current flowing into the inverting terminal is called IB−.

• The DC current flowing into the non-inverting terminal is called IB+.

Defining the Offset Current

Just as the transistors have slightly different voltage characteristics, they also have slightly different current requirements.
Therefore, IB− is almost never exactly equal to IB+.

The Input Offset Current (Iio) is defined as the absolute difference between the two input bias currents.
Iio = |IB+ − IB−|

Why does this matter? If these tiny bias currents flow through large external resistors in your circuit, they create
small voltage drops (V = I ·R) according to Ohm’s law. Because the currents are unequal, the voltage drops will be
unequal, creating a false differential voltage at the inputs, which the op-amp will amplify as an error.

For a 741, the typical Iio is 20nA (nano-amps). In modern FET-input op-amps (like the TL071), the input pins act
like open circuits (gates of FETs), so the bias and offset currents are nearly non-existent (often measured in pico-amps).
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4.5.4 Common-Mode Rejection Ratio (CMRR)

The Concept of Common-Mode

The primary job of a differential amplifier is to amplify the difference between the two inputs (Vd = V1 − V2) while
completely ignoring any voltage that is common to both inputs (Vc = V1+V2

2 ).
Imagine running a long microphone cable across a stage. The cable acts as an antenna and picks up a 60Hz electrical

hum from the stage lights. Crucially, this noise is picked up equally by both wires in the cable. When the signal reaches
the op-amp, the noise is a "Common-Mode" signal. An ideal op-amp would amplify the voice (the difference between
the wires) and perfectly reject the hum (the common voltage).

However, real op-amps are not perfect. They do amplify the common-mode signal slightly.

• Differential Gain (Ad): The massive gain applied to the difference signal (e.g., 100, 000).

• Common-Mode Gain (Ac): The tiny, unwanted gain applied to the common noise (ideally 0, practically
perhaps 0.5 or 1).

Calculating CMRR

The Common-Mode Rejection Ratio (CMRR) is the measure of how well the op-amp rejects this common noise
compared to how well it amplifies the desired signal. It is the ratio of the differential gain to the common-mode gain.

CMRR = Ad

Ac

Because this ratio is usually astronomically large, it is almost always expressed in decibels (dB):

CMRR (dB) = 20 log10

(
Ad

Ac

)
A standard 741 has a CMRR of about 90dB (meaning it amplifies the good signal about 31, 000 times more than

the noise). High-precision instrumentation amplifiers can boast CMRRs exceeding 120dB (1, 000, 000 to 1 ratio). A
higher CMRR is universally better.

4.5.5 Slew Rate (SR)

The Speed Limit of Voltage

Input Offset and CMRR are DC (or low frequency) parameters. Slew Rate is a high-frequency, dynamic parameter.
It defines the absolute "speed limit" of the op-amp’s output.

The Slew Rate (SR) is defined as the maximum rate at which the output voltage can change per unit of time. It
is usually expressed in Volts per microsecond (V/µs).

SR = ∆Vout

∆t

∣∣∣∣
max

Why Slew Rate Exists

As discussed in the block diagram section, most general-purpose op-amps (like the 741) contain a small internal
compensation capacitor (usually around 30pF) to prevent high-frequency oscillations.

When the input signal demands a massive, instant change in output voltage (like a square wave edge), the internal
transistors must suddenly dump current into this internal capacitor to charge it up to the new voltage level. However,
the internal current sources can only supply a finite, limited amount of current (Imax).

Because the voltage across a capacitor cannot change instantly, and the charging current is limited, the voltage
rises at a fixed, linear rate governed by the equation:

SR = Imax

C

For the µA741, the slew rate is a very sluggish 0.5 V/µs. If you try to amplify a 1MHz square wave, the 741 simply
cannot move its output fast enough. The square wave will collapse into a low-amplitude triangle wave.

If you are designing a high-speed digital comparator or a radio-frequency amplifier, you must abandon the 741 and
choose a high-speed op-amp with a slew rate of 1000 V/µs or more.
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Time (t)

Input Signal

Instantaneous Jump

Time (t)

Output Signal

∆t

∆V

Slope = Slew Rate

Figure 4.10: Slew Rate limitation. When the input demands an instant jump, the output can only ramp up at a fixed
maximum speed (the Slew Rate).

4.5.6 Conclusion

An ideal op-amp exists only in textbooks. Real circuits are bound by the physics of silicon. The Input Offset Voltage
limits how small a DC signal we can accurately amplify. The CMRR dictates how well we can reject environmental
noise. And the Slew Rate establishes a hard physical speed limit on how fast the amplifier can react to sudden changes.
Understanding these parameters is the core of practical analog design.

4.6 Fundamental Op-Amp Circuits: Inverting and Non-Inverting Amplifiers

4.6.1 Introduction

An operational amplifier running "open-loop" (without any feedback) is almost useless as a linear amplifier. Because its
internal gain is so massive (e.g., 200, 000), even a tiny 1mV input signal will cause the output to slam instantly into the
power supply rails and saturate.

To create stable, predictable, and useful amplifiers, we must apply Negative Feedback. By taking a fraction of
the output voltage and feeding it back to the inverting (-) input, we intentionally fight against the op-amp’s massive
open-loop gain. This tames the beast. The resulting closed-loop gain is entirely determined by the external resistors we
choose, making the circuit incredibly stable, predictable, and immune to internal manufacturing variations.

The two most fundamental negative feedback topologies are the Inverting Amplifier and the Non-Inverting
Amplifier.

4.6.2 The Concept of Virtual Ground

Before analyzing these circuits, we must understand the two "Golden Rules" of ideal op-amps with negative feedback:

1. No current flows into the inputs: Because the input impedance is assumed to be infinite, Iin(+) = 0 and
Iin(−) = 0.

2. The op-amp will do whatever it takes to make the voltage difference between its inputs zero.
Because the open-loop gain is infinite, a finite output voltage requires exactly zero volts difference at the input
(V+ = V−).

If the Non-Inverting (+) input is tied to ground (0V), the op-amp will force the Inverting (-) input to also be
exactly 0V through the feedback loop. The inverting terminal becomes a Virtual Ground. It is at 0V potential, but
it is not physically connected to ground.

4.6.3 The Inverting Amplifier

Circuit Construction

The Inverting Amplifier is the most widely used op-amp configuration. The input signal is fed into the Inverting (-)
terminal through an input resistor (Rin or R1), and negative feedback is provided from the output back to the Inverting
terminal through a feedback resistor (Rf ). The Non-Inverting (+) terminal is grounded.
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+−
Vin

VoutNode A (Virtual Ground)Iin

If

Figure 4.11: The classic Inverting Amplifier configuration.

Deriving the Voltage Gain

Let us analyze the currents at Node A (the inverting input).

• Because the Non-Inverting terminal is grounded (V+ = 0V), Node A is a Virtual Ground (VA = 0V).

• The current flowing from the input source through Rin is determined by Ohm’s Law:

Iin = Vin − VA

Rin
= Vin − 0

Rin
= Vin

Rin

• By Golden Rule 1, no current can flow into the op-amp itself. Therefore, all of Iin must flow up and go through
the feedback resistor Rf . So, If = Iin.

• The current flowing through the feedback resistor is:

If = VA − Vout

Rf
= 0− Vout

Rf
= −Vout

Rf

• Setting the two currents equal (Iin = If ):
Vin

Rin
= −Vout

Rf

• Solving for the Voltage Gain (Av = Vout
Vin

):

Av = − Rf

Rin

Characteristics of the Inverting Amplifier

1. Gain Formula: Av = − Rf

Rin
. The gain is set purely by the ratio of two resistors.

2. Phase Shift: The negative sign indicates a 180◦ phase shift. A positive voltage going in results in a negative
voltage coming out.

3. Fractional Gain: Unlike other configurations, an inverting amplifier can have a gain of less than 1 (an attenuator).
If Rf = 10kΩ and Rin = 100kΩ, the gain is −0.1.

4. Input Impedance: The input impedance of the entire circuit is exactly equal to Rin. Because Node A is a
virtual ground, the signal source "sees" Rin tied directly to ground. This is a significant disadvantage if Rin needs
to be small for high gain.

4.6.4 The Non-Inverting Amplifier

Circuit Construction

In the Non-Inverting Amplifier, the input signal is applied directly to the Non-Inverting (+) terminal. The negative
feedback is still applied to the Inverting (-) terminal, but it is formed by a voltage divider network consisting of Rf and
R1 (sometimes called Rg or Rin in this context) connected to ground.
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Vin

+− VoutNode A

Figure 4.12: The classic Non-Inverting Amplifier configuration.

Deriving the Voltage Gain

Let us analyze the circuit using the Golden Rules.

• The input voltage Vin is applied directly to the Non-Inverting terminal (V+ = Vin).

• By Golden Rule 2, the op-amp adjusts its output to force the Inverting terminal (Node A) to perfectly match the
Non-Inverting terminal. Therefore, VA = Vin.

• Look at the voltage divider formed by Rf and R1. The voltage at Node A (VA) is simply a fraction of the output
voltage (Vout) defined by the standard voltage divider rule:

VA = Vout ·
R1

R1 + Rf

• We established that VA = Vin. Substituting this in:

Vin = Vout ·
R1

R1 + Rf

• Rearranging to solve for the Voltage Gain (Av = Vout
Vin

):

Vout

Vin
= R1 + Rf

R1
= R1

R1
+ Rf

R1

Av = 1 + Rf

R1

Characteristics of the Non-Inverting Amplifier

1. Gain Formula: Av = 1 + Rf

R1
.

2. Phase Shift: There is no negative sign. The output is perfectly in phase with the input.

3. Minimum Gain is 1: Because of the "1+", the absolute minimum voltage gain possible is exactly 1 (if Rf = 0
or R1 =∞). A non-inverting amplifier cannot attenuate a signal.

4. Input Impedance: The input impedance is phenomenally high (essentially the input impedance of the bare
op-amp itself, often > 2 MΩ). Because the signal source connects directly into the + pin without going through
any external resistors, it draws almost zero current from the source.

4.6.5 Conclusion

The Inverting and Non-Inverting configurations are the bedrock of analog circuit design.

• Choose the Inverting topology when you need specific phase inversion, when you need an attenuation factor
(gain < 1), or when building summing amplifiers (where the virtual ground is critical).

• Choose the Non-Inverting topology when you need maximum input impedance to avoid loading down a delicate
sensor or signal source, and when preserving the original signal phase is required.
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AI IMAGE PLACEHOLDER
A side-by-side oscilloscope comparison. The left screen shows an Inverting

Amplifier: the input sine wave (blue) goes up while the output sine wave (red) goes
down (perfect mirror image, 180◦ out of phase). The right screen shows a

Non-Inverting Amplifier: both the blue input and the larger red output sine waves
go up and down together perfectly in sync.

Figure 4.13: Visualizing the phase relationship in Inverting vs. Non-Inverting amplifiers.

4.7 Advanced Op-Amp Applications: Mathematical Operations

4.7.1 Introduction

The operational amplifier got its name during the era of analog computers. Before digital microprocessors existed,
complex mathematical equations (like calculating missile trajectories) were solved using physical electronic circuits.
The op-amp was the core component of these computers because, by simply changing the external feedback network, it
could be programmed to perform mathematical operations on voltages: addition, subtraction, and integration over
time.

In this section, we will explore three foundational mathematical circuits: the Summing Amplifier, the Differential
Amplifier, and the Integrator.

4.7.2 The Summing Amplifier (Adder)

Circuit Construction

The Summing Amplifier is an extension of the basic inverting amplifier. Instead of one input resistor, it has multiple
input resistors, all converging at the Inverting (-) terminal. The Non-Inverting (+) terminal remains grounded.

+−Node A

V1

V2

V3

Vout

Figure 4.14: A 3-input Inverting Summing Amplifier.

Deriving the Output Equation

We analyze this circuit using Kirchhoff’s Current Law (KCL) at Node A (the inverting input).

1. Because the Non-Inverting terminal is grounded, Node A is a Virtual Ground (VA = 0V).

2. This is the crucial trick of the summing amplifier: because Node A is exactly 0V, the current flowing through R1
is completely unaffected by the voltages at V2 or V3. The inputs do not "talk" to each other. They are perfectly
isolated.
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3. The individual input currents are:
I1 = V1

R1
, I2 = V2

R2
, I3 = V3

R3

4. By KCL, the sum of all currents entering Node A must equal the current leaving through the feedback resistor
Rf (since no current enters the op-amp).

If = I1 + I2 + I3

5. We know If = 0−Vout
Rf

= −Vout
Rf

. Substituting this in:

−Vout

Rf
= V1

R1
+ V2

R2
+ V3

R3

6. Solving for Vout:
Vout = −

(
V1

Rf

R1
+ V2

Rf

R2
+ V3

Rf

R3

)

Applications

If we choose all resistors to be identical (Rf = R1 = R2 = R3 = R), the equation simplifies to pure mathematical
addition (with an inversion):

Vout = −(V1 + V2 + V3)

If V1 is an electric guitar, V2 is a microphone, and V3 is a keyboard, this circuit perfectly combines all three audio
signals into one output without them interfering with each other. This is the heart of an Audio Mixing Console.

4.7.3 The Differential Amplifier (Subtractor)

Circuit Construction

While the first stage of an op-amp is an internal differential amplifier, we often need to build a controlled, external
differential amplifier with a specific, known gain. We do this by applying signals to both the inverting and non-inverting
inputs simultaneously through a four-resistor network.

+−
V1

V2
Vout

Figure 4.15: A Differential Amplifier circuit.

Deriving the Output Equation

To simplify the math, engineers almost always design this circuit symmetrically, choosing R1 = R3 and R2 = R4. We
can solve this using the Superposition Principle.

1. Set V1 = 0V (ground it): The circuit now looks like a non-inverting amplifier driven by a voltage divider. The
voltage at the non-inverting pin is V+ = V2 · R4

R3+R4
. The output due to V2 is Vout2 = V+ ·

(
1 + R2

R1

)
.

2. Set V2 = 0V (ground it): The Non-Inverting pin is now tied to ground through resistors, effectively making
it a 0V reference. The circuit now looks exactly like a standard inverting amplifier. The output due to V1 is
Vout1 = −V1 · R2

R1
.
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3. Combine them:
Vout = Vout1 + Vout2

If we enforce our symmetry rule (R1 = R3 and R2 = R4), the math beautifully simplifies to:

Vout = R2
R1

(V2 − V1)

The circuit perfectly subtracts V1 from V2 and multiplies the difference by a set gain factor.

4.7.4 The Integrator

Circuit Construction

An integrator performs the calculus operation of integration with respect to time. Mathematically, the output voltage is
proportional to the area under the curve of the input voltage. To achieve this, we take the standard inverting amplifier
but replace the feedback resistor (Rf ) with a Capacitor (C).

+−
Vin

Vout

Figure 4.16: An Ideal Op-Amp Integrator Circuit.

Deriving the Output Equation

1. The Inverting input is a virtual ground (0V).

2. The current flowing in through the resistor is Iin = Vin
R .

3. All this current must flow into the feedback capacitor C.

4. The fundamental physics equation for a capacitor is I = C dVc
dt .

5. The voltage across the capacitor (Vc) is the difference between the virtual ground and the output: Vc = 0−Vout =
−Vout.

6. Equating the currents:
Vin

R
= C

d(−Vout)
dt

= −C
dVout

dt

7. To solve for Vout, we must integrate both sides with respect to time (dt):

Vout(t) = − 1
RC

∫ t

0
Vin(τ)dτ + Vinitial

Practical Applications and the Square-to-Triangle Converter

The integrator is widely used in signal generators. If we feed a constant DC voltage (a flat horizontal line) into an
integrator, the area under the curve increases steadily over time. The output will be a steady, linear Ramp voltage.

If we feed a Square Wave (alternating positive and negative DC blocks) into an integrator:

• During the positive half of the square wave, the output ramps downwards linearly (due to the inversion).

• During the negative half, the output ramps upwards linearly.

The result is that a Square Wave is perfectly converted into a Triangle Wave.

4.7.5 Conclusion

By treating the op-amp as an ideal blank canvas and applying specific negative feedback networks, we transform a
raw, untamed amplifier into precise mathematical tools. The Adder mixes audio, the Subtractor rejects noise, and the
Integrator transforms waveforms. These three circuits form the very foundation of analog signal processing.
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AI IMAGE PLACEHOLDER
A split-screen waveform graph. The top graph shows a sharp, blue Square Wave
(alternating +5V and −5V). The bottom graph shows the resulting output of an
integrator: a smooth, red Triangle Wave. Vertical dashed lines should show that
when the square wave is positive, the triangle wave slopes downward, and vice

versa.

Figure 4.17: The Integrator circuit acts as a perfect Square-to-Triangle wave converter.
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CHAPTER 5

Timer Circuits

5.1 Basic Operation of the IC 555 Timer

5.1.1 Introduction

If the 741 is the undisputed king of analog amplification, the NE555 Timer is the undisputed king of analog timing.
Invented in 1971 by Hans Camenzind for Signetics, the 555 timer is arguably the most famous, most manufactured,
and most utilized integrated circuit in the history of electronics. Billions are produced every year.

Its brilliance lies in its absolute versatility. The 555 is not a clock; it is a highly stable controller designed to monitor
the charging and discharging of an external capacitor. By changing how you connect a few external resistors and a
capacitor to its pins, you can force the 555 to act as an oscillator (blinking a light), a one-shot timer (keeping a door
open for exactly 5 seconds), or a pulse-width modulator (controlling the speed of a motor).

To understand how to wire it, we must first understand the brilliant internal architecture that makes the 555
function.

5.1.2 The Internal Block Diagram

The 555 timer is a masterpiece of hybrid analog-digital design. It takes analog voltages, compares them, and uses the
result to trigger a digital memory chip. The internal architecture consists of five distinct functional blocks.

+VCC (Pin 8)

Ground (Pin 1)

5 kΩ

5 kΩ

5 kΩ

2
3VCC

1
3VCC

Pin 5 (Control) Comp 1
+
−

Pin 6 (Threshold)

Comp 2
−

+
Pin 2 (Trigger)

SR Flip-Flop

R (Reset)

S (Set)

Q

Q̄

Pin 4 (Reset)

Power
Buffer

Pin 3 (Output)

Pin 7 (Discharge)

Figure 5.1: The internal block diagram of the NE555 Timer IC.

1. The Voltage Divider Network

The heart of the 555, and the origin of its famous name, is the internal voltage divider. Connected straight from the
power supply (+VCC) to Ground are three identical 5 kΩ resistors. By basic Ohm’s Law, this perfectly divides the
power supply voltage into three equal steps, creating two rock-solid internal reference voltages:
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• The upper reference point sits exactly at 2/3 of VCC .

• The lower reference point sits exactly at 1/3 of VCC .

If you power the chip with a 9V battery, the internal references are automatically set to 6V and 3V. If the battery
drops to 6V as it dies, the references automatically drop to 4V and 2V. This ratio-metric design makes the 555 immune
to power supply fluctuations.

2. The Two Comparators

A comparator is simply an Op-Amp in Open-Loop mode. It compares two voltages and outputs a digital HIGH or
LOW.

• Comparator 1 (Upper Threshold): The Inverting (−) pin is permanently wired to the 2/3VCC reference.
The Non-Inverting (+) pin is connected to the outside world via Pin 6 (Threshold). If the voltage at Pin 6
rises above 2/3VCC , this comparator outputs a digital HIGH.

• Comparator 2 (Lower Trigger): The Non-Inverting (+) pin is permanently wired to the 1/3VCC reference.
The Inverting (−) pin is connected to the outside world via Pin 2 (Trigger). If the voltage at Pin 2 drops below
1/3VCC , this comparator outputs a digital HIGH.

3. The Digital SR Flip-Flop

The outputs of the two comparators do not go directly to the outside world. They go to an internal digital memory
chip called an SR (Set-Reset) Flip-Flop.

• If Comparator 2 fires a HIGH signal (Trigger < 1/3VCC), it hits the Set (S) input. The Flip-Flop "remembers"
this and turns its main output (Q) HIGH.

• If Comparator 1 fires a HIGH signal (Threshold > 2/3VCC), it hits the Reset (R) input. The Flip-Flop
"remembers" this and turns its main output (Q) LOW.

This digital memory is critical. If the input voltage fluctuates wildly between 1/3 and 2/3, the Flip-Flop simply ignores
it and holds its last memory state. The output only changes when an absolute boundary is crossed.

4. The Output Buffer (Pin 3)

The main output (Q) of the Flip-Flop is weak. It is passed through a Power Inverting Buffer to Pin 3 (Output).
This buffer provides massive current capability. Unlike standard Op-Amps, the 555 can source or sink up to 200 mA
of current, meaning it can drive LEDs, small speakers, or mechanical relays directly without needing external power
transistors.

5. The Discharge Transistor (Pin 7)

The 555 also uses the inverted output (Q̄) of the Flip-Flop to control a heavy-duty NPN transistor internally connected
to Pin 7 (Discharge).

• When the 555 output (Pin 3) is LOW, the internal transistor turns ON, creating a direct, dead short-circuit from
Pin 7 to Ground.

• When the 555 output (Pin 3) is HIGH, the internal transistor turns OFF, leaving Pin 7 floating (an open circuit).

• This pin is specifically used to violently drain the external timing capacitor when the cycle is finished.

5.1.3 Basic Operational Logic

To summarize the brilliant interaction of these five blocks, the basic "rules" of the 555 Timer are defined:
1. The external capacitor voltage is monitored by Pin 2 and Pin 6. 2. If the voltage drops too low (below 1/3VCC),

Pin 2 Triggers the Flip-Flop. The Output (Pin 3) goes HIGH. The Discharge transistor (Pin 7) turns OFF, allowing
the external capacitor to begin charging up. 3. The capacitor charges. Even as it passes 1/3VCC , the Flip-Flop memory
holds the Output HIGH. 4. When the capacitor voltage finally rises too high (above 2/3VCC), Pin 6 forces a Reset. The
Output (Pin 3) snaps LOW. The Discharge transistor (Pin 7) violently turns ON, shorting the capacitor to ground,
draining it instantly, readying the circuit to start again.
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AI IMAGE PLACEHOLDER
An analogy image. A water tank (the capacitor). A water level sensor at the

bottom (1/3 mark, Trigger). A water level sensor at the top (2/3 mark, Threshold).
A massive drain valve at the bottom controlled by the top sensor (Discharge pin).

Figure 5.2: The 555 acts as an automated pump controller, keeping the voltage strictly between the 1/3 and 2/3 marks.

5.1.4 Conclusion

The IC 555 is the ultimate bridge between the analog and digital worlds. It uses analog resistors to establish precise
voltage rules, analog comparators to enforce those rules, and a digital Flip-Flop to ensure the output remains stable
between the boundaries. By simply attaching an external resistor to control how fast current enters, and an external
capacitor to store that current, the engineer commands this internal machine to generate timing pulses with absolute,
unyielding precision.

5.2 Pin Description of the IC 555 Timer

5.2.1 Introduction

Introduced in 1971 by Signetics (designed by Hans Camenzind), the 555 Timer IC is arguably the most successful,
ubiquitous, and famous integrated circuit in history. Billions are still manufactured every year.

Unlike an operational amplifier which simply amplifies analog voltages, the 555 is a mixed-signal device. It contains
analog comparators, a digital flip-flop, and a high-current output driver all on one chip. Its sole purpose is to provide
highly stable time delays (monostable mode) or continuous oscillation (astable mode).

To harness its flexibility, we must thoroughly understand how each of its 8 pins interacts with the internal
components.

5.2.2 The 8-Pin DIP Layout

The standard 555 timer comes in an 8-pin Dual In-Line Package (DIP).

NE555

1: Ground (GND)

2: Trigger (TRIG)

3: Output (OUT)

4: Reset (RST) 5: Control Voltage (CV)

6: Threshold (THR)

7: Discharge (DIS)

8: Power (+VCC)

Figure 5.3: The standard 8-pin DIP pinout of the 555 Timer IC.
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5.2.3 Detailed Pin Functions

Pin 1: Ground (GND)

This is the absolute zero-volt reference point for the entire chip. All internal voltages and external timing calculations
are measured relative to this pin. It connects directly to the negative terminal of your power supply.

Pin 8: Power (+VCC)

This is the positive power supply input. Unlike the 741 Op-Amp which requires a split ±15V supply, the 555 is designed
specifically to run on a single, positive power supply.

• Standard TTL Logic: It runs perfectly on exactly +5V, making it natively compatible with digital logic chips.

• Wide Operating Range: A standard bipolar NE555 can operate anywhere from +4.5V up to a maximum of
+15V (or +18V absolute max). This wide range makes it incredibly versatile for battery-powered circuits (e.g., a
9V battery or a 12V car battery).

The Internal Voltage Divider (The "5-5-5")

Before explaining the logic pins, we must look inside. Between Pin 8 (+VCC) and Pin 1 (GND), there is a stack of
three identical 5 kΩ resistors connected in series.

• This divider creates two precise internal reference voltages.

• The top reference node sits exactly at 2
3VCC .

• The bottom reference node sits exactly at 1
3VCC .

These fractions (1
3 and 2

3) are the most important numbers in any 555 timer calculation.

Pin 6: Threshold (THR)

The Threshold pin is an analog input. It connects directly to the non-inverting (+) input of the upper internal
comparator.

• Function: It constantly monitors the voltage of the external timing capacitor.

• Action: When the voltage on Pin 6 rises and crosses the upper internal reference point (2
3VCC), the upper

comparator triggers. This sends a "Reset" signal to the internal flip-flop, which forces the output (Pin 3) to go
LOW (0V).

Pin 2: Trigger (TRIG)

The Trigger pin is also an analog input. It connects to the inverting (-) input of the lower internal comparator.

• Function: It waits for a signal to start the timing cycle.

• Action: It is normally held high. When the voltage on Pin 2 drops below the lower internal reference point
(1

3VCC), the lower comparator triggers. This sends a "Set" signal to the internal flip-flop, which forces the output
(Pin 3) to go HIGH (near +VCC).

Pin 3: Output (OUT)

This is the main digital output of the chip. It is controlled by the internal flip-flop.

• It has only two states: HIGH (close to +VCC) or LOW (close to 0V).

• High Current Drive: The output stage of the standard 555 is remarkably robust. It can source (push) or sink
(pull) up to 200mA of current. This is ten times more powerful than a standard op-amp. It can directly drive
LEDs, small electric motors, piezoelectric buzzers, and mechanical relays without needing an external transistor
amplifier.
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Pin 7: Discharge (DIS)

This pin is the key to creating repeating oscillations. Internally, it is connected to the collector of an NPN transistor
whose emitter is tied directly to ground.

• Action: This internal transistor acts as a switch controlled by the flip-flop.

• When the Output (Pin 3) is LOW, the internal transistor turns ON. This effectively connects Pin 7 directly to
ground (Pin 1), creating a short circuit.

• When the Output (Pin 3) is HIGH, the transistor turns OFF. Pin 7 becomes an open circuit (floating).

• Function: In most circuits, the external timing capacitor is wired to Pin 7. When the output goes low, Pin 7
shorts to ground, rapidly discharging the capacitor and preparing it for the next timing cycle.

Pin 4: Reset (RST)

This is an overriding digital input that ignores all the analog comparators.

• It is an Active Low pin (often drawn as RESET).

• If you pull Pin 4 down to ground (0V), it instantly forces the Output (Pin 3) to go LOW and turns ON the
Discharge transistor (Pin 7), regardless of what voltages are on the Trigger or Threshold pins. It stops the timer
dead in its tracks.

• In most normal circuits where this emergency stop function is not needed, Pin 4 must be tied directly to
+VCC to prevent stray noise from accidentally resetting the chip.

Pin 5: Control Voltage (CV)

This pin provides direct, external access to the 2
3VCC point of the internal voltage divider.

• Function 1 (Noise Bypass): In 95% of all 555 circuits, this pin is not actively used. However, to prevent stray
electrical noise from fluctuating the internal 2

3VCC reference (which would make the timing inaccurate), it is
standard engineering practice to connect a tiny 0.01µF capacitor between Pin 5 and Ground.

• Function 2 (Modulation): If you do want to actively change the timing rules, you can apply an external
voltage to Pin 5. For example, if you apply an audio sine wave to Pin 5, you can dynamically modulate the width
or frequency of the output pulses, creating FM (Frequency Modulation) or PWM (Pulse Width Modulation)
effects.

AI IMAGE PLACEHOLDER
A clean, conceptual diagram showing the 8 pins of the 555 timer mapped onto an
outline of the chip. Beside each pin, a tiny, simple icon represents its function (e.g.,

a battery for VCC, a ground symbol for GND, an LED for OUT, a capacitor
discharging symbol for DIS).

Figure 5.4: Visual summary of the 555 Timer pin functions.

5.2.4 Conclusion

The 555 timer is a masterpiece of functional density. By combining two voltage comparators (Pins 2 and 6), a digital
memory element, a high-current output (Pin 3), and a built-in discharge switch (Pin 7), it provides all the building
blocks necessary to create almost any timing or oscillating circuit with the addition of just one or two external resistors
and a capacitor.
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5.3 Applications of the IC 555 Timer

5.3.1 Introduction

The term "Multivibrator" is an old engineering term for a two-state electronic circuit used to implement simple two-state
systems such as oscillators, timers, and flip-flops. The 555 timer is specifically designed to act as the core of three
primary types of multivibrators:

1. Astable (Free-running): Has zero stable states. It continuously oscillates back and forth between HIGH and
LOW on its own.

2. Monostable (One-shot): Has one stable state. It waits patiently in the LOW state until triggered, goes HIGH
for a specific amount of time, and then returns to the stable LOW state.

3. Bistable (Flip-Flop): Has two stable states. It goes HIGH when triggered and stays there forever until a
different trigger forces it LOW.

5.3.2 The Astable Multivibrator (Oscillator)

Circuit Construction

To make the 555 continuously oscillate, we must make it re-trigger itself automatically. This is done by connecting the
Trigger pin (Pin 2) directly to the Threshold pin (Pin 6), forcing the chip to constantly monitor the exact same timing
capacitor.

We add two external resistors (RA and RB) and one external capacitor (C).

+VCC

GND

555

8

1

4

7

6

2

Output (Pin 3)

5

Figure 5.5: The Astable Multivibrator configuration.

Working Operation

1. Charging Phase (Output HIGH): When power is applied, the capacitor C is uncharged (0V). Pin 2 detects
this is less than 1

3VCC and sets the output HIGH. The internal discharge transistor at Pin 7 turns OFF. Current
from VCC flows through RA and RB to charge the capacitor.

2. Discharging Phase (Output LOW): The capacitor voltage rises until it hits 2
3VCC . Pin 6 detects this and

resets the flip-flop. The output goes LOW. The internal discharge transistor at Pin 7 turns ON, shorting Pin 7 to
ground. The capacitor now discharges, sending its current backwards through only RB into Pin 7 to ground.

3. The capacitor voltage drops until it hits 1
3VCC . Pin 2 detects this, sets the output HIGH again, Pin 7 turns OFF,

and the cycle repeats endlessly.

The capacitor voltage continuously bounces between 1
3VCC and 2

3VCC .

Design Formulas

• Time High (TH): The capacitor charges through RA + RB.

TH = 0.693 · (RA + RB) · C

• Time Low (TL): The capacitor discharges only through RB.

TL = 0.693 ·RB · C
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• Total Period (T ) and Frequency (f):

T = TH + TL = 0.693 · (RA + 2RB) · C

f = 1
T

= 1.44
(RA + 2RB) · C

• Duty Cycle (D): The percentage of time the output is HIGH.

D% = TH

T
· 100 = RA + RB

RA + 2RB
· 100

Note: Because RA cannot be zero, a standard 555 astable circuit can never achieve a perfect 50% (square wave)
duty cycle. It is always slightly greater than 50%.

5.3.3 The Monostable Multivibrator (One-Shot Timer)

Circuit Construction

In the Monostable mode, the 555 acts as a time delay. You press a button, a light turns on for exactly 5 seconds, and
then turns off automatically.

+VCC

GND

555

8

1

4

7
6

2

Output (Pin 3)

Figure 5.6: The Monostable Multivibrator configuration.

Working Operation

1. Stable State: Initially, the output is LOW. Pin 7 is shorted to ground, keeping the capacitor completely
discharged (0V). Pin 2 is held HIGH by the 10kΩ pull-up resistor. The circuit rests here indefinitely.

2. The Trigger: When the user presses the button, Pin 2 is briefly grounded (drops below 1
3VCC). The lower

comparator triggers, setting the output HIGH.

3. The Timing Cycle: Because the output is now HIGH, Pin 7 turns OFF (opens). The capacitor is no longer
shorted to ground and begins to charge up through resistor R.

4. The Reset: When the capacitor voltage slowly reaches 2
3VCC , Pin 6 detects it. The upper comparator triggers,

resetting the flip-flop. The output slams back LOW, Pin 7 turns back ON (instantly dumping the capacitor’s
charge), and the circuit returns to its stable resting state.

Design Formula

The width of the output pulse (the time it stays HIGH) is determined by how long it takes an RC circuit to charge to
66.6% of the supply voltage. The mathematical solution is simply:

T = 1.1 ·R · C

5.3.4 The Bistable Multivibrator (Flip-Flop)

Circuit Construction

In the Bistable mode, we completely remove the timing capacitor and resistor. We are just using the raw internal
comparators and flip-flop. We provide two separate push-buttons: one to "Set" the output HIGH, and one to "Reset"
the output LOW.
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+VCC

GND

555

8

1

2

4

6

Output (Pin 3)

Figure 5.7: The Bistable Multivibrator configuration. It acts as a digital memory element.

Working Operation

• SET: Pushing the SET button grounds Pin 2 (Trigger). This drops the voltage below 1
3VCC , causing the output

to go HIGH. It will stay HIGH forever, even after you release the button.

• RESET: Pushing the RESET button grounds Pin 4. This directly forces the internal flip-flop to reset, dropping
the output LOW. It will stay LOW forever.

This circuit is widely used as a "debounce" circuit for mechanical switches, ensuring a clean, single digital transition
when a physical button is pressed.

5.3.5 Sequential Timer

Concept

Often, industrial processes require multiple events to happen in a specific sequence (e.g., Event A for 5 seconds,
followed immediately by Event B for 10 seconds). We can build a Sequential Timer by cascading multiple 555 timers
configured in Monostable mode.

Implementation

When the first 555 timer finishes its cycle, its output suddenly drops from HIGH to LOW. This sharp "falling edge" can
be used as the negative trigger signal for the next 555 timer.

To prevent the second timer from triggering falsely, we connect the output of Timer 1 to the trigger input of Timer
2 using a small AC coupling capacitor (0.001µF) and a pull-up resistor. The capacitor turns the square-wave edge into
a brief negative voltage spike, which perfectly triggers the second 555.

AI IMAGE PLACEHOLDER
A block diagram showing three 555 timers in a row. The output (Pin 3) of Timer 1
is connected to a small capacitor, which feeds into the Trigger (Pin 2) of Timer 2.

The output of Timer 2 similarly feeds into Timer 3. A master ’Start’ button
triggers Timer 1.

Figure 5.8: Cascading 555 timers to create a Sequential Timer. The end of one timing cycle triggers the start of the
next.

5.3.6 Conclusion

The 555 timer is a testament to the power of modular analog design. By understanding its internal comparators and
discharge transistor, an engineer can wire the same 8-pin chip to act as a clock generator (Astable), a precise time
delay (Monostable), or a basic memory cell (Bistable).
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5.4 Amplifiers (Negative Feedback)

5.5 Concept of Feedback: Negative and Positive
Feedback is one of the most fundamental and powerful concepts in electronics, control system theory, and specifically
in the design of Linear Integrated Circuits (LICs). In simple terms, feedback is the process of taking a portion of a
system’s output signal and returning it to the input. This returned signal is then combined with the original external
input signal to modify the overall behavior of the system. In the context of operational amplifiers (op-amps), feedback
is heavily utilized to precisely control the characteristics of the amplifier, making it stable, predictable, and suitable for
a wide variety of real-world applications.

Definition

Box[Feedback] Feedback is the process whereby a fraction of the output energy (voltage or current) of an amplifier
or control system is returned back to its input, where it is combined with the external input signal to determine
the actual driving signal for the system.

The primary components of any feedback system include:

• Basic Amplifier (Forward Path): An active circuit or device (like an op-amp) with an open-loop gain, often
denoted by A. This block provides the primary amplification of the signal.

• Feedback Network (Reverse Path): A circuit, usually passive (consisting of resistors, capacitors, or inductors),
that samples the output signal and feeds a fraction of it, denoted by the feedback factor β, back to the input.

• Mixing Network (Summing Junction): A node or circuit where the external input signal and the feedback
signal are combined (either added or subtracted) to produce the error signal that actually drives the basic
amplifier.

Depending on how the feedback signal is combined with the input signal at the mixing junction, feedback is broadly
classified into two categories: Positive Feedback and Negative Feedback.

5.5.1 General Feedback Theory

Consider a generic feedback system. Let Vin be the external input signal applied to the system, Vout be the overall
output signal, Vf be the feedback signal produced by the feedback network, and Vd be the difference or error signal
that effectively enters the basic amplifier block.

The open-loop gain of the basic amplifier is defined as the ratio of output to input when there is no feedback loop
connected:

A = Vout

Vd
=⇒ Vout = A · Vd (5.1)

The feedback network samples the output and produces a feedback signal proportional to the output:

Vf = β · Vout (5.2)

where β is the feedback fraction (typically 0 < β ≤ 1).
The actual signal entering the amplifier, Vd, is the algebraic sum or difference of the input signal and the feedback

signal:
Vd = Vin ± Vf (5.3)

By substituting the equations into one another, we can derive the overall or closed-loop gain (Af ) of the system:

Vout = A(Vin ± Vf )
Vout = A(Vin ± βVout)

Vout ∓AβVout = AVin

Vout(1∓Aβ) = AVin

Af = Vout

Vin
= A

1∓Aβ
(5.4)

The sign in the denominator depends on whether the feedback is positive or negative. The term Aβ is known as
the loop gain, representing the total gain if a signal travels around the complete feedback loop.
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Key Concept

Concept The Open-Loop Gain (A) is the amplification of the circuit without any feedback path connected. The
Closed-Loop Gain (Af ) is the total amplification of the circuit when the feedback path is actively modifying the
input signal. In operational amplifiers, the open-loop gain is typically extremely high (e.g., 105 to 106), making
closed-loop configurations absolutely essential for linear and stable operation.

5.5.2 Positive Feedback

Positive feedback, also frequently known as regenerative feedback, occurs when the feedback signal is in phase with the
applied input signal. This means that the feedback signal adds to the original input signal, making the effective driving
signal Vd larger than Vin.

Definition

Box[Positive Feedback] A feedback system is said to have positive feedback if the returned signal is in phase with
the input signal, thereby reinforcing or increasing the original input signal.

For positive feedback, the mixing equation is Vd = Vin + Vf . Substituting this into our general equation yields the
closed-loop gain for positive feedback:

Af(pos) = A

1−Aβ
(5.5)

Block Diagram of Positive Feedback

Σ A (Amplifier)

β (Feedback)

Vin Vout
+ Vd

+

Vf

Figure 5.9: Block Diagram of a Positive Feedback System

Characteristics and Effects

In the equation Af(pos) = A
1−Aβ , notice that the denominator is less than 1 (assuming Aβ < 1). Therefore, the overall

closed-loop gain Af(pos) is greater than the open-loop gain A.
However, this dramatic increase in gain comes at a severe cost. As the loop gain product Aβ approaches 1, the

denominator approaches zero, causing the closed-loop gain to mathematically approach infinity. When Aβ ≥ 1, the
system will produce an output even without an external input (Vin = 0). The system becomes highly unstable and
begins to oscillate.

Instability and Oscillation

Because positive feedback reinforces the input signal, even a minuscule microscopic disturbance (like thermal noise)
can continuously amplify itself until the system saturates at its power supply rails. While heavily detrimental in
linear amplifiers (causing severe distortion), this exact instability is precisely what makes positive feedback useful
for building electronic oscillators.

Applications of Positive Feedback

Although positive feedback is strictly avoided in linear amplification because of the resulting instability, distortion,
and reduced bandwidth, it is incredibly useful in applications where sudden transitions or sustained continuous signal
generation is required:
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• Oscillators: By fulfilling the Barkhausen criterion (|Aβ| = 1 and phase shift = 0◦ or 360◦), positive feedback
is used to generate continuous sine waves, square waves, or triangular waves without an external AC input.
Examples include Phase-Shift, Wien Bridge, and LC oscillators.

• Comparators and Schmitt Triggers: Positive feedback introduces hysteresis in comparator circuits, creating
distinct upper and lower threshold voltages. This makes them highly immune to noise and eliminates false,
chattering triggering in digital logic transitions.

• Multivibrators: Used extensively in creating bistable, astable, and monostable multivibrators (flip-flops, timers,
and pulse generators).

5.5.3 Negative Feedback

Negative feedback, also known as degenerative feedback, is the most widely used and arguably the most important
type of feedback in linear electronics. It occurs when the feedback signal is out of phase (typically by exactly 180◦)
with the input signal. In this case, the feedback signal subtracts from the original input signal, reducing the magnitude
of the driving signal Vd.

Definition

Box[Negative Feedback] A feedback system has negative feedback if the returned signal opposes or subtracts from
the input signal, thereby reducing the net input signal applied to the main basic amplifier.

For negative feedback, the mixing equation is Vd = Vin − Vf . The resulting closed-loop gain is:

Af(neg) = A

1 + Aβ
(5.6)

Block Diagram of Negative Feedback

Σ A (Amplifier)

β (Feedback)

Vin Vout
+ Vd

−

Vf

Figure 5.10: Block Diagram of a Negative Feedback System

Characteristics and Effects of Negative Feedback

In the closed-loop gain equation Af(neg) = A
1+Aβ , the term (1 + Aβ) is greater than 1. This means that the closed-loop

gain Af(neg) is strictly less than the open-loop gain A. While it might seem counterintuitive to purposefully sacrifice
amplification gain, this reduction heavily compensates by buying a host of highly desirable properties for the amplifier.
The factor (1 + Aβ) is called the desensitivity factor.

• Gain Stability: The closed-loop gain becomes highly stable and independent of variations in the open-loop gain
A (which inevitably fluctuates due to temperature changes, manufacturing tolerances, or aging of components).
The sensitivity of closed-loop gain to changes in open-loop gain is reduced by the desensitivity factor:

dAf

Af
= 1

1 + Aβ
· dA

A

If A is very large (as in practical op-amps, where A → ∞), the term Aβ ≫ 1, and the closed-loop gain
mathematically approximates to:

Af ≈
A

Aβ
= 1

β

The gain is now determined entirely by the stable, precise passive components in the feedback network (β),
making the amplifier incredibly reliable.
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• Increased Bandwidth: Negative feedback increases the upper cut-off frequency (fH,f = fH(1 + Aβ)) and
correspondingly decreases the lower cut-off frequency, effectively broadening the operational bandwidth of the
amplifier. The fundamental Gain-Bandwidth Product (GBW) remains constant.

• Reduced Distortion: Non-linear distortion generated inherently within the active components of the basic
amplifier itself is drastically reduced by the desensitivity factor, making it Df = D

1+Aβ .

• Reduced Noise: Internally generated electrical noise within the amplifier is attenuated in a similar manner to
distortion.

• Modified Input and Output Impedances: Depending on the specific topology (e.g., voltage-series, current-
shunt), negative feedback can significantly alter impedance levels. For instance, in a voltage-series feedback
configuration, it drastically increases input impedance (Zinf = Zin(1 + Aβ)) thereby reducing loading effects
on the input source, and heavily decreases output impedance (Zoutf = Zout

1+Aβ ), severely improving load-driving
capabilities.

Op-Amp Non-Inverting Amplifier

Consider a standard non-inverting operational amplifier configuration. The op-amp itself has a massive open-loop
gain, say A = 100, 000. A resistor divider network (R1 and Rf ) feeds back a portion of the output to the inverting
terminal, creating a negative feedback loop. The feedback factor is β = R1

R1+Rf
. Because A is extremely large, the

closed-loop gain practically depends solely on the external resistors:

Af ≈
1
β

= 1 + Rf

R1

Even if the op-amp’s internal gain A drastically drops to 50, 000 due to heavy temperature variations, the
closed-loop gain Af remains perfectly locked and stable at 1 + Rf

R1
. This predictable behavior forms the foundation

of all LIC design.

Applications of Negative Feedback

Due to its profound stabilizing effects, negative feedback is virtually omnipresent in linear applications and modern
electronics:

• Linear Amplifiers: Audio power amplifiers, precision instrumentation amplifiers, and radio-frequency (RF)
amplifiers heavily rely on it to ensure high fidelity and absolutely minimal distortion.

• Operational Amplifier Circuits: Almost all linear op-amp circuits—including mathematical adders, subtractors,
integrators, differentiators, and active filters—rely exclusively on negative feedback.

• Voltage Regulators: To rigorously maintain a constant steady output voltage regardless of sudden variations
in load current demand or input line voltage.

• Control Systems: Complex systems like servo motor speed controllers, thermostat temperature controls, and
large-scale industrial process control all utilize negative feedback (often modeled as PID controllers) to forcefully
minimize the error between a desired setpoint reference and the actual measured physical output.

5.5.4 Comparison between Positive and Negative Feedback

To concisely summarize the concepts covered in this section, the fundamental differences and trade-offs between the
two feedback mechanisms are comparatively outlined in Table 5.1.

5.5.5 Conclusion

In conclusion, the overarching concept of feedback is central to modern electronics and control system theory. While
positive feedback is utilized purposefully to create controlled instability for self-sustained signal generation (as seen in
oscillators), negative feedback remains the absolute cornerstone of linear amplification and precision control. Negative
feedback willfully trades raw amplification gain for a multitude of critical performance improvements, including rock-solid
gain stability, extended operational bandwidth, and vastly reduced distortion. A thorough, deep mathematical and
conceptual understanding of both mechanisms is fundamentally essential for designing, analyzing, and troubleshooting
Linear Integrated Circuits.
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Parameter Positive Feedback Negative Feedback

Phase Shift 0◦ or 360◦ (In-phase) 180◦ (Out-of-phase)

Effect on Input Adds to the input signal (Vd =
Vin + Vf )

Subtracts from the input signal
(Vd = Vin − Vf )

Overall Gain Increases drastically (Af =
A

1−Aβ )
Decreases significantly (Af =

A
1+Aβ )

Stability Poor (intentionally leads to insta-
bility and oscillations)

Excellent (forcefully stabilizes the
system)

Bandwidth Decreases (narrows) Increases (broadens considerably)

Distortion &
Noise

Increases severely Decreases heavily

Primary Applica-
tions

Oscillators, Multivibrators,
Schmitt Triggers, Waveform
generators

Linear Amplifiers, Op-Amp cir-
cuits, Control Systems, Voltage
Regulators

Table 5.1: Comparison of Positive and Negative Feedback

[scale=1] (0,0) to[V, l=Vin] (0,2) to[R, l=R2] (3,2) to[C, l=C2] (3,0) – (0,0); (3,2) to[short, -o] (4,2) node[right] Vout;
(3,0) to[short, -o] (4,0);

Figure 5.11: Passive Low Pass Filter 2

«««< HEAD

AI Image Placeholder
=======

Definition

AI Image Placeholder »»»> origin/paper-solver AI Image: Abstract visualization of

frequency response and harmonic waves 2 «««< HEAD

=======

»»»> origin/paper-solver

Figure 5.12: Harmonic frequency response 2

5.6 Characteristics of Negative Feedback Amplifiers
The application of negative feedback in an amplifier involves feeding a fraction of the output signal back to the input
such that it opposes the original input signal. While the immediate consequence of this mechanism is a reduction in
the overall voltage or current gain, negative feedback is universally employed in modern electronic circuit design. The
deliberate sacrifice of gain yields profound improvements in almost every other critical performance parameter of the
amplifier, including impedance matching, stability, bandwidth, and linearity. In this section, we will systematically
analyze the effects of negative feedback on these essential characteristics.

5.6.1 Gain (Transfer Ratio)

The fundamental transfer ratio or gain of an amplifier without feedback is referred to as the open-loop gain, denoted by
A. When a feedback network with a feedback factor β is introduced, the system becomes a closed-loop amplifier. The
closed-loop gain, Af , is defined as the ratio of the output signal to the external input signal.
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For a negative feedback amplifier, the closed-loop gain is governed by the foundational feedback equation:

Af = A

1 + Aβ

The term Aβ represents the loop gain, which is the total amplification a signal experiences as it travels forward
through the amplifier and then backward through the feedback network. The denominator, 1 + Aβ, is known as the
amount of feedback or the desensitivity factor. Because the loop gain Aβ is positive in a standard negative
feedback system, the quantity 1 + Aβ is strictly greater than 1. Consequently, the closed-loop gain Af is always less
than the open-loop gain A.

Definition

Desensitivity Factor The term D = 1 + Aβ is called the desensitivity factor. It serves as a universal scaling factor
by which many amplifier parameters (such as gain, distortion, and bandwidth) are either reduced or augmented
when negative feedback is applied.

Example

Calculating Closed-Loop Gain Consider an operational amplifier with an open-loop gain A = 105. A feedback
network is connected such that 10% of the output is fed back to the input, yielding a feedback factor β = 0.1.
The loop gain is calculated as:

Aβ = 105 × 0.1 = 104

The closed-loop gain is therefore:

Af = A

1 + Aβ
= 105

1 + 104 ≈
105

104 = 10

This example illustrates a profound principle: if Aβ ≫ 1, the closed-loop gain Af ≈ 1
β . The overall gain becomes

almost entirely dependent on the precise, stable passive components of the feedback network, rendering it immune
to the high variability of the active amplifier components.

5.6.2 Input Impedance

The effect of negative feedback on the input impedance of an amplifier depends directly on the topology used to mix
the feedback signal with the input signal. There are two primary mixing techniques: series mixing and shunt (parallel)
mixing.

1. Series Mixing: In series mixing, the feedback voltage is introduced in series with the external input signal
source. The feedback voltage subtracts from the input source voltage, resulting in a significantly smaller net voltage
appearing directly across the amplifier’s input terminals. As a consequence, the input current drawn from the signal
source decreases substantially. Because the source provides a smaller current for the same applied voltage, the effective
input impedance it “sees" increases. The input impedance with series feedback, Zif , is given by:

Zif = Zi(1 + Aβ)

where Zi is the input impedance without feedback. Series mixing is highly beneficial for voltage amplifiers, as a
maximized input impedance minimizes the loading effect on the preceding stage or the signal source.

2. Shunt Mixing: In shunt mixing, the feedback current is injected in parallel (shunt) with the input signal
source. The feedback network effectively draws away a portion of the input current, requiring the signal source to
supply more overall current for the same input voltage. This heavily loads the source, effectively lowering the input
impedance. The input impedance with shunt feedback is:

Zif = Zi

1 + Aβ

Shunt mixing is ideal for current amplifiers or transresistance amplifiers, where a low input impedance ensures optimal
current transfer from the source into the amplifier node.

5.6.3 Output Impedance

Just as mixing dictates the input impedance, the impact of negative feedback on the output impedance is determined
by how the feedback network samples the output signal. The two sampling methods are voltage (node) sampling and
current (loop) sampling.
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1. Voltage Sampling: When the feedback network is connected in parallel with the output load, it samples the
output voltage. Voltage sampling monitors the output and adjusts the feedback to stabilize the output voltage against
any variations in the load resistance. By doing so, it forces the amplifier to behave more like an ideal voltage source,
which by definition has zero internal resistance. The output impedance with voltage sampling, Zof , is:

Zof = Zo

1 + Aβ

where Zo is the intrinsic output impedance without feedback. A drastically lowered output impedance is desirable for
voltage amplifiers, allowing them to drive heavy, low-impedance loads without experiencing significant voltage drops.

2. Current Sampling: When the feedback network is connected in series with the output load, it samples the
output current. This topology stabilizes the output current against load variations, making the amplifier emulate
an ideal current source (which requires infinite internal resistance). Consequently, current sampling proportionately
increases the output impedance:

Zof = Zo(1 + Aβ)

High output impedance is a necessary characteristic of an ideal current amplifier or transconductance amplifier.

Key Concept

Impedance Modification Summary A simple rule of thumb governs how feedback alters impedance:

• Series connection (whether at the input for mixing or the output for sampling) increases the corresponding
impedance by a factor of (1 + Aβ).

• Shunt (parallel) connection (whether at the input for mixing or the output for sampling) decreases the
corresponding impedance by a factor of (1 + Aβ).

5.6.4 Stability

In amplifier theory, stability usually refers to the circuit’s resistance to breaking into uncontrolled, spontaneous
oscillations. While negative feedback significantly improves DC stability and environmental parameter stability, its
effect on high-frequency dynamic stability is a double-edged sword that requires careful mathematical analysis.

An open-loop amplifier naturally exhibits phase shifts that accumulate at high frequencies due to parasitic
capacitances, device transit times, and reactive loads. At some sufficiently high frequency, the phase shift of the
amplifier’s internal stages may reach 180◦. If negative feedback is applied, the feedback network inherently introduces
an initial 180◦ phase inversion (the “negative" in negative feedback). If the amplifier adds another 180◦, the total loop
phase shift becomes 360◦ (or 0◦).

If the loop gain magnitude |Aβ| at this specific frequency is greater than or equal to 1, the system satisfies the
Barkhausen Criterion for oscillation. The feedback that was designed to be negative has degenerated into positive
feedback, and the amplifier will oscillate violently.

To ensure unconditional stability, the amplifier must be mathematically “compensated" (often by adding a dominant
pole capacitor) so that its loop gain falls well below unity (0 dB) before the internal phase shift reaches 180◦. Engineers
quantify this stability margin using two metrics:

• Gain Margin: The amount by which the loop gain is below 0 dB at the frequency where the phase shift hits
180◦.

• Phase Margin: The difference between the actual phase shift and 180◦ at the frequency where the loop gain
crosses 0 dB.

Important / Warning

Risk of High-Frequency Instability While negative feedback perfectly stabilizes the amplifier’s operating points,
applying an excessive amount of feedback across multiple uncompensated amplifier stages greatly elevates the risk
of high-frequency oscillations. Rigorous frequency compensation and Bode plot analysis are mandatory to ensure
adequate phase margins.

5.6.5 Bandwidth

The bandwidth of an amplifier defines the continuous spectrum of frequencies over which the amplifier maintains
a relatively flat and usable gain. Practically, the gain falls off at low frequencies due to series coupling and bypass
capacitors, and at high frequencies due to the parallel parasitic junction capacitances of the transistors.
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Negative feedback dramatically extends the usable bandwidth of an amplifier. This phenomenon is governed by the
Gain-Bandwidth Product (GBP), a fundamental theorem stating that the product of the mid-band gain and the
bandwidth remains approximately constant for a given amplifier topology, regardless of the feedback applied.

Because negative feedback reduces the mid-band gain by the desensitivity factor (1 + Aβ), the bandwidth must
correspondingly expand by the exact same mathematical factor to keep the product constant. If fL and fH represent
the lower and upper −3 dB cutoff frequencies of the open-loop amplifier, the new cutoff frequencies with negative
feedback (fLf and fHf ) become:

fLf = fL

1 + Aβ

fHf = fH(1 + Aβ)

The lower cutoff frequency is pushed down closer to DC, while the upper cutoff frequency is pushed higher into the
radio frequency spectrum. Therefore, the closed-loop bandwidth BWf is significantly broader:

BWf ≈ fHf = fH(1 + Aβ) = BWopen(1 + Aβ)

5.6.6 Frequency Response

Closely related to bandwidth expansion is the flattening of the amplifier’s frequency response. An open-loop amplifier’s
gain-frequency curve often exhibits unwanted peaks, resonances, or rapid roll-offs. This means the amplifier treats
different frequency components of a complex input signal unequally, leading to frequency distortion.

Negative feedback vigorously flattens the frequency response curve. As demonstrated earlier, when Aβ ≫ 1, the
closed-loop gain simplifies to Af ≈ 1/β. Provided that the feedback network consists of purely resistive, frequency-
independent components, the parameter β remains strictly constant across all frequencies. Consequently, the closed-loop
gain Af also remains constant, completely independent of the amplifier’s internal frequency-dependent quirks.

The feedback mechanism functions as an automatic, self-correcting equalizer: at frequencies where the open-loop
gain naturally starts to droop, the magnitude of the feedback signal proportionally decreases. This reduction in negative
feedback forces the amplifier’s net output back up, rigidly enforcing a flat response over a vastly wider frequency band.

5.6.7 Sensitivity (Desensitivity to Parameter Variations)

The active components inside an amplifier (such as Bipolar Junction Transistors, MOSFETs, and Operational Amplifiers)
are inherently imperfect. Their characteristic parameters (like current gain βDC or transconductance gm) vary drastically
due to manufacturing batch tolerances, ambient temperature fluctuations, and aging. As a result, the open-loop gain A
is highly unstable over time and operating conditions.

Negative feedback resolves this problem by making the circuit highly insensitive to internal parameter variations.
The mathematical metric for this is Sensitivity (S), defined as the ratio of the fractional change in closed-loop gain
to the fractional change in open-loop gain:

S =
dAf

Af

dA
A

To derive the sensitivity, we differentiate the closed-loop gain formula Af = A
1+Aβ with respect to A:

dAf

dA
= (1 + Aβ) · 1−A · β

(1 + Aβ)2 = 1
(1 + Aβ)2

Substituting this derivative back into the definition of sensitivity yields:

S = dAf

Af
· A

dA
=
[ 1

(1 + Aβ)2

]
· A(

A
1+Aβ

) = 1
1 + Aβ

This pivotal result demonstrates that any percentage variation in the open-loop gain A translates into a significantly
smaller percentage variation in the closed-loop gain Af . Specifically, the variation is divided by the desensitivity factor
(1 + Aβ). For example, if an amplifier has an (1 + Aβ) factor of 100, a massive 50% drop in open-loop gain due to
temperature rise will only cause a negligible 0.5% drop in the closed-loop gain. The amplifier’s performance becomes
incredibly predictable and reliable.

Textbook for 4341105 Milav Dabgar

https://milav.in


Characteristics of Negative Feedback Amplifiers 97

5.6.8 Distortion

All practical amplification stages possess some degree of mathematical non-linearity, especially when amplifying
large-amplitude signals that push transistors toward their saturation or cutoff regions. This non-linearity generates
harmonic distortion (the creation of frequency multiples of the input) and intermodulation distortion (the sum
and difference of mixed frequencies).

Negative feedback serves as an exceptional tool for reducing non-linear distortion generated strictly within the
amplifier itself. Let D represent the total harmonic distortion produced by the basic open-loop amplifier. When
negative feedback is applied, the distortion present at the output, Df , is compressed to:

Df = D

1 + Aβ

The physical mechanism of this reduction is elegant. The feedback network samples the final, distorted output
waveform and feeds a scaled copy back to the input. Because it is a negative feedback loop, this fed-back signal is 180◦

out of phase with the forward signal. The amplifier then processes this inverted distortion signal. As it propagates
forward, it actively cancels out a massive percentage of the original distortion being generated dynamically in the
output stage. The output waveform is mathematically forced to resemble a perfectly linear scaled version of the input
waveform.

5.6.9 Noise

Electronic circuits inevitably generate intrinsic electrical noise. Phenomena such as thermal (Johnson-Nyquist) noise
from resistors and shot noise from semiconductor junctions inject random, unwanted voltage and current fluctuations
into the signal path.

When noise is generated primarily in the later, high-power stages of an amplifier, negative feedback is highly
effective at suppressing it. Let N represent the ambient noise power measured at the output of the open-loop amplifier.
By applying negative feedback, the noise power observed at the output, Nf , is attenuated by the familiar factor:

Nf = N

1 + Aβ

The self-correction principle is identical to that of distortion reduction: the feedback loop samples the noise at the
output, feeds back an inverted, out-of-phase replica to the input, and drives the amplifier’s internal stages to actively
cancel the noise transients.

However, a critical caveat exists. If the noise originates at the very first amplification stage (or if the input signal
itself arrives already contaminated with noise), negative feedback provides zero improvement to the Signal-to-Noise
Ratio (SNR). In these scenarios, the desired signal and the unwanted noise are completely indistinguishable to the
feedback loop. Both are amplified and fed back equally, meaning both are attenuated by the exact same desensitivity
factor (1 + Aβ). Thus, while the absolute magnitude of the noise drops, the relative SNR remains absolutely unchanged.

Key Concept

Distortion and Noise Limitations Negative feedback is miraculously effective at scrubbing out internal non-
linearities, harmonic distortions, and internal noise generated deep within the feedback loop’s forward path.
However, it is structurally incapable of filtering, repairing, or removing distortion and noise that are inherently
present in the external input signal before it reaches the amplifier.

Frequency (Hz)

Gain (dB)

Flat Band 6

fc

Figure 5.13: Frequency Response Curve 6
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Figure 5.14: Harmonic frequency response 6

5.7 Classification of Negative Feedback Amplifiers
In the realm of electronic circuits, applying negative feedback to an amplifier dramatically alters its characteristics. A
feedback amplifier essentially consists of two main parts: a basic amplifier (with an open-loop gain A) and a feedback
network (with a feedback factor β). The feedback network routes a portion of the output signal back to the input.
If this returned signal opposes the original input, it is termed negative feedback. Negative feedback trades raw gain
for highly desirable properties: it stabilizes the overall gain against variations in temperature and component aging,
reduces non-linear distortion, minimizes internal noise, and significantly widens the frequency bandwidth.

However, to leverage these benefits effectively, one must understand how to properly connect the feedback network
to the amplifier. The classification of feedback amplifiers is based entirely on the method of connection at the input
and output ports. The output signal can be sampled either as a voltage (by connecting the feedback network in shunt
or parallel across the load) or as a current (by connecting the feedback network in series with the load). Similarly,
the feedback signal can be mixed with the input signal either in series (resulting in voltage subtraction) or in shunt
(resulting in current subtraction).

Combining these two sampling methods and two mixing methods yields four distinct feedback amplifier topologies:

1. Voltage Series Feedback (Voltage Amplifier)

2. Voltage Shunt Feedback (Transresistance Amplifier)

3. Current Series Feedback (Transconductance Amplifier)

4. Current Shunt Feedback (Current Amplifier)

Key Concept

Concept The standard naming convention for feedback amplifiers follows the format: [Sampling Method]
[Mixing Method]. The first term indicates how the output is sampled (Voltage or Current), and the second
term specifies how the feedback signal is mixed at the input (Series or Shunt).

5.7.1 Voltage Series Feedback Amplifier

Definition

Box[Voltage Series Feedback] A voltage series feedback amplifier samples the output voltage by connecting the
feedback network in parallel (shunt) with the output terminals, and feeds back a proportional voltage in series
with the input signal. This topology stabilizes the voltage gain and is ideally suited for designing true voltage
amplifiers.

The term “voltage amplifier” implies an ideal device that senses a voltage with minimal loading (requiring infinite
input impedance) and delivers a voltage with minimal voltage drop (requiring zero output impedance). Voltage series
feedback pushes a practical amplifier towards this ideal.
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In this configuration, the feedback network senses the output voltage Vo and produces a feedback voltage Vf = βVo,
where β is the feedback factor. This feedback voltage is placed in series with the external signal source Vs. By Kirchhoff’s
Voltage Law (KVL) at the input loop, the effective input voltage to the basic amplifier becomes Vi = Vs − Vf .

Basic Amplifier (A)

Feedback (β)

V +
s

Ii

V −
s

+

−
Vi

+

−
Vf

V +
o

V −
o

Figure 5.15: Block diagram of a Voltage Series Feedback Amplifier.

Mathematical Analysis of Impedances

To rigorously understand why this topology is preferred for voltage amplifiers, let us mathematically derive its input
and output impedances.

1. Input Impedance (Zif ): Without feedback, the input impedance of the basic amplifier is Zi = Vi
Ii

. With
feedback, the input impedance seen by the signal source is defined as Zif = Vs

Ii
. Applying KVL at the input loop yields:

Vs = Vi + Vf

Since the feedback network defines Vf = βVo and the forward amplifier defines Vo = AVi, we can substitute these to get:

Vs = Vi + β(AVi) = Vi(1 + Aβ)

Substituting the basic relationship Vi = IiZi:

Vs = IiZi(1 + Aβ) =⇒ Zif = Vs

Ii
= Zi(1 + Aβ)

This derivation clearly shows that series mixing increases the input impedance by a factor of (1 + Aβ), directly aligning
with the requirement of an ideal voltage amplifier.

2. Output Impedance (Zof ): To find the output impedance with feedback, we suppress the independent source
by setting Vs = 0 and apply a theoretical test voltage Vt at the output terminals, measuring the resulting current
It drawn from the test source. The current It is given by the difference between the test voltage and the internal
dependent voltage source, divided by the basic output impedance:

It = Vt −AVi

Zo

Since Vs = 0, the input voltage is purely the inverted feedback voltage: Vi = −Vf = −βVt. Substituting this into the
current equation provides:

It = Vt −A(−βVt)
Zo

= Vt + AβVt

Zo
= Vt(1 + Aβ)

Zo

Therefore, the output impedance of the overall feedback system is:

Zof = Vt

It
= Zo

1 + Aβ

This demonstrates that voltage sampling decreases the output impedance by a factor of (1 + Aβ), again moving the
circuit closer to an ideal voltage source.

Practical Realization: The Non-Inverting Op-Amp

The quintessential example of a voltage series feedback amplifier is the Non-Inverting Operational Amplifier
circuit. The output voltage is sampled via a resistive voltage divider network consisting of Rf and R1 (which forms
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a parallel connection across the output). The resulting proportional feedback voltage across R1 is applied to the
inverting terminal, acting in series opposition to the main input signal Vin applied at the non-inverting terminal.

5.7.2 Voltage Shunt Feedback Amplifier

Definition

Box[Voltage Shunt Feedback] A voltage shunt feedback amplifier samples the output voltage in parallel (shunt)
and mixes the feedback signal as a current in parallel (shunt) with the input signal. Because it translates an input
current into a stable output voltage, it functions optimally as a transresistance amplifier.

A transresistance amplifier receives an input current and produces a corresponding output voltage. Ideally, it should
offer zero input impedance to absorb all current from the source, and zero output impedance to drive any subsequent
load with a solid, unyielding voltage. The voltage shunt topology successfully modifies the basic amplifier’s intrinsic
impedances to approach this ideal behavior.

In this setup, the feedback network measures the output voltage Vo and translates it into a feedback current
If = βVo. This current is subtracted from the main source current Is at the shared input node. Using Kirchhoff’s
Current Law (KCL) at the input junction, the net input current actually entering the basic amplifier is Ii = Is − If .

Basic Amplifier

Feedback (β)

Is →
Ii →

If ↑

V +
o

V −
o

Figure 5.16: Block diagram of a Voltage Shunt Feedback Amplifier.

Key Characteristics:

• Input Impedance: Shunt mixing divides the input current between the basic amplifier and the feedback network.
This current division essentially acts to decrease the input impedance (Zif = Zi

1+Aβ ).

• Output Impedance: Similar to the voltage series topology, voltage sampling at the output works to stabilize
the output voltage against varying load conditions, which mathematically decreases the output impedance
(Zof = Zo

1+Aβ ).

Sensor Interfacing Constraints

Because voltage shunt feedback significantly lowers the input impedance of the amplifier, it should never be
used in conjunction with high-impedance voltage sources (like piezoelectric transducers). Such a combination
would heavily load the sensitive source, severely attenuating the delicate input signal before amplification even
occurs. However, this extremely low input impedance makes it the perfect choice for conditioning signals from
current-based sensors like photodiodes or photomultiplier tubes.

5.7.3 Current Series Feedback Amplifier

Definition

Box[Current Series Feedback] A current series feedback amplifier samples the output current by connecting the
feedback network in series with the load, and feeds back a proportional voltage in series with the input signal. This
topology forms a transconductance amplifier, yielding a controlled output current that is strictly proportional
to an applied input voltage.
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A transconductance amplifier takes an input voltage and outputs a proportional current. Its ideal form features
infinite input impedance (to prevent loading the driving voltage source) and infinite output impedance (to act as an
ideal, unwavering current source). Current series feedback is utilized to provide exactly these necessary impedance
modifications.

In this architecture, the load current Io flows directly through the feedback network, generating a feedback voltage
Vf = βIo. This voltage is applied in series opposition to the input signal Vs. Consequently, the basic amplifier essentially
acts to convert an input voltage fluctuation into a highly stable output current.

Basic Amplifier

Feedback (β)

V +
s

V −
s

To Load (Io →)

From Load

Figure 5.17: Block diagram of a Current Series Feedback Amplifier.

Key Characteristics:

• Input Impedance: The series mixing introduces a feedback voltage that opposes the input source, reducing the
drawn current. This behaves identically to the voltage series case, effectively increasing the input impedance
(Zif = Zi(1 + Aβ)).

• Output Impedance: Sampling the output current actively stabilizes the current delivered to the load. To
maintain a constant current regardless of the load resistor’s value, the overall circuit must behave more like an
ideal current source, which means it increases the output impedance (Zof = Zo(1 + Aβ)).

A very common discrete transistor implementation of this specific topology is a Common Emitter amplifier configured
with an unbypassed emitter resistor (RE). The resistor RE samples the output emitter current (which is approximately
equal to the collector load current) and provides a series feedback voltage to the base-emitter input loop.

5.7.4 Current Shunt Feedback Amplifier

Definition

Box[Current Shunt Feedback] A current shunt feedback amplifier samples the output current by connecting in
series with the load, and feeds back a proportional current in parallel (shunt) with the input signal. This topology
fundamentally creates an ideal current amplifier.

An ideal current amplifier takes an input current and provides a highly amplified output current. This task requires
zero input impedance (to successfully capture the full input current from the preceding stage without diversion) and
infinite output impedance (to deliver the amplified current independently of the load resistance). Current shunt feedback
realizes these necessary and precise impedance changes.

For a current shunt amplifier, the feedback network monitors the output current Io by sitting in series with the
load. It then derives a proportional feedback current If = βIo. This derived current is subtracted from the original
input signal current Is at the input node.
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Basic Amplifier

Feedback (β)

Is → To Load (Io →)

From Load

Figure 5.18: Block diagram of a Current Shunt Feedback Amplifier.

Key Characteristics:

• Input Impedance: Shunt mixing at the input guarantees that the feedback current diverts away from the
basic amplifier, requiring the overall circuit to have a decreased input impedance (Zif = Zi

1+Aβ ). This ensures the
amplifier effectively acts as a current sink, drawing all available current from a high-impedance current source.

• Output Impedance: Current sampling at the output elevates the output impedance (Zof = Zo(1 + Aβ)),
granting the amplifier the ability to drive vastly varied load resistances with a tightly regulated, constant current.

5.7.5 Summary of Feedback Effects on Amplifier Impedances

Understanding how the specific sampling and mixing mechanisms alter the input and output impedances is paramount
for successful electronic circuit design. The effects of feedback can be summarized and easily remembered through two
universal rules regarding port impedances:

1. Sampling Rules (Affects Output Impedance):

• Voltage Sampling (Shunt connection) actively tries to hold the output voltage constant despite load changes.
This characteristic mathematically mimics an ideal voltage source. Consequently, voltage sampling always
decreases the output impedance.

• Current Sampling (Series connection) actively tries to hold the output current constant. This characteristic
mathematically mimics an ideal current source. Thus, current sampling always increases the output
impedance.

2. Mixing Rules (Affects Input Impedance):

• Series Mixing introduces a feedback voltage that opposes the input voltage, thereby reducing the input
current drawn by the amplifier for a given external input voltage. By Ohm’s law (Z = V/I), drawing less
current implies presenting a higher resistance. Therefore, series mixing increases the input impedance.

• Shunt Mixing introduces a feedback current that diverts away from the amplifier’s active input stage. This
forces the external source to provide a larger total current to maintain the same input voltage. Drawing
more current implies a lower resistance, hence shunt mixing decreases the input impedance.

The following table encapsulates the fundamental properties and ideal use cases of all four negative feedback
topologies:

Topology Amplifier Type Feedback Signal Input Impedance
(Zif )

Output
Impedance (Zof )

Voltage Series Voltage Amplifier Voltage Increases (High) Decreases (Low)

Voltage Shunt Transresistance
Amplifier

Current Decreases (Low) Decreases (Low)

Current Series Transconductance
Amplifier

Voltage Increases (High) Increases (High)

Current Shunt Current Amplifier Current Decreases (Low) Increases (High)

Table 5.2: Comprehensive Summary of Feedback Amplifier Topologies.
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By carefully selecting the appropriate feedback topology, design engineers can meticulously tailor the input and
output impedances of an amplifier stage to perfectly match the strict requirements of adjoining sensor networks, long
transmission lines, or heavy power loads. This precise impedance matching via feedback forms the very cornerstone of
robust and efficient analog electronics design.

[scale=0.9, transform shape] (0,0) node[op amp] (opamp) ; (opamp.-) to[R, l=R1] (-3, 0.5) to[short, -o] (-3.5, 0.5)
node[left] Vin; (opamp.+) node[ground] ; (opamp.out) to[short, -o] (2,0) node[right] Vout; (opamp.-) – (0, 2) to[R,

l=Rf ] (2, 2) -| (opamp.out);

Figure 5.19: Inverting Amplifier Configuration 7

«««< HEAD

AI Image Placeholder
=======

Definition

AI Image Placeholder »»»> origin/paper-solver AI Image: Close-up macro

photograph of a silicon wafer and integrated circuit die 7 «««< HEAD

=======

»»»> origin/paper-solver

Figure 5.20: Silicon IC macro photograph 7

5.8 Voltage Shunt and Current Series Feedback Amplifiers
In the study of linear integrated circuits, negative feedback plays a pivotal role in stabilizing amplifier performance,
reducing distortion, and modifying input and output impedances to suit specific applications. Based on how the
feedback network samples the output signal and mixes it with the input signal, negative feedback amplifiers are broadly
classified into four topologies: Voltage Series, Voltage Shunt, Current Series, and Current Shunt. In this section, we will
thoroughly explore two essential configurations: the Voltage Shunt Amplifier and the Current Series Amplifier.

5.8.1 Understanding the Feedback Mechanism

Before delving into the specific amplifier types, it is crucial to understand the terminology used in feedback topologies.
The first term (Voltage or Current) refers to the type of signal being sampled at the output. The second term (Series
or Shunt) refers to how the feedback signal is mixed with the input signal.

Key Concept

Concept Sampling and Mixing Rules:

• Voltage Sampling (Node Sampling): The output voltage is sampled by connecting the feedback network
in parallel (shunt) with the load. This tends to decrease the output resistance.

• Current Sampling (Loop Sampling): The output current is sampled by connecting the feedback network
in series with the load. This tends to increase the output resistance.

• Series Mixing: The feedback signal is a voltage subtracted from the input voltage in series. This tends to
increase the input resistance.

• Shunt Mixing: The feedback signal is a current subtracted from the input current in parallel (shunt). This
tends to decrease the input resistance.
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5.8.2 Voltage Shunt Feedback Amplifier

The Voltage Shunt Feedback Amplifier samples the output voltage and feeds a portion of it back to the input as a
current in parallel (shunt) with the input signal. Because the input is a current and the output is a voltage, the basic
amplifier acts as a transresistance amplifier.

Definition

Box[Voltage Shunt Amplifier] A feedback amplifier configuration where the output voltage is sampled in parallel
and the feedback signal is mixed in parallel (shunt) with the input current. It is primarily used to convert an
input current into a proportional output voltage, functioning as a transresistance amplifier.

Circuit Configuration and Block Diagram

In a voltage shunt topology, the feedback network is connected in parallel with both the output (sampling) and the
input (mixing). Let us visualize the conceptual flow:

Basic Amplifier (Rm)

Feedback Network (β)

Is

Ii Output
Vo

If

Figure 5.21: Block Diagram of a Voltage Shunt Feedback Amplifier

Here, the input signal is a current source Is. The feedback network provides a feedback current If proportional to
the output voltage Vo, such that If = βVo. The effective input current to the basic amplifier is Ii = Is − If .

Characteristics of Voltage Shunt Amplifier

The application of voltage-shunt negative feedback drastically alters the characteristics of the basic amplifier:

1. Transresistance Gain (Rmf ): The basic amplifier has a transresistance gain Rm = Vo/Ii. With feedback, the
overall closed-loop transresistance gain becomes:

Rmf = Vo

Is
= Rm

1 + βRm

This equation shows that the gain is reduced by a factor of (1 + βRm), which represents the desensitivity factor.
This reduction brings high stability to the amplifier against temperature and component variations.

2. Input Resistance (Rif ): Due to the shunt mixing at the input, the effective input impedance is reduced. If Ri

is the input resistance of the basic amplifier without feedback, the new input resistance is:

Rif = Ri

1 + βRm

A lower input resistance makes this amplifier an ideal current receiver, as it draws all the current from the
preceding stage without significant voltage drop.

3. Output Resistance (Rof ): Because the feedback network samples the output voltage in parallel, the output
resistance is decreased.

Rof = Ro

1 + βRm

A low output resistance is exactly what an ideal voltage source requires to drive varying loads without voltage
degradation.
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Practical Example: Inverting Operational Amplifier

A classic real-world implementation of the voltage shunt topology is the standard inverting configuration of an
operational amplifier. The feedback resistor (Rf ) connects the output voltage back to the inverting input terminal
(virtual ground). The input voltage is converted into an input current by a series resistor (R1). At the inverting
node, the input current and feedback current mix in parallel. This circuit provides extremely low output impedance
and highly stable voltage gain, heavily dictated by the external passive components (Rf and R1).

5.8.3 Current Series Feedback Amplifier

The Current Series Feedback Amplifier samples the output current and feeds back a proportional voltage in series
with the input signal. Since the true input is a voltage and the controlled output is a current, the basic amplifier serves
as a transconductance amplifier.

Definition

Box[Current Series Amplifier] A feedback amplifier configuration where the output current is sampled in series
with the load, and the resulting feedback signal is mixed in series with the input voltage. It functions as a
transconductance amplifier, converting an input voltage into a proportional output current.

Circuit Configuration and Block Diagram

In a current series topology, the feedback network is connected in series with the load to measure the current, and in
series with the input source to subtract the feedback voltage.

Basic Amplifier (Gm)

Feedback Network (β)

Vs

Vi Load (RL)
Io

Vf

Figure 5.22: Block Diagram of a Current Series Feedback Amplifier

Here, the basic amplifier provides a transconductance Gm = Io/Vi. The feedback network senses the output current
Io and produces a feedback voltage Vf = βIo. The mixing network subtracts Vf from the source voltage Vs such that
the actual input to the amplifier is Vi = Vs − Vf .

Characteristics of Current Series Amplifier

Applying current-series negative feedback alters the amplifier’s input and output impedances to approximate an ideal
voltage-to-current converter.

1. Transconductance Gain (Gmf ): The overall closed-loop transconductance gain is given by:

Gmf = Io

Vs
= Gm

1 + βGm

Similar to other negative feedback systems, the gain is stabilized and becomes largely independent of the basic
amplifier’s internal parameter variations. If βGm ≫ 1, the transconductance becomes approximately 1/β, solely
dependent on the stable passive components of the feedback network.

2. Input Resistance (Rif ): Series mixing at the input increases the input impedance. The new input resistance is:

Rif = Ri(1 + βGm)

An increased input resistance is highly desirable as it minimizes the loading effect on the preceding voltage source,
ensuring that almost the entire source voltage Vs appears across the input terminals.
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3. Output Resistance (Rof ): Current sampling effectively increases the output impedance.

Rof = Ro(1 + βGm)

A very high output resistance characterizes an ideal current source. This ensures that the output current Io

remains constant regardless of variations in the load resistance.

Stability and Gain Trade-off

While negative feedback significantly improves parameters like bandwidth, noise reduction, and impedance levels,
it fundamentally trades off raw gain for stability. Designers must ensure that the basic amplifier has a sufficiently
high open-loop gain to accommodate this reduction while still meeting the desired closed-loop specifications.

5.8.4 Comparison and Summary

To consolidate our understanding, it is helpful to compare the two configurations side-by-side. The differences lie
fundamentally in what variable they are designed to amplify and how they interface with external sources and loads.

Parameter Voltage Shunt Amplifier Current Series Amplifier
Amplifier Type Transresistance (Current to Voltage) Transconductance (Voltage to Cur-

rent)
Sampled Signal Voltage (Shunt connection) Current (Series connection)
Mixed Signal Current (Shunt connection) Voltage (Series connection)
Input Resistance (Rif ) Decreases (Ri/(1 + βRm)) Increases (Ri(1 + βGm))
Output Resistance (Rof ) Decreases (Ro/(1 + βRm)) Increases (Ro(1 + βGm))
Ideal Source Current Source Voltage Source
Ideal Application Current-to-Voltage Converter (e.g.,

Photodiode amplifier)
Voltage-to-Current Converter (e.g.,
LED driver)

Table 5.3: Comparison of Voltage Shunt and Current Series Feedback Amplifiers

In conclusion, the Voltage Shunt Amplifier is optimized for receiving current and delivering a stable voltage,
characterized by low input and low output impedances. Conversely, the Current Series Amplifier is tailored to accept
a voltage and deliver a stable, precise current, characterized by high input and high output impedances. Understanding
these distinct topologies allows engineers to select the appropriate feedback mechanism when designing complex linear
integrated circuits.

[scale=0.9, transform shape] (0,0) node[op amp] (opamp) ; (opamp.-) to[R, l=R1] (-3, 0.5) node[ground] ; (opamp.+)
to[short, -o] (-2, -0.5) node[left] Vin; (opamp.out) to[short, -o] (2,0) node[right] Vout; (opamp.-) – (0, 2) to[R, l=Rf ] (2,

2) -| (opamp.out);

Figure 5.23: Non-Inverting Amplifier Configuration 4
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Figure 5.24: Detailed 3D circuit illustration 4
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5.9 Advantages and Disadvantages of Negative Feedback
In the realm of electronic circuits, particularly in the design of linear integrated circuits and amplifiers, feedback is an
indispensable concept. Feedback refers to the process of returning a fraction of the output signal of a system back to its
input. When this returned signal opposes the original input signal, the configuration is known as negative feedback
or degenerative feedback.

Definition

Box[Negative Feedback] Negative feedback occurs when a portion of the output signal (voltage or current) is fed
back to the input in such a way that it subtracts from the original input signal. This phase inversion (typically
180◦ out of phase with the input) results in an effective input signal that is smaller than the externally applied
source signal.

Although intentionally reducing the gain of an amplifier might initially seem counterproductive, negative feedback is
the cornerstone of modern analog circuit design. It is employed in nearly all high-fidelity audio amplifiers, operational
amplifiers (Op-Amps), and precision instrumentation systems. The deliberate sacrifice of voltage or current gain is
handsomely rewarded with profound improvements in other critical amplifier characteristics.

Real-World Analogy: Driving a Car on a Highway

Consider the act of driving a car in a straight lane. The car represents the amplifier, the desired path is the input
signal, and the driver’s visual observation is the feedback network. If a gust of wind pushes the car to the right
(an unwanted external disturbance), the driver notices this deviation (error signal) and turns the steering wheel to
the left (negative feedback). This corrective action directly opposes the deviation, keeping the car stable and on
track. Without this continuous, opposing correction, the car would easily drift off the road. Similarly, negative
feedback continuously corrects deviations in an electronic amplifier’s output.

To systematically analyze the effects of negative feedback, let us first establish a general block diagram representing
this architecture.

Vin Σ
Basic Amplifier

Gain (A) Vout

Feedback Network
Factor (β)

+ Vd = Vin − Vf

−

Vf = βVout

Figure 5.25: Block diagram of an amplifier with negative feedback.

In this fundamental block diagram, Vin is the external input signal, Vout is the output signal, A represents the
open-loop gain of the basic amplifier, and β (beta) represents the feedback factor—the fraction of the output signal
that is fed back to the input. The summing junction (Σ) generates the difference signal or error signal Vd = Vin − Vf ,
which then drives the amplifier. The overall closed-loop gain with feedback is denoted as Af and is given by the classic
feedback equation:

Af = A

1 + Aβ

The term (1 + Aβ) is known as the amount of feedback or the desensitivity factor.

5.9.1 Advantages of Negative Feedback

The introduction of negative feedback transforms the behavior of an amplifier, offering several substantial engineering
advantages. Let us explore these benefits in detail.

1. Stabilization of Gain (Gain Desensitivity)

The most significant advantage of negative feedback is the stabilization of the amplifier’s voltage gain. The open-loop
gain A of an active device (like a BJT, MOSFET, or an Op-Amp) is highly dependent on operating temperature,
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manufacturing variations (such as differences in hfe or βDC of transistors), and power supply voltage fluctuations.
By applying negative feedback, the closed-loop gain Af becomes highly insensitive to these variations. If we design

the circuit such that the loop gain magnitude is much greater than 1 (Aβ ≫ 1), the closed-loop gain equation simplifies
dramatically:

Af = A

1 + Aβ
≈ A

Aβ
= 1

β

This remarkable result indicates that the overall gain of the amplifier is no longer dependent on the highly variable
active components inside the amplifier (A). Instead, it depends almost entirely on the feedback factor β. Because the
feedback network is typically constructed from highly stable, precise passive components (like high-tolerance resistors),
the overall amplifier gain becomes exceedingly stable and predictable over a wide range of conditions.

2. Reduction of Nonlinear Distortion

All amplifying devices exhibit some degree of non-linearity, particularly when handling large signal swings. This
non-linearity generates harmonic distortion, introducing frequencies at the output that were not present at the input.

Negative feedback fundamentally linearizes the transfer characteristics of an amplifier. If a distortion component D
is generated internally within the amplifier stages, negative feedback takes a sample of this distorted output, inverts it,
and feeds it back to the input. This inverse distortion signal effectively pre-distorts the input in a way that cancels out
a large portion of the internally generated distortion. Mathematically, the distortion with feedback (Df ) is reduced by
the desensitivity factor:

Df = D

1 + Aβ

This results in a cleaner, higher-fidelity output, explaining why negative feedback is a mandatory feature in high-quality
audio amplifiers and precision signal generators.

3. Reduction of Noise

Similar to distortion, electronic amplifiers inevitably introduce internal noise (such as thermal noise or shot noise). If
the noise is introduced in the later stages of the amplifier (which is often the case with power stages), negative feedback
helps suppress it. The noise voltage at the output is reduced by the factor (1 + Aβ).

However, it is crucial to note that negative feedback does not significantly improve the signal-to-noise ratio if the
noise is introduced at the very first stage of the amplifier. This is because the feedback network attenuates both the
original signal and the early-stage noise equally, keeping their ratio unchanged.

4. Modification of Input and Output Impedances

Negative feedback provides designers with a powerful tool to tailor the input and output impedances of an amplifier to
suit specific load and source matching requirements. The effect on impedance depends entirely on the topology of the
feedback connection. There are four basic topologies:

• Voltage-Series Feedback: Samples output voltage and mixes the feedback signal in series with the input. It
increases input impedance and decreases output impedance. This is ideal for designing an ideal voltage amplifier
(like an Op-Amp in a non-inverting configuration).

• Voltage-Shunt Feedback: Samples output voltage and mixes the feedback signal in parallel (shunt) with the
input. It decreases input impedance and decreases output impedance. This topology is used for transresistance
amplifiers.

• Current-Series Feedback: Samples output current and mixes the feedback signal in series. It increases input
impedance and increases output impedance. This creates a transconductance amplifier.

• Current-Shunt Feedback: Samples output current and mixes the feedback signal in parallel. It decreases input
impedance and increases output impedance. This forms an ideal current amplifier.

Key Concept

Concept As a general rule of thumb: "Series mixing increases input impedance, while shunt mixing decreases input
impedance. Voltage sampling decreases output impedance, while current sampling increases output impedance."
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5. Extension of Bandwidth

Amplifiers inherently have a limited frequency response, defined by a lower cut-off frequency (fL) and an upper cut-off
frequency (fH). The bandwidth (BW ) is the difference between them (BW = fH − fL ≈ fH).

In any given amplifier topology, the Gain-Bandwidth Product (GBW) remains approximately constant. Since
negative feedback reduces the overall midband gain by a factor of (1 + Aβ), it simultaneously increases the bandwidth
by the exact same factor. With negative feedback, the new cut-off frequencies become:

fHf = fH(1 + Aβ)

fLf = fL

1 + Aβ

The new bandwidth BWf is substantially wider, allowing the amplifier to operate uniformly over a much broader range
of frequencies.

5.9.2 Disadvantages of Negative Feedback

Despite its overwhelming benefits, negative feedback is not without drawbacks. Engineers must carefully navigate these
disadvantages during the design process to ensure reliable operation.

1. Reduction in Overall Gain

The most direct and unavoidable consequence of negative feedback is the loss of voltage or current gain. The closed-loop
gain Af is always less than the open-loop gain A. To compensate for this reduction and achieve a desired final output
level, designers must often cascade additional amplifier stages.

Gain Compensation

Consider a sensor that requires an amplification of 1000. A single transistor stage might provide a gain of 1000
without feedback, but it would suffer from severe temperature drift and distortion. By applying negative feedback
with a factor of (1 + Aβ) = 10, the gain drops to 100, but it becomes highly stable and linear. To solve the gain
deficit, the engineer must now add a second pre-amplifier stage to regain the missing factor of 10, reaching the
overall target gain of 1000.

2. Potential for High-Frequency Instability

This is arguably the most critical and challenging disadvantage of negative feedback. The simple equation Af = A
1+Aβ

implicitly assumes that A and β are real, constant numbers. In reality, active devices and stray capacitances cause the
amplifier to introduce a phase shift at higher frequencies.

At a sufficiently high frequency, the internal phase shift of the basic amplifier can reach exactly 180◦. If this happens,
the deliberate 180◦ phase inversion of the negative feedback network combines with the amplifier’s internal 180◦ phase
shift, resulting in a total phase shift of 360◦ (which is mathematically equivalent to 0◦). At this precise frequency, the
feedback abruptly transitions from negative to positive.

The Barkhausen Criterion

If the loop gain magnitude |Aβ| is greater than or equal to 1 at the exact frequency where the phase shift
becomes 360◦ (0◦), the amplifier will satisfy the Barkhausen Criterion for oscillation. The amplifier will become
violently unstable and begin generating its own continuous high-frequency output signal (turning into an oscillator),
rendering it completely useless as a linear amplifier.

To prevent this severe instability, engineers must implement frequency compensation techniques. This often
involves adding dominant-pole compensation capacitors (like those internally built into the standard 741 Op-Amp) to
roll off the gain predictably, ensuring |Aβ| < 1 well before the phase shift reaches the critical 180◦ threshold.

3. Increased Circuit Complexity and Cost

The necessity for a precisely calculated feedback network, the potential need for extra amplifying stages to make up for
lost gain, and the mandatory inclusion of frequency compensation circuitry all contribute to increased overall design
complexity. This naturally translates to a higher component count, increased printed circuit board (PCB) real estate,
and ultimately, a higher manufacturing cost for the final product.
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5.9.3 Summary of Feedback Trade-offs

To effectively summarize the profound impact of negative feedback on amplifier characteristics, we can observe the
direct relationships and trade-offs presented in the comparison table below.

Parameter Without Feedback (Open-Loop) With Negative Feedback
(Closed-Loop)

Voltage Gain (A) High, but extremely unstable Reduced (Af = A
1+Aβ ), but highly

stable
Bandwidth (BW ) Narrow Extended (BWf = BW × (1 + Aβ))
Harmonic Distortion High Significantly reduced by factor

(1 + Aβ)
Internal Noise High Suppressed in intermediate and

output stages
Input/Output Impedance Dependent on native device physics Can be drastically increased or

decreased based on sampling and
mixing topology

Stability Margin Generally stable Prone to high-frequency oscillation if
uncompensated

Table 5.4: Comparison of fundamental amplifier parameters with and without negative feedback.

In conclusion, negative feedback is the quintessential engineering trade-off in electronics. The sacrifice of raw
gain is considered a very small price to pay in exchange for the profound enhancements in linearity, flat frequency
response, predictability, stability, and impedance control. A deep understanding of these advantages and disadvantages
is foundational to the study and practical design of Linear Integrated Circuits and modern electronic systems.
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Figure 5.26: Feedback Loop Block Diagram 1
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Figure 5.27: Blueprint and signal traces visualization 1
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5.10 Oscillators (Positive Feedback)

5.11 Use of Positive Feedback in Oscillators

5.11.1 Introduction to Feedback Systems

In electronic circuits, feedback is the process by which a fraction of the output signal is returned, or "fed back," to
the input. Feedback systems are broadly classified into two categories based on the phase relationship between the
feedback signal and the original input signal: negative feedback and positive feedback.

While negative feedback (where the returned signal is out of phase with the input) is extensively used in amplifiers
to stabilize gain, increase bandwidth, and reduce distortion, it intrinsically opposes the input signal. On the other
hand, positive feedback plays a foundational role in the design and operation of oscillators. In a positive feedback
system, the returned signal is in phase with the original input signal, reinforcing it. This reinforcement is the core
mechanism that allows an oscillator to generate a continuous output waveform without any external input signal.

Definition

Box[Positive Feedback] Positive feedback, also known as regenerative feedback, occurs when the feedback signal
returned from the output to the input of a system is precisely in phase with the original input signal. This leads to
an addition of the signals, effectively increasing the overall effective input and subsequently increasing the output.

5.11.2 The Mechanism of Oscillation

An oscillator is an electronic circuit that generates a periodic, oscillating electrical signal—typically a sine wave, square
wave, or triangle wave. Unlike an amplifier, which requires an external AC signal to produce an output, an oscillator
operates entirely on its DC power supply. The key to this self-sustaining generation of AC signals from a DC source is
positive feedback.

When an oscillator circuit is first powered on, random noise voltages (such as thermal noise) are inherently present
in the circuit components. This noise contains a wide spectrum of frequencies. The feedback network within the
oscillator is designed to be highly frequency-selective, meaning it will only return signals of a specific desired frequency,
denoted as f0, back to the amplifier’s input in the correct phase.

As the amplifier processes this tiny noise signal at f0, it amplifies it and sends it to the output. The feedback
network takes a fraction of this output and feeds it back to the input. Because the feedback is positive, it adds to the
initial noise signal. This larger input is amplified again, resulting in an even larger output. This regenerative process
continues, and the signal amplitude builds up rapidly until it is eventually limited by the non-linearities of the active
device (like saturation of a transistor or an op-amp), resulting in a steady-state oscillatory output.

Key Concept

Concept Oscillators are essentially amplifiers that provide their own input signal. They achieve this by utilizing a
positive feedback loop that selectively reinforces a specific frequency, allowing a microscopic noise signal to grow
into a stable, continuous output waveform.

5.11.3 Block Diagram of a Feedback Oscillator

To understand the mathematical conditions required for oscillation, we must analyze the basic block diagram of a
feedback oscillator. The system consists of two primary blocks:

• Basic Amplifier (Gain block): Provides a forward voltage gain denoted by A.

• Feedback Network: A frequency-selective circuit that returns a fraction of the output voltage back to the
input. The feedback factor (or feedback ratio) is denoted by β.
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Σ Basic Amplifier
Gain = A

Feedback
Network

Factor = β

Vin Vout
+ Vi

+

Vf = βVout

Figure 5.28: Block Diagram of a Positive Feedback System

In this setup, let Vin be an external input voltage (which is zero in a functioning oscillator). The actual input to the
amplifier is Vi. The output voltage is Vout. The feedback voltage Vf is derived from the output such that Vf = βVout.

For a positive feedback system, the effective input to the amplifier is the sum of the external input and the feedback
signal:

Vi = Vin + Vf

Substituting Vf = βVout, we get:
Vi = Vin + βVout

Since the basic amplifier has a gain A, the output voltage is:

Vout = AVi

Substituting the expression for Vi into the output equation gives:

Vout = A(Vin + βVout)

Vout −AβVout = AVin

Vout(1−Aβ) = AVin

The overall closed-loop gain Af of the system is defined as the ratio of output voltage to input voltage:

Af = Vout

Vin
= A

1−Aβ

The term Aβ is known as the loop gain. It represents the total gain experienced by a signal as it travels completely
around the feedback loop (through the amplifier and then through the feedback network).

5.11.4 The Barkhausen Criterion

For an oscillator to function, it must produce an output without any external input. Mathematically, this means Vout

must be finite even when Vin = 0. Looking at our closed-loop gain equation, for Af to approach infinity (which allows
a finite output for zero input), the denominator must approach zero:

1−Aβ = 0 =⇒ Aβ = 1

This critical condition is known as the Barkhausen criterion. It defines the exact requirements for a circuit to
sustain continuous oscillations. The Barkhausen criterion consists of two distinct conditions that must be satisfied
simultaneously at the desired frequency of oscillation, f0.

Definition

Box[Barkhausen Criterion] For a linear system to produce sustained oscillations at a specific frequency f0, the
loop gain Aβ must satisfy two conditions:

1. Magnitude Condition: The magnitude of the loop gain must be equal to unity (1).

|Aβ| = 1

2. Phase Condition: The total phase shift around the closed loop must be 0◦ or an integer multiple of 360◦

(2πn radians, where n = 0, 1, 2, . . . ).
∠Aβ = 0◦ or 360◦
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Understanding the Magnitude Condition

The magnitude condition |Aβ| = 1 ensures that the signal amplitude remains constant over time.

• If |Aβ| < 1, the feedback signal is smaller than the original signal. The oscillations will exponentially decay and
eventually die out. This is known as a damped oscillation.

• If |Aβ| > 1, the feedback signal is larger than the original signal. The amplitude of oscillations will grow
continuously. While necessary for starting the oscillator, if left unchecked, the signal will eventually distort and
clip against the power supply rails.

• When |Aβ| = 1, exactly the same amount of energy lost in the circuit’s resistive components is replaced by the
amplifier, resulting in a perfect, sustained sinusoidal wave of constant amplitude.

In practical oscillator design, the circuit is initially set up such that |Aβ| > 1 to allow oscillations to build up
from noise. As the amplitude increases, the non-linear characteristics of the amplifier cause the gain A to decrease
automatically until an equilibrium is reached precisely at |Aβ| = 1.

Understanding the Phase Condition

The phase condition ∠Aβ = 0◦ is what technically defines the feedback as "positive." It ensures that the feedback signal
arrives at the input exactly in sync with the signal already present there. If there is any phase difference, the feedback
signal would partially cancel the input, reducing the gain and preventing sustained oscillation.

Often, an inverting amplifier is used, which intrinsically introduces a phase shift of 180◦. To satisfy the Barkhausen
phase condition, the feedback network must then be designed to introduce an additional 180◦ phase shift at the desired
frequency f0. The total loop phase shift becomes 180◦ + 180◦ = 360◦ (which is equivalent to 0◦), ensuring positive
feedback.

Phase Shift in an RC Phase-Shift Oscillator

Consider an RC phase-shift oscillator built using an operational amplifier in an inverting configuration. The
op-amp provides a phase shift of 180◦. The feedback network consists of three cascaded RC high-pass filter sections.
Each RC section is designed to provide a phase shift of exactly 60◦ at the target frequency f0. Thus, the three
sections together provide 60◦ × 3 = 180◦. The total loop phase shift is 180◦ (from the op-amp) +180◦ (from the
RC network) = 360◦, successfully fulfilling the Barkhausen phase criterion and enabling oscillation.

Frequency Stability

While positive feedback is necessary for oscillation, it is highly sensitive to changes in component values. Variations
in temperature, aging of components, or power supply fluctuations can alter the phase shift of the feedback
network, causing the frequency of oscillation to drift. To mitigate this, highly stable components like quartz
crystals are often used in the feedback path, providing a very sharp phase-frequency response that "locks" the
oscillator to a precise frequency.

5.11.5 Summary of Oscillator Classifications Based on Feedback Component

Oscillators employing positive feedback are categorized by the components used in their frequency-determining feedback
networks. The choice of network dictates the typical frequency range and stability of the oscillator.

Table 5.5: Classification of Positive Feedback Oscillators

Oscillator Type Characteristics and Applications
RC Oscillators Utilize Resistors (R) and Capacitors (C) in the feedback network. Best suited

for low-frequency applications (audio frequencies up to a few hundred kHz).
Examples include the Wien Bridge and Phase-Shift oscillators.

LC Oscillators Utilize Inductors (L) and Capacitors (C) in a tuned tank circuit. Ideal for
high-frequency applications (Radio Frequency or RF). Examples include Hartley,
Colpitts, and Clapp oscillators.

Crystal Oscillators Utilize a piezoelectric quartz crystal as the primary feedback component. The
crystal behaves electrically as an extremely high-Q LC circuit. Provides un-
paralleled frequency stability and precision. Widely used in microcontrollers,
watches, and communication systems.
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The fundamental principle across all these variations remains identical: harnessing positive feedback to satisfy the
Barkhausen criterion, thereby transforming a direct current power source into a continuous alternating current signal.

Power On 17 Amplifier Gain Frequency Selection

Figure 5.29: Oscillator Principle Flowchart 17
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5.12 Barkhausen’s Criteria for Oscillation

5.12.1 Introduction to Feedback and Oscillators

An oscillator is an electronic circuit that generates a periodic, oscillating electronic signal, often a sine wave, square
wave, or triangle wave, without the need for any external input signal. Unlike amplifiers, which require an external
AC signal to produce an amplified output, oscillators convert DC power from a power supply into an AC signal. This
self-sustaining generation of periodic signals is achieved through the clever application of positive feedback.

In any feedback system, a portion of the output signal is sampled and fed back to the input. If the feedback signal
is out of phase with the input (typically by 180◦), the overall gain of the system is reduced; this is known as negative
feedback, which is extensively used in amplifiers to improve stability, linearity, and bandwidth. Conversely, if the
feedback signal is in phase with the input signal, it reinforces the input. This is known as positive feedback. Oscillators
rely fundamentally on positive feedback to sustain their output.

However, simply having positive feedback is not sufficient to guarantee stable, sustained oscillations. The feedback
must satisfy specific mathematical conditions related to its magnitude and phase. These precise conditions were
formulated by the German physicist Heinrich Georg Barkhausen in 1921 and are collectively known as Barkhausen’s
Criteria.

Key Concept

Concept[The Role of Positive Feedback] Positive feedback is the foundational mechanism of an oscillator. By
continuously feeding back a signal that is perfectly in phase with the original disturbance, the circuit sustains the
signal indefinitely without external inputs. The oscillator effectively acts as an amplifier with infinite closed-loop
gain at the frequency of oscillation.

5.12.2 The Generalized Feedback Amplifier Model

To understand Barkhausen’s criteria mathematically, we must examine a standard feedback amplifier model. Consider
a basic amplifier block with an open-loop voltage gain denoted by A. The output of this amplifier is Vout. A portion of
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this output is fed back to the input through a feedback network characterized by a feedback factor, or feedback transfer
function, denoted by β.

Let the external input signal be Vin and the feedback signal be Vf . The feedback signal is given by:

Vf = βVout

In a positive feedback configuration, the feedback signal Vf is added to the external input signal Vin to produce the
error signal Vϵ (or the effective input to the amplifier):

Vϵ = Vin + Vf

The output of the basic amplifier is simply its open-loop gain multiplied by the error signal:

Vout = A · Vϵ = A(Vin + Vf )

Substituting Vf = βVout into the equation:

Vout = A(Vin + βVout)

Vout = AVin + AβVout

Vout(1−Aβ) = AVin

The closed-loop voltage gain of the system with positive feedback, denoted as Af , is the ratio of the output voltage
to the external input voltage:

Af = Vout

Vin
= A

1−Aβ

The term Aβ is known as the loop gain. It represents the total gain of the signal as it travels once around the
entire feedback loop (through the amplifier and then through the feedback network).

Definition

Box[Loop Gain (Aβ)] The loop gain, mathematically expressed as Aβ, is the product of the basic amplifier’s
open-loop gain (A) and the feedback network’s transfer function (β). It represents the complex voltage gain that
a signal experiences when traveling exactly once around the closed feedback loop. Both A and β are generally
complex quantities that vary with frequency.

5.12.3 Deriving Barkhausen’s Criteria

For an oscillator to function, it must generate an output signal Vout even when there is no external input signal
(Vin = 0).

Looking at the closed-loop gain equation:
Vout = A · Vin

1−Aβ

If we set the external input Vin = 0, the only way for the output Vout to be finite and non-zero is if the denominator
of the transfer function is exactly zero. Mathematically, this implies:

1−Aβ = 0

Aβ = 1
This simple yet profound equation is the core of Barkhausen’s criteria. Since the amplifier gain A and the feedback

factor β are generally complex functions of frequency (i.e., they affect both the amplitude and the phase of the signal),
the condition Aβ = 1 is a complex equation. It can be separated into two distinct conditions: one for magnitude and
one for phase.

1. The Magnitude Condition

The magnitude of the loop gain must be exactly equal to unity (1).

|Aβ| = 1

or
|A| · |β| = 1

Physical Significance: This condition states that the amplifier must provide exactly enough gain to compensate
for the losses introduced by the feedback network. If the feedback network attenuates the signal by a factor of 1/10
(i.e., |β| = 0.1), the amplifier must provide a voltage gain of exactly 10 (|A| = 10) so that the product is 1. When this
condition is met, a signal of a certain amplitude traversing the loop will return to its starting point with the exact
same amplitude, thus sustaining a constant-amplitude oscillation.
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2. The Phase Condition

The total phase shift around the closed loop must be an integer multiple of 360◦ (or 2π radians).

∠(Aβ) = 0◦, 360◦, 720◦, . . .

or
∠(Aβ) = 2πn radians, where n = 0, 1, 2, . . .

Physical Significance: This condition ensures that the feedback is positive. When the signal travels through the
amplifier and the feedback network, it may experience phase shifts. For the feedback signal to perfectly reinforce the
original signal at the input, it must arrive exactly in phase. A phase shift of 0◦, 360◦, or any multiple of 360◦ ensures
that the peaks and troughs of the fed-back wave align perfectly with the virtual input wave, causing constructive
interference that sustains the oscillation.

Phase Shift in Common Emitter Amplifiers

In practical oscillator circuits, the basic amplifier is often an inverting amplifier, such as a Common Emitter BJT
or Common Source FET amplifier. An inverting amplifier inherently introduces a 180◦ phase shift. To satisfy
Barkhausen’s phase condition of 360◦, the feedback network must therefore introduce an additional 180◦ phase
shift at the desired frequency of oscillation.

5.12.4 Startup Conditions and Sustained Oscillations

While the strict Barkhausen criterion (|Aβ| = 1) describes the condition for perfectly steady, sustained oscillations, a
critical question arises: How does the oscillation start in the first place when Vin = 0?

In reality, there is no need for a deliberate external input. When a circuit is powered on, ambient thermal noise
(Johnson-Nyquist noise) and power supply transients provide a broad spectrum of microscopic noise signals. This noise
contains virtually all frequencies. The feedback network is designed to be frequency-selective (like an LC tank or an
RC phase-shift network). It filters this broadband noise, heavily favoring the specific frequency f0 where the phase
condition (∠Aβ = 360◦) is met.

However, if we strictly set |Aβ| = 1 at startup, the microscopic noise signal at f0 will merely be sustained at its
initial microscopic amplitude. To ensure that the oscillations grow from microscopic noise to a useful macroscopic level,
the initial loop gain must be slightly greater than unity.

Therefore, the practical conditions for an oscillator are divided into two phases:

• Startup Condition: |Aβ| > 1. The loop gain must be strictly greater than 1. When this is true, the tiny noise
signal is amplified slightly more than it is attenuated in every pass through the loop. Consequently, the amplitude
of the oscillation grows exponentially over time.

• Steady-State Condition: |Aβ| = 1. As the amplitude of the signal grows, it eventually reaches the limits of
the amplifier’s linear operating region. Non-linearities within the active device (like saturation and cutoff in a
transistor) begin to reduce the effective gain A as the signal swing becomes large. The amplitude continues to
grow until the effective loop gain reduces to exactly 1. At this point, the amplitude stabilizes, and steady-state
oscillation is achieved, strictly obeying Barkhausen’s original criterion.

Key Concept

Concept[Amplitude Limiting] No physical oscillator can have an exponentially growing amplitude forever. Every
practical oscillator relies on the inherent non-linearities of its active components (or deliberate amplitude stabiliza-
tion circuits, like diodes or thermistors) to automatically reduce the gain as the amplitude increases, ensuring that
the system settles into an equilibrium where |Aβ| = 1.

5.12.5 Application Example: The Phase-Shift Oscillator

To solidify our understanding, let us apply Barkhausen’s criteria to a classic RC phase-shift oscillator.
Consider an inverting amplifier (such as a standard op-amp in an inverting configuration) with a gain of −A. This

amplifier provides an intrinsic phase shift of 180◦.
The feedback network consists of three cascaded RC high-pass filter sections. Each RC section is capable of providing

a phase shift between 0◦ and 90◦ depending on the frequency. To satisfy Barkhausen’s phase criterion of 360◦ total
phase shift, the three RC sections must collectively provide the remaining 180◦ phase shift.
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Analyzing the RC Phase-Shift Oscillator

1. Phase Condition: For the three RC sections to provide exactly 180◦ of phase shift, each section must
contribute approximately 60◦ (though mathematically, due to loading effects between the cascaded stages, the
precise frequency is derived from the overall transfer function). Solving the transfer function for the imaginary
part to be zero yields the frequency of oscillation:

f0 = 1
2πRC

√
6

At this specific frequency f0, the feedback network introduces a precise 180◦ phase shift. Added to the amplifier’s
180◦, the total loop phase shift is 360◦, satisfying the phase criterion.
2. Magnitude Condition: At the oscillation frequency f0, the attenuation of the three-stage RC feedback
network can be calculated as:

|β| = 1
29

According to Barkhausen’s magnitude criterion, for sustained oscillations, |Aβ| ≥ 1. Therefore:

|A| ·
( 1

29

)
≥ 1 =⇒ |A| ≥ 29

This means the inverting amplifier must be designed to have a voltage gain of at least 29 to compensate for the
severe signal loss through the RC network. If the gain is slightly higher (e.g., 30 or 31), oscillations will reliably
start and then stabilize due to non-linearities.

5.12.6 Significance and Limitations

Barkhausen’s criteria provide the fundamental mathematical foundation for designing and analyzing all linear (harmonic)
oscillators, including LC tuned oscillators (Hartley, Colpitts), RC oscillators (Wien Bridge, Phase-shift), and Crystal
oscillators.

However, it is important to note the limitations. Barkhausen’s criteria are strictly applicable only to linear
systems. Since practical oscillators rely on non-linearities for amplitude stabilization, the criteria are technically only
an approximation used for the linear startup phase and for determining the precise frequency of oscillation. Advanced
analyses, such as the describing function method, are sometimes required to precisely determine the steady-state
harmonic distortion and the exact stabilized amplitude in highly non-linear oscillators. Nonetheless, for fundamental
electronic design and education, Barkhausen’s criteria remain an indispensable and elegant tool.
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Figure 5.31: Feedback Loop Block Diagram 8
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5.13 Overall Gain of Positive Feedback Amplifier

5.13.1 Introduction to Positive Feedback

In the realm of electronic circuits, feedback is a powerful mechanism used to modify the characteristics of an amplifier.
Feedback occurs when a portion of the output signal is returned, or "fed back," to the input. Depending on the
phase relationship between the fed-back signal and the original input signal, feedback is classified into two main types:
negative feedback and positive feedback.

When the feedback signal is exactly in phase with the original input signal, it adds to the input, thereby increasing
the effective input signal driving the amplifier. This phenomenon is known as positive feedback or regenerative
feedback. While negative feedback is predominantly used in amplifiers to stabilize gain, reduce distortion, and increase
bandwidth, positive feedback serves an entirely different purpose. By deliberately increasing the gain and pushing the
circuit towards instability, positive feedback is the foundational principle behind the operation of oscillators, where a
circuit generates a continuous periodic output signal without any external input.

Definition

Box[Positive Feedback] Positive feedback (also called regenerative feedback) is a process in an amplifier where
a fraction of the output signal is fed back to the input such that it is in phase with the original input signal.
This constructive interference increases the effective input signal, subsequently increasing the overall gain of the
amplifier.

5.13.2 Block Diagram Representation

To mathematically determine the overall gain of a positive feedback amplifier, it is essential to understand its block
diagram. The system consists of two primary networks:

• Basic Amplifier Network: This is the core amplifier with an open-loop gain denoted by A. It amplifies the
effective input signal Vi to produce the output signal Vo.

• Feedback Network: This is usually a passive network (consisting of resistors, capacitors, or inductors) that
samples the output signal Vo and feeds a fraction of it back to the input. The feedback factor or feedback ratio is
denoted by β.

A mixing network (often represented by a summation node) is present at the input. Its function is to combine the
external source signal Vs and the feedback signal Vf to produce the effective input signal Vi that is fed into the basic
amplifier.
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Figure 5.33: Block Diagram of a Positive Feedback Amplifier

5.13.3 Derivation of the Overall Gain

The overall gain of the amplifier with feedback, also known as the closed-loop gain (Af ), is defined as the ratio of the
output signal Vo to the external source signal Vs.

Let us define the variables involved in the system:

• Vs = Source (external input) signal

• Vo = Output signal

• Vi = Effective input signal to the basic amplifier

• Vf = Feedback signal from the feedback network

• A = Open-loop gain of the amplifier (A = Vo
Vi

)

• β = Feedback factor (β = Vf

Vo
)

Since we are dealing with positive feedback, the feedback signal Vf is in phase with the source signal Vs. Therefore,
the mixing network adds these two signals together. The effective input signal Vi that enters the basic amplifier is
given by:

Vi = Vs + Vf (5.7)

The output signal Vo is the product of the basic amplifier’s open-loop gain A and the effective input signal Vi:

Vo = A · Vi (5.8)

The feedback network takes the output Vo and multiplies it by the feedback fraction β to produce the feedback
signal Vf :

Vf = β · Vo (5.9)

Now, substituting Equation 5.9 into Equation 5.7, we get:

Vi = Vs + β · Vo (5.10)

Next, substitute this expression for Vi back into Equation 5.8:

Vo = A(Vs + β · Vo) (5.11)

Expanding the right-hand side:
Vo = A · Vs + A · β · Vo (5.12)

To solve for the overall gain, we group the terms containing Vo on the left side of the equation:

Vo −A · β · Vo = A · Vs (5.13)

Factoring out Vo:
Vo(1−Aβ) = A · Vs (5.14)

Finally, dividing both sides by Vs(1−Aβ), we obtain the expression for the closed-loop gain Af :

Af = Vo

Vs
= A

1−Aβ
(5.15)
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Key Concept

Concept The overall gain (or closed-loop gain) of a positive feedback amplifier is given by Af = A
1−Aβ . The term

Aβ is known as the loop gain, as it represents the total gain experienced by a signal traveling once around the
entire feedback loop.

5.13.4 Analysis of the Gain Equation

The equation Af = A
1−Aβ is fundamental to understanding the behavior of a positive feedback system. The denominator,

(1 − Aβ), dictates the characteristics of the overall gain. Depending on the magnitude of the loop gain Aβ, three
distinct conditions arise:

Condition 1: |Aβ| < 1

If the loop gain Aβ is less than 1, the denominator (1−Aβ) becomes a positive fraction strictly less than 1. Consequently,
the closed-loop gain Af becomes strictly greater than the open-loop gain A.

• Result: The overall gain of the amplifier is increased.

• Implication: While the gain is higher, the amplifier suffers from reduced stability, increased distortion, and a
narrower bandwidth compared to a circuit without feedback. This state is generally avoided in linear amplifier
design because the disadvantages far outweigh the benefit of increased gain, which can easily be achieved by
cascading multiple amplifier stages.

Calculating Positive Feedback Gain

Consider an amplifier with an open-loop gain A = 50. A positive feedback network is introduced with a feedback
factor β = 0.01. The loop gain is Aβ = 50× 0.01 = 0.5. The closed-loop gain is calculated as:

Af = A

1−Aβ
= 50

1− 0.5 = 50
0.5 = 100

By applying positive feedback, the gain has doubled from 50 to 100.

Condition 2: |Aβ| = 1

If the loop gain Aβ is exactly equal to 1, a highly significant phenomenon occurs. The denominator (1−Aβ) becomes
zero, making the theoretical closed-loop gain Af infinite (Af →∞).

• Result: Infinite gain implies that the circuit can produce a finite output voltage Vo even when the external input
voltage Vs is exactly zero.

• Implication: The circuit stops acting as an amplifier and becomes an oscillator. It generates a continuous,
self-sustaining periodic output signal derived entirely from the DC power supply. The condition Aβ = 1 is
famously known as the Barkhausen Criterion for sustained oscillation. The phase shift around the entire loop
must be exactly 0◦ or 360◦ (which ensures positive feedback), and the magnitude of loop gain must be unity.

Condition 3: |Aβ| > 1

If the loop gain Aβ exceeds 1, the denominator becomes negative.

• Result: The circuit becomes highly unstable. Any minute noise or transient voltage at the input will be
exponentially amplified as it cycles through the feedback loop.

• Implication: The output voltage will rapidly increase until it hits the limits defined by the power supply rails
(saturation). This condition is often utilized in the startup phase of practical oscillators to ensure oscillations
build up quickly from thermal noise, after which a nonlinear gain-control mechanism reduces the loop gain back
to exactly 1 to maintain a steady amplitude. It is also the operating principle behind bistable circuits like Schmitt
triggers and comparators with hysteresis.
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Instability and Oscillation

Positive feedback inherently degrades the stability of an amplifier. If not precisely controlled, a positive feedback
amplifier will easily slip into unwanted oscillations or saturate at the supply voltage. For this reason, positive
feedback is strictly avoided in linear signal amplification where signal fidelity is paramount.

5.13.5 Phase Shift Considerations

The theoretical derivation assumes that the feedback signal Vf is perfectly in phase with the input signal Vs. However,
in practical circuits, both the basic amplifier and the feedback network introduce phase shifts that vary with the
frequency of the input signal.

Let the basic amplifier have a phase shift of ϕA and the feedback network have a phase shift of ϕβ . The total phase
shift around the loop is:

ϕloop = ϕA + ϕβ (5.16)

For positive feedback to occur, the total phase shift ϕloop must be an integer multiple of 360◦ (or 0◦, 360◦, 720◦,
etc.).

• If the basic amplifier is an inverting amplifier (which inherently introduces a 180◦ phase shift), the feedback
network must be designed to introduce an additional 180◦ phase shift at the desired frequency of operation. This
ensures that the total phase shift is 360◦, bringing the fed-back signal perfectly in phase with the original input.

• If the basic amplifier is a non-inverting amplifier (introducing 0◦ phase shift), the feedback network must also
introduce a 0◦ (or 360◦) phase shift.

If the loop phase shift deviates from 0◦ or 360◦, the feedback is no longer purely positive. A component of the
feedback signal may end up out of phase, leading to partial negative feedback, which alters the gain and can prevent
oscillations in circuits intended to be oscillators. This frequency-dependent phase shift is the very mechanism that
allows oscillators to generate a specific, stable frequency: they only satisfy the condition for positive feedback (|Aβ| ≥ 1
and ϕloop = 0◦) at one unique resonant frequency.

5.13.6 Summary of Applications

While negative feedback is the king of linear amplifiers, positive feedback holds a monopoly in specific non-linear and
regenerative applications:

1. Oscillators: The most common application. By ensuring Aβ = 1, circuits like RC phase-shift, Wien bridge,
Hartley, and Colpitts oscillators generate precise sine, square, or triangular waves.

2. Schmitt Triggers: Positive feedback is used to create hysteresis, providing a circuit with two distinct threshold
voltages. This is extremely useful for noise immunity in digital logic and for converting slow-varying analog
signals into sharp digital transitions.

3. Active Filters: In certain specialized active filter topologies (like the Sallen-Key configuration), a controlled
amount of positive feedback is used to increase the Q-factor (quality factor) and achieve steeper roll-off character-
istics near the cutoff frequency.

Understanding the overall gain equation Af = A
1−Aβ is crucial for electronics engineers. It provides the mathematical

foundation necessary to design stable oscillators and reliable regenerative switching circuits.

[scale=0.9, transform shape] (0,0) node[op amp] (opamp) ; (opamp.-) to[R, l=R1] (-3, 0.5) to[short, -o] (-3.5, 0.5)
node[left] Vin; (opamp.+) node[ground] ; (opamp.out) to[short, -o] (2,0) node[right] Vout; (opamp.-) – (0, 2) to[R,

l=Rf ] (2, 2) -| (opamp.out);

Figure 5.34: Inverting Amplifier Configuration 14
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5.14 Tank Circuit

5.14.1 Introduction to Tank Circuits

A tank circuit, formally known as an LC oscillator circuit or parallel resonant circuit, is a fundamental electronic
configuration comprising an inductor (L) and a capacitor (C) connected in parallel. It is termed a “tank” circuit
because it acts as a storage reservoir for electrical energy, much like a fluid tank stores liquid. This circuit is the heart
of many electronic oscillators, tuned amplifiers, and radio frequency (RF) communications systems. By exchanging
energy back and forth between the electric field of the capacitor and the magnetic field of the inductor, the tank circuit
can generate, filter, and sustain electrical oscillations at a specific resonant frequency.

Definition

Box[Tank Circuit] A tank circuit is a closed-loop electronic circuit consisting of a parallel-connected inductor (L)
and capacitor (C) that stores and transfers electrical energy, oscillating at a natural resonant frequency determined
by the values of L and C.

5.14.2 Basic Principles and Components

The operation of a tank circuit relies on the distinct energy-storing characteristics of its two primary components:

• Capacitor (C): Stores energy in the form of an electrostatic field created by the accumulation of charge on its
conductive plates. When a voltage is applied across it, electrical energy is absorbed and stored. When the circuit
path is closed, it discharges, releasing the stored energy as an electrical current.

• Inductor (L): Stores energy in the form of a magnetic field generated by current flowing through its tightly
wound coil. According to Lenz’s Law, an inductor opposes changes in current, releasing its stored magnetic energy
back into the circuit when the external current drops, thereby attempting to keep the current flowing.

Key Concept

Concept The fundamental operating principle of the tank circuit is the continuous, cyclic transfer of energy between
the capacitor’s electric field and the inductor’s magnetic field. This cyclic transfer manifests as an alternating
current (AC) oscillating at the circuit’s resonant frequency.

5.14.3 Step-by-Step Operation and Energy Exchange

To understand how a tank circuit sustains oscillation, we must trace the step-by-step energy exchange process. Imagine
that the capacitor is initially fully charged by a temporary external direct current (DC) voltage source, which is
subsequently removed.
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1. Initial State (Maximum Electric Field): The capacitor is fully charged. The voltage across the parallel
circuit is at its maximum, and the initial current is zero. At this exact moment, all the circuit’s energy is purely
potential, stored entirely in the electric field between the capacitor plates.

2. Discharge and Magnetic Field Buildup: The capacitor begins to discharge, sending a surging current
through the parallel inductor. As the current increases, the inductor generates an expanding magnetic field. By
the time the capacitor is fully discharged (its voltage drops to zero), the current is at its maximum peak. Now,
all the electrical energy has been transferred to the inductor’s magnetic field.

3. Inductor Discharging (Recharging the Capacitor): Because an inductor fundamentally opposes any sudden
drop in current, it prevents the current from immediately stopping even though the capacitor’s driving voltage is
gone. Instead, the collapsing magnetic field induces an electromotive force (EMF) that continues to push current
in the same direction. This current actively recharges the capacitor, but with the opposite electrical polarity.

4. Maximum Electric Field (Reverse Polarity): The current gradually falls to zero as the magnetic field fully
collapses. The capacitor is now fully charged once again, and all energy is back in the electric field. However, the
voltage polarity is completely reversed compared to the initial state.

5. Reverse Cycle: The process now repeats in the exact opposite direction. The capacitor discharges back through
the inductor, generating a reverse current and building a magnetic field in the opposite orientation. This oscillation
continues indefinitely back and forth in an ideal, lossless circuit.

I

I

+

−

VC

Figure 5.36: Schematic diagram of an ideal LC Tank Circuit showing the parallel connection of an inductor and
capacitor, with current flow during the discharge phase.

5.14.4 Resonance and Resonant Frequency

The oscillation in a tank circuit does not happen at just any random rate; it occurs at a very specific and mathematically
predictable frequency known as the resonant frequency (fr). At this precise frequency, the circuit’s capacitive reactance
(XC) and the inductive reactance (XL) become equal in magnitude but opposite in phase, effectively canceling each
other out from the perspective of an external power source.

The reactances of the individual components are given by the formulas:

XL = 2πfL

XC = 1
2πfC

By equating the two reactances (XL = XC), we can derive the formula for the resonant frequency:

2πfrL = 1
2πfrC

Solving for fr yields the fundamental equation for an LC circuit:

fr = 1
2π
√

LC

Where:

• fr is the resonant frequency measured in Hertz (Hz)

• L is the inductance measured in Henrys (H)

• C is the capacitance measured in Farads (F)
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Calculating Resonant Frequency

Suppose a radio receiver’s RF tuning circuit utilizes a parallel tank circuit consisting of an inductor rated at 10 µH
(10× 10−6 H) and a tuning capacitor set to 253 pF (253× 10−12 F). The resonant frequency of this configuration
is calculated as:

fr = 1
2π
√

(10× 10−6)× (253× 10−12)

fr ≈
1

2π
√

2530× 10−18
≈ 1

2π × 50.3× 10−9

fr ≈ 3.16× 106 Hz = 3.16 MHz

This result signifies that the tank circuit will naturally oscillate at exactly 3.16 MHz and will act as a highly
selective band-pass filter exclusively for this specific frequency.

5.14.5 Damped Oscillations and the Role of Resistance

In a purely theoretical, perfectly ideal tank circuit (containing only a mathematically perfect inductor and capacitor),
the oscillations would continue forever with a constant, unwavering amplitude. This perpetual energy exchange is
known as undamped oscillation.

However, in the physical world, every circuit contains some inherent electrical resistance. The wire coil of the
inductor possesses a tiny but measurable Ohmic resistance, and the capacitor suffers from minute dielectric leakage
losses. Furthermore, at high frequencies, some energy is inevitably radiated away as electromagnetic radio waves. These
cumulative resistive losses gradually dissipate the circuit’s stored energy, transforming it into heat over time.

Because energy is continuously being lost, the amplitude of the current and voltage oscillations progressively decays
with each subsequent cycle. This exponential decay phenomenon is known as damped oscillation.

Damping in Practical Circuits

Because of inevitable resistive losses, any isolated real-world tank circuit will experience damping, and its oscillations
will eventually decay to zero. To construct a practical, continuous oscillator circuit, an active electronic component
(such as a bipolar junction transistor, field-effect transistor, or operational amplifier) must be integrated into a
positive feedback loop. This active device acts as an energy pump, periodically injecting just enough power back
into the tank to compensate for the resistive losses, thereby sustaining continuous, undamped oscillations.

5.14.6 Quality Factor (Q-Factor) and Bandwidth

The performance, efficiency, and selectivity of a tank circuit are heavily dictated by a crucial metric known as its Quality
Factor, or Q-factor. The Q-factor is a dimensionless parameter that describes how “under-damped” an oscillator or
resonator is. It essentially quantifies the ratio of the total energy stored in the tank circuit to the energy dissipated per
oscillation cycle.

Q = 2π × Maximum Energy Stored
Energy Dissipated per Cycle

For a standard parallel tank circuit, the Q-factor can be practically approximated by taking the ratio of the inductive
reactance to the inherent series resistance of the inductor’s coil (R):

Q = XL

R
= 2πfrL

R

A high Q-factor indicates a very low rate of energy loss relative to the stored energy, resulting in oscillations that
decay very slowly. In RF tuning and filtering applications, a high Q means the tank circuit is highly selective. It
will respond powerfully to its exact resonant frequency while aggressively rejecting frequencies that are even slightly
off-resonance.

Bandwidth (BW ): The bandwidth of a tank circuit is inversely proportional to its Q-factor. Bandwidth defines
the specific range of frequencies over which the circuit’s power response remains above half of its maximum peak value
(commonly referred to as the −3dB or half-power points).

BW = fr

Q

• High Q (Narrow Bandwidth): These circuits are ideal for precise tuning applications, such as locking onto a
specific radio station without experiencing interference from adjacent broadcasting channels.
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• Low Q (Wide Bandwidth): These circuits are utilized in wideband amplifiers and broadband filters where a
broader, more inclusive range of frequencies must be processed simultaneously without sharp attenuation.

5.14.7 Applications of Tank Circuits in Electronics

Tank circuits are incredibly versatile building blocks and are fundamentally indispensable in modern analog electronics,
particularly in linear integrated circuits (LICs) and telecommunications. Their unique ability to select, filter, or generate
specific target frequencies makes them ubiquitous across various technical domains:

1. Oscillator Networks: When combined with active feedback amplification mechanisms, tank circuits form the
frequency-determining core of classic oscillator topologies like the Colpitts, Hartley, and Clapp oscillators. These
are relied upon to generate stable RF carrier waves for radio and television broadcasting.

2. Radio and Receivers (Tuning Circuits): The physical tuning knob on a traditional analog radio directly
manipulates the plates of a variable air-core capacitor situated inside a parallel tank circuit. Adjusting this
capacitance shifts the resonant frequency fr, allowing the receiver circuitry to selectively pick up and amplify
only the broadcast signal that perfectly matches the newly tuned frequency.

3. Frequency Filters: Tank circuits can be ingeniously configured to act as band-pass or band-stop (notch) filters.
A parallel tank circuit presents maximum electrical impedance at its resonant frequency. When placed in series
with a signal path, it acts as a selective barrier, blocking its specific resonant frequency from passing while
allowing other frequencies to flow unimpeded.

4. Impedance Matching: In RF power amplifier stages and advanced antenna design, specialized tapped tank
circuits are frequently deployed to match the output impedance of an amplifier to the input impedance of a
transmission line or antenna. This critical matching process maximizes power transfer efficiency and minimizes
destructive signal reflections (standing waves).

Application Domain Core Function of Tank Circuit Key Design Requirement
RF Signal Oscillator Dictates and stabilizes the precise fre-

quency of the generated oscillation.
Requires a High Q-factor to ensure
strict frequency stability over time.

Radio Tuning Stage Selects a single, desired broadcasting
station’s frequency from a crowded
electromagnetic spectrum.

Needs an adjustable, variable capac-
itor and carefully calculated narrow
bandwidth.

Band-pass Filtering Permits a designated frequency band
to pass through while heavily attenu-
ating all out-of-band noise.

Requires highly specific L and C com-
ponent values carefully chosen for the
desired center frequency.

Σ A15

β15

Xs Xo
+ Xi

−

Figure 5.37: Feedback Loop Block Diagram 15
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5.15 Hartley Oscillator Circuit
The Hartley oscillator is a fundamental and extensively utilized electronic circuit designed to generate continuous,
self-sustaining sinusoidal waves. Invented by Ralph V. L. Hartley in 1915, this circuit is a classical example of an LC
(Inductor-Capacitor) harmonic oscillator. While traditionally built using vacuum tubes or discrete transistors such
as Bipolar Junction Transistors (BJTs) or Field Effect Transistors (FETs), the Hartley oscillator can be effectively
implemented in modern electronics using an operational amplifier (op-amp). Operating typically in the radio frequency
(RF) spectrum ranging from a few tens of kilohertz (kHz) up to several tens of megahertz (MHz), the Hartley oscillator
remains highly relevant in communication systems and analog electronics.

Definition

Box[Hartley Oscillator] A Hartley oscillator is an LC tuned-circuit oscillator wherein the frequency-determining
network (the tank circuit) comprises two series-connected inductors (or a single center-tapped inductor) placed in
parallel with a single tuning capacitor. The crucial feedback signal, required to maintain continuous oscillations, is
tapped from the junction between the two inductors.

5.15.1 Operating Principle and Circuit Topology

To generate sustained oscillations, any oscillator must satisfy the Barkhausen criterion, which stipulates two
conditions for a closed-loop system:

1. The total phase shift around the closed loop must be an integer multiple of 360◦ (or 0◦).

2. The magnitude of the loop gain (|Avβ|) must be greater than or equal to unity, where Av is the amplifier gain
and β is the feedback fraction.

In an op-amp based Hartley oscillator, the operational amplifier is typically configured as an inverting amplifier.
This configuration inherently introduces a phase shift of 180◦ between the op-amp’s input and output. To satisfy
the Barkhausen phase criterion, the LC feedback network must provide an additional 180◦ phase shift at the desired
frequency of oscillation, culminating in a total loop phase shift of 360◦.

Key Concept

Concept The Flywheel Effect
The core of the Hartley oscillator is its LC tank circuit. When energy is initially introduced into the circuit
(e.g., via power-up transients or thermal noise), the capacitor charges and discharges through the inductors. This
periodic exchange of energy between the electric field of the capacitor and the magnetic fields of the inductors is
known as the "flywheel effect." Without an active amplifier, these oscillations would decay (dampen) over time due
to the parasitic resistances of the components. The active op-amp compensates for this energy loss by continuously
injecting an amplified and appropriately phased signal back into the tank circuit.
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Circuit Architecture

The op-amp Hartley oscillator circuit fundamentally consists of two parts:

• The Amplifier Stage: An operational amplifier configured in an inverting mode using an input resistor (R1)
and a feedback resistor (Rf ). This stage provides the necessary voltage gain (Av = −Rf /R1).

• The Feedback Network (Tank Circuit): This section is connected between the op-amp’s output and its
inverting input. It features a capacitor (C) connected in parallel with an inductor (L). Crucially, the inductor is
tapped (divided) into two segments: L1 and L2.

Specifically, to achieve the 180◦ phase shift from the tank circuit, the output voltage from the op-amp is applied
across the inductor L1. The tap point between L1 and L2 is physically grounded. The voltage across L2 is then fed
back to the inverting input of the op-amp via the input resistor R1. Because L1 and L2 are part of the same resonating
LC loop, the alternating current circulating through them creates a voltage across L2 that is 180◦ out of phase with the
voltage across L1 relative to the grounded tap point. This precisely satisfies the required phase condition for sustained
oscillation.

5.15.2 Mathematical Analysis and Frequency of Oscillation

Let us analyze the equivalent circuit of the LC feedback network to derive the frequency of oscillation. The total
equivalent inductance of the tank circuit is the sum of the two distinct inductances, plus any mutual inductance between
them.

If the two inductors L1 and L2 are wound on the same magnetic core, there exists a mutual inductance M . In this
case, the equivalent or total inductance (Leq) is given by:

Leq = L1 + L2 + 2M

If L1 and L2 are separate, magnetically isolated coils, then M = 0, and the equation simplifies to:

Leq = L1 + L2

The resonant frequency (fo) of an LC circuit is the frequency at which the inductive reactance (XL) precisely
matches the capacitive reactance (XC). Mathematically, XL = XC =⇒ 2πfoLeq = 1

2πfoC . Rearranging this equation
for frequency yields the standard Hartley oscillator formula:

fo = 1
2π
√

LeqC

At this unique frequency, the tank circuit exhibits maximum impedance, and the phase shift contributed by the
feedback network is exactly 180◦.

Effect of Mutual Inductance

When practical Hartley oscillators are constructed using a single tapped coil rather than two distinct inductors,
the magnetic coupling (mutual inductance, M) between the two coil sections cannot be ignored. Failing to account
for M during the design phase will result in a significant deviation between the calculated and actual frequencies
of oscillation.

5.15.3 Condition for Sustained Oscillations

To ensure that the oscillations do not die out, the loop gain must satisfy |Avβ| ≥ 1. To evaluate this, we must first
determine the feedback fraction, β.

In the LC tank, the current circulating through L1, L2, and C at resonance is approximately uniform. The voltage
output from the amplifier (Vo) appears across L1, while the feedback voltage (Vf ) appears across L2. The voltages
across the inductors are proportional to their inductive reactances (assuming M = 0 for simplicity):

Vo = I · (jωL1)

Vf = −I · (jωL2)
The negative sign indicates the 180◦ phase inversion because the tap point between the two inductors is grounded,

meaning the polarities at the non-grounded ends are opposite relative to ground. The feedback fraction β is defined as
the ratio of the feedback voltage to the output voltage:

β = Vf

Vo
= −I · (jωL2)

I · (jωL1) = −L2
L1
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The negative sign confirms the 180◦ phase shift provided by the feedback network. According to the Barkhausen
criterion, the magnitude of the loop gain must be at least unity:

|Avβ| ≥ 1

|Av| ·
∣∣∣∣−L2

L1

∣∣∣∣ ≥ 1 =⇒ |Av| ≥
L1
L2

Thus, the minimum gain required from the inverting op-amp to sustain oscillations is the ratio of L1 to L2. In
practical implementations, the amplifier gain is deliberately set slightly higher than this critical threshold to ensure
self-starting when power is turned on. Once oscillations begin, non-linearities in the op-amp will eventually limit the
amplitude, achieving a stable steady-state.

Designing a Hartley Oscillator

Problem: An op-amp based Hartley oscillator is designed using two independent inductors L1 = 100µH and
L2 = 1 mH, alongside a tuning capacitor C = 200 pF. Determine the frequency of oscillation and the minimum
voltage gain required by the op-amp.
Solution:
Step 1: Calculate the equivalent inductance. Since the inductors are independent, the mutual inductance M = 0.

Leq = L1 + L2 = 0.1 mH + 1.0 mH = 1.1 mH = 1.1× 10−3 H

Step 2: Calculate the frequency of oscillation (fo).

fo = 1
2π
√

LeqC
= 1

2π
√

(1.1× 10−3)(200× 10−12)

fo = 1
2π
√

2.2× 10−13
≈ 1

2π(4.69× 10−7) ≈ 339.3 kHz

Step 3: Calculate the minimum required gain (|Av|).

|Av| ≥
L1
L2

= 100µH
1000µH = 0.1

The op-amp must provide a minimum gain of 0.1. For a practical margin of safety, the gain should be set slightly
higher (e.g., to 0.15 or 0.2) by selecting appropriate values for Rf and R1.

5.15.4 Practical Aspects and Limitations

While the Hartley oscillator is straightforward and effective, implementing it with an operational amplifier introduces
certain practical constraints:

• Op-Amp Bandwidth: Most standard general-purpose op-amps (such as the LM741) have a severely limited
Gain-Bandwidth Product (GBWP). Because Hartley oscillators often operate at hundreds of kilohertz or several
megahertz, high-frequency, wideband op-amps are strictly required. Using a low-bandwidth op-amp will result in
insufficient open-loop gain at the target frequency, preventing oscillations entirely.

• Slew Rate Limitation: The op-amp must possess a sufficiently high slew rate to reproduce high-frequency
sinusoidal waves accurately. If the required rate of change of voltage exceeds the op-amp’s capabilities, slew-rate
induced distortion will occur, turning the intended sine wave into a triangular wave.

• Amplitude Stability: A major drawback of the standard Hartley configuration is that as the frequency is tuned
(typically by varying the capacitor C), the output amplitude does not remain entirely constant. This occurs
because varying C can subtly alter the effective load on the amplifier, slightly changing the loop gain across the
tuning range.

• Harmonic Distortion: If the amplifier gain is set significantly higher than the critical value
(

L1
L2

)
to ensure

aggressive starting, the op-amp will be driven into non-linear regions (saturation), leading to a distorted, clipped
sinusoidal waveform rich in unwanted harmonics. Automatic Gain Control (AGC) circuits or diode-limiting
networks are frequently integrated into high-quality RF oscillators to stabilize amplitude and preserve sinusoidal
purity.
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5.15.5 Comparison with Colpitts Oscillator

To better understand the distinct features of the Hartley oscillator, it is highly educational to compare it with its dual
counterpart, the Colpitts oscillator. Both are fundamentally LC harmonic oscillators, but their feedback networks are
inverted.

Parameter Hartley Oscillator Colpitts Oscillator

Feedback Network (Tank
Circuit)

Two inductors (L1, L2) and one
capacitor (C).

Two capacitors (C1, C2) and one
inductor (L).

Feedback Tap Tapped from the connection between
the two inductors.

Tapped from the connection between
the two capacitors.

Tuning Component A single variable tuning capacitor is
commonly used.

A variable inductor or a dual-gang
variable capacitor is required.

Frequency Range Low to High RF frequencies
(typically up to 30 MHz).

Higher RF and VHF frequencies
(often > 30 MHz).

Parasitic Reactance Effect Less susceptible to internal op-amp
or wiring parasitic capacitances.

Highly susceptible to parasitic
capacitances, especially at very high
frequencies, as they add in parallel
to the main tuning capacitors.

Mechanical Complexity for
Tuning

Simple; requires only a standard,
single variable capacitor.

More complex; changing inductance
is difficult, and dual-gang capacitors
are bulky and expensive.

Table 5.6: Comparison between Hartley and Colpitts Oscillators.

5.15.6 Advantages and Applications

Despite its few limitations, the Hartley oscillator boasts several significant advantages that justify its widespread use in
modern engineering:

1. Ease of Tuning: The primary advantage is that the frequency of oscillation can be easily altered over a wide
band by adjusting a single variable capacitor. In contrast, varying inductance mechanically or dealing with a
multi-capacitor tuned circuit is practically more cumbersome.

2. Constant Feedback Ratio: When a single tapped inductor is used, the physical ratio of L1 to L2 remains
fixed regardless of the operating frequency. This means the feedback fraction β is largely insensitive to frequency
changes, making the oscillator highly reliable across its tuning band.

Due to these robust traits, the Hartley oscillator has traditionally been employed as the Local Oscillator (LO) in
superheterodyne AM/FM radio receivers, where continuous tuning over a broad band is essential. In contemporary
settings, it is extensively used in RF signal generators, frequency synthesizers, continuous-wave (CW) transmitters in
amateur radio, and in inductive proximity sensors commonly found in industrial automation.

Frequency (Hz)

Gain (dB)

Flat Band 13

fc

Figure 5.39: Frequency Response Curve 13
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5.16 Colpitts Oscillator Circuit
The Colpitts oscillator, named after its inventor Edwin H. Colpitts who formulated its underlying principles in 1918, is
one of the most widely implemented architectures for generating high-frequency sinusoidal signals. Falling squarely
under the category of harmonic, or linear, oscillators, it is essentially a highly optimized variant of the classic inductor-
capacitor (LC) oscillator. The profound impact of the Colpitts circuit lies in its elegant simplicity and remarkable
high-frequency stability, which made it a cornerstone of early radio technology and continues to make it highly relevant
in modern radio frequency (RF) communications, mobile networking, and embedded sensing architectures.

Definition

Box[Colpitts Oscillator] A Colpitts oscillator is a specialized electronic oscillator circuit that relies on an LC
resonant tank circuit comprising a single inductor and a voltage divider network made of two series capacitors.
This capacitive voltage divider forms the feedback loop that governs the frequency of oscillation and ensures
sustained generation of sinusoidal waves.

5.16.1 Fundamental Architecture and Circuit Configurations

At its core, a Colpitts oscillator is composed of two distinct operational blocks that work cooperatively in a closed loop:
the active amplifying stage and the passive frequency-selective feedback network.

1. The Amplifier Stage: This section provides the necessary voltage or power gain (A) to overcome resistive
energy losses occurring within the passive components of the circuit. The active device at the heart of this
stage can be a Bipolar Junction Transistor (BJT), a Junction Field Effect Transistor (JFET), or an Operational
Amplifier (Op-Amp).
In traditional discrete circuits, a single BJT operating in the Common Emitter (CE) configuration is predominantly
used. In this mode, the transistor naturally introduces a phase shift of 180◦ between its base (input) and collector
(output). Alternatively, if an Operational Amplifier is employed—a common choice in modern Linear Integrated
Circuits (LIC)—it is configured as an inverting amplifier to yield the exact same 180◦ phase shift. To prevent
high-frequency AC signals from shorting back to the DC power supply, a Radio Frequency Choke (RFC) is often
placed in series with the power supply line. The RFC presents very high impedance at the frequency of oscillation
but allows the necessary DC biasing current to pass unimpeded.

2. The LC Feedback Network (Tank Circuit): Also known as the resonant or frequency-determining network,
this block comprises a single inductor (L) connected in parallel with a capacitive branch containing two capacitors
(C1 and C2) in series. The critical design feature of the Colpitts oscillator is that the node (center tap) between
the two capacitors is typically connected to the circuit’s common ground.
This specific arrangement functions as a purely capacitive voltage divider. It simultaneously establishes the
primary oscillation frequency and provides the indispensable additional 180◦ phase shift required to facilitate
regenerative (positive) feedback.
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Amplifier Stage
(e.g., CE BJT or In-

verting Op-Amp)
Gain = A

Phase Shift = 180◦

LC Feedback Network
(L, C1, C2)

Feedback Ratio = β
Phase Shift = 180◦

Vout (Oscillator Output)Vf (Feedback Signal)

Figure 5.41: System-level Block Diagram of a Colpitts Oscillator showing how the total 360◦ phase shift is distributed
between the amplifier and the tank circuit.

Key Concept

Concept The defining characteristic that distinguishes the Colpitts oscillator from other LC oscillators, particularly
the Hartley oscillator, is its reliance on a capacitive voltage divider rather than a tapped inductor. This substitution
dramatically minimizes issues related to stray mutual inductance and makes the circuit far more predictable at
high frequencies.

5.16.2 Detailed Principle of Operation

The fundamental operation of the Colpitts oscillator hinges on the continuous, dynamic interplay of energy within the
LC tank circuit. The inductor stores energy in the form of a magnetic field, while the capacitors store energy in the
form of an electric field.

When the DC power supply is initially activated, the sudden surge of current, coupled with inherent thermal
noise across the active and passive components, generates a broad spectrum of transient electrical frequencies. This
broadband noise stimulates the LC tank circuit. Because the tank circuit is highly selective by design, it strongly
resonates at its natural resonant frequency and heavily attenuates all other frequency components.

As the circuit begins to ring at its resonant frequency, an alternating circulating current is established. This
high-frequency AC current generates an alternating voltage across the series combination of C1 and C2. Due to the fact
that the center tap existing between the two capacitors is grounded, the voltage drops across them are phase-opposed;
they are exactly 180◦ out of phase with respect to the common ground.

• The alternating voltage developed across capacitor C1 is coupled to the output, serving as the main sinusoidal
waveform generated by the overall system.

• The alternating voltage developed across capacitor C2 acts as the feedback voltage (Vf ). This vital signal is
continuously routed back to the input terminal of the active amplifying stage.

Since the inverting amplifier inherently provides a 180◦ phase shift, and the tapped capacitor arrangement guarantees
a further 180◦ phase shift, the total phase shift accumulated around the entire closed-loop is precisely 360◦ (which is
mathematically indistinguishable from 0◦). This effectively means the feedback signal arrives at the input exactly in
phase with the signal that produced it, thereby continuously reinforcing the oscillation.

5.16.3 Barkhausen Criterion and Sustained Oscillations

For an oscillator to commence naturally and maintain a stable, uniform amplitude without damping (dying out) over
time, it must rigorously satisfy the Barkhausen criterion, which dictates two explicit conditions:

1. Phase Condition: The total phase shift around the closed feedback loop must be 0◦ or an integer multiple of
360◦. As demonstrated above, the combined 180◦ shifts from the amplifier and the feedback network satisfy this
absolute requirement.

2. Amplitude Condition: The magnitude of the loop gain (|Aβ|) must be equal to or slightly greater than unity
(|Aβ| ≥ 1).
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Initially, when the circuit is powered on, the loop gain is deliberately set to be slightly greater than 1 (|Aβ| > 1).
This specific condition allows the amplitude of the tiny noise-induced oscillations to grow exponentially rather than
fade. As the output amplitude increases, the active device (BJT or Op-Amp) begins to enter its non-linear saturation
region, which inherently reduces the effective forward gain A. Eventually, the system naturally stabilizes at the exact
equilibrium point where |Aβ| = 1, resulting in a sustained, constant-amplitude sinusoidal wave.

The feedback fraction β, defined by the capacitive voltage divider, is mathematically calculated as the ratio of their
capacitive reactances:

β = Vf

Vout
= XC2

XC1
= 1/(2πfC2)

1/(2πfC1) = C1
C2

(5.17)

Therefore, to guarantee |Aβ| ≥ 1, the intrinsic gain of the amplifier must satisfy:

A ≥ 1
β

=⇒ A ≥ C2
C1

(5.18)

5.16.4 Calculating the Frequency of Oscillation

The output frequency (f0) is strictly dictated by the physical values of the total inductance (L) and the equivalent
capacitance (Ceq) of the tank circuit. Because C1 and C2 are placed in series relative to the inductor, their equivalent
total capacitance is calculated via the standard series-capacitor formula:

Ceq = C1 × C2
C1 + C2

(5.19)

The natural resonant frequency of the closed-loop system is then derived from the standard LC resonance equation:

f0 = 1
2π
√

L · Ceq
= 1

2π

√
L
(

C1C2
C1+C2

) (5.20)

Designing a Colpitts Oscillator for Specific Frequencies

Suppose an electronics engineer is tasked with designing a Colpitts oscillator to generate a stable carrier wave at
a frequency of approximately 1.5 MHz. The available precision inductor in the laboratory has a value of 20µH.
Furthermore, to ensure adequate feedback for the specific amplifier being used, the design requires symmetric
capacitors: C1 = C2. What should their capacitance values be?
Step 1: Rearrange the frequency formula to solve for Ceq.

f0 = 1
2π
√

L · Ceq
=⇒ Ceq = 1

4π2f2
0 L

Step 2: Substitute the known values.

Ceq = 1
4π2 × (1.5× 106)2 × (20× 10−6)

Ceq = 1
39.478× 2.25× 1012 × 20× 10−6 ≈ 5.63× 10−10F = 563 pF

Step 3: Determine individual values for C1 and C2. Since C1 = C2 (let’s denote them uniformly as C), the
equivalent capacitance formula Ceq = C·C

C+C seamlessly simplifies to Ceq = C
2 .

C = 2× Ceq = 2× 563 pF = 1126 pF

Thus, the engineer should use an inductor of 20µH and two matched capacitors of approximately 1.1 nF (the
closest standard E-series value) to successfully achieve the 1.5 MHz target frequency.

Component Drift and Frequency Stability

While the basic LC Colpitts circuit provides magnificent high-frequency output, its absolute frequency stability
remains susceptible to external environmental factors. Fluctuations in ambient temperature can cause the
physical dimensions of the inductor core or the dielectric properties of the capacitors to thermally drift, thereby
unintentionally shifting the oscillation frequency. In modern precision engineering where absolute frequency
stability is utterly mandatory (e.g., digital microcontrollers, precise RF transmitters), a quartz piezoelectric crystal
is utilized to replace the inductor, resulting in the highly robust Crystal-Controlled Colpitts Oscillator.
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5.16.5 Advantages, Disadvantages, and Limitations

Advantages:

• Superior High-Frequency Performance: By utilizing discrete capacitors for the voltage divider instead of
a tapped inductor (as seen in Hartley designs), the Colpitts oscillator entirely eliminates severe complications
arising from stray mutual inductance. This fundamental advantage allows the circuit to operate highly efficiently
well into the Very High Frequency (VHF) and Ultra High Frequency (UHF) radio bands.

• High Spectral Purity: The integrated capacitive feedback network intrinsically functions as an excellent
low-pass filter. It aggressively suppresses unwanted higher-order harmonics generated by inherent amplifier
non-linearities, yielding a remarkably pure, smooth, and distortion-free sinusoidal waveform.

• Ease of Tuning: By physically substituting either C1 or C2 (or commonly both, using mechanically ganged
variable capacitors) with tunable elements, the oscillator’s output frequency can be adjusted seamlessly, facilitating
robust variable-frequency operation.

Disadvantages and Limitations:

• Impractical for Low Frequencies: Generating low-frequency signals (e.g., in the audio spectrum below
20 kHz) using a Colpitts architecture would mandate the use of excessively bulky, expensive, and physically heavy
inductors and capacitors. Low-frequency generation is much better suited to RC oscillators, such as the Wien
Bridge or Phase-Shift oscillator.

• Amplitude Variation During Sweeping Tuning: If the frequency is continuously swept across a wide band
by adjusting only one single capacitor, the critical feedback ratio (β = C1/C2) inevitably changes. This dynamic
shifting of the feedback fraction can cause the oscillation amplitude to vary drastically across the tuning range,
potentially causing the circuit to stall entirely if the active gain falls below the absolute Barkhausen threshold.

5.16.6 Real-World Engineering Applications

Owing to its intrinsic physical advantages, the Colpitts configuration is deeply embedded in numerous industrial
frameworks and commercial consumer electronics:

• Radio Frequency (RF) Communications: It proudly serves as the primary local oscillator (LO) in traditional
superheterodyne receivers, vital for down-converting incoming high-frequency antenna signals to manageable
intermediate frequencies (IF) for further digital or analog processing.

• Mobile and Telecommunications Equipment: Frequently implemented in wireless broadcasting transmitters,
mobile phones, and television tuners to establish continuous, unyielding carrier wave frequencies required for
modulation.

• Microwave and Radar Systems: Specialized miniaturized variations of the Colpitts oscillator, employing
surface-mount technology and precision components, operate successfully within complex radar detection systems
and high-speed microwave data links.

• Industrial Sensor Networks: Deployed aggressively in inductive proximity sensors and hidden metallic
detectors. In such setups, the external inductive sensor itself functions directly as the L component in the
oscillator’s tank circuit. When a metallic object naturally approaches the sensor, it alters the effective inductance,
which immediately shifts the Colpitts output frequency. The intelligent embedded system digitally detects this
frequency shift to trigger an alert or mechanical action.

Power On 10 Amplifier Gain Frequency Selection

Figure 5.42: Oscillator Principle Flowchart 10
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Figure 5.43: Harmonic frequency response 10

5.17 Wien Bridge Oscillator Circuit

5.17.1 Introduction to Wien Bridge Oscillators

The Wien Bridge Oscillator is one of the most widely used, popular, and stable standard oscillator circuits for
generating low-frequency and audio-frequency sinusoidal waves. Named after the physicist Max Wien, who developed
the bridge circuit in 1891, the modern Wien Bridge Oscillator uses an operational amplifier (op-amp) and an RC
(resistor-capacitor) bridge network to generate continuous, undamped, and highly pure sine waves.

Unlike LC (inductor-capacitor) oscillators which are generally more suitable for high-frequency radio applications,
the Wien Bridge Oscillator is specifically designed for the audio frequency range (typically 20 Hz to 200 kHz). It avoids
the use of bulky inductors, which are difficult to fabricate, generate stray magnetic fields, and occupy a significantly
large space at low frequencies. This makes the Wien Bridge oscillator exceptionally practical for laboratory signal
generators and audio testing equipment.

Key Concept

Concept The core functioning of a Wien Bridge Oscillator, like all electronic feedback oscillators, revolves around
the Barkhausen Criterion for sustained oscillations. It requires that:

1. The total phase shift around the closed loop must be precisely 0◦ (or 360◦).

2. The magnitude of the open-loop gain (A) multiplied by the feedback fraction (β) must be equal to or slightly
greater than unity (|Aβ| ≥ 1).

5.17.2 Circuit Construction and Topology

The fundamental structure of the Wien Bridge Oscillator consists of two primary and distinct components working in
tandem:

1. A non-inverting amplifier constructed using an operational amplifier, which provides the necessary gain to
overcome the losses in the feedback network.

2. A frequency-selective Wien Bridge network (specifically a lead-lag network) that provides the phase-shifting
mechanism and determines the oscillation frequency.

The Wien Bridge itself is formed by four arms. In the oscillator circuit, two arms form a purely resistive voltage
divider (Rf and R1) which establishes the negative feedback. The other two arms form a reactive frequency-selective
network containing a series RC circuit and a parallel RC circuit, establishing the positive feedback.
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−+ Vout

Figure 5.44: Schematic diagram of an Op-Amp based Wien Bridge Oscillator.

The series RC combination (often referred to as the "lead" network, because at low frequencies the capacitor
dominates and causes the phase to lead) and the parallel RC combination (the "lag" network, where at high frequencies
the parallel capacitor shunts the signal, causing the phase to lag) are connected in series. The output of the op-amp
is applied across the entirety of this lead-lag network. The voltage appearing across the parallel portion is fed back
into the non-inverting terminal (V+) of the op-amp. Concurrently, a fraction of the output voltage is fed back to the
inverting terminal (V−) via the resistive divider formed by Rf and R1.

5.17.3 Principle of Operation and The Lead-Lag Network

To comprehensively understand how the oscillator works, we must analyze the behavior of the lead-lag network (the
positive feedback loop) with respect to frequency. This network inherently acts as a band-pass filter.

Let us denote the complex impedance of the series RC branch as Z1 and the parallel RC branch as Z2:

Z1 = R + 1
jωC

= 1 + jωRC

jωC

Z2 =
R ·

(
1

jωC

)
R +

(
1

jωC

) = R

1 + jωRC

The feedback factor β, which represents the ratio of the positive feedback voltage V+ to the output voltage Vout, is
derived directly using the fundamental voltage divider rule:

β = V+
Vout

= Z2
Z1 + Z2

(5.21)

Substituting our expressions for Z1 and Z2 into the equation yields:

β =
R

1+jωRC
1+jωRC

jωC + R
1+jωRC

=
R

1+jωRC

(1+jωRC)2+jωRC
jωC(1+jωRC)

= jωRC

(1 + jωRC)2 + jωRC

= jωRC

(1− ω2R2C2 + 2jωRC) + jωRC

= jωRC

1− ω2R2C2 + 3jωRC

To satisfy the phase requirement of the Barkhausen criterion for oscillation, the total phase shift introduced by the
entire system must be exactly 0◦. Because the op-amp is configured as a non-inverting amplifier, it naturally provides a
0◦ phase shift. Thus, the feedback network β must also provide a 0◦ phase shift. For β to be a purely real number
(meaning it introduces zero phase angle), the imaginary part of the transfer function must effectively dominate such
that the j terms cancel out, or looking at the fraction, the real part of the denominator must evaluate to zero:

1− ω2R2C2 = 0 =⇒ ω2 = 1
R2C2 =⇒ ω = 1

RC
(5.22)
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By replacing the angular frequency ω with 2πf0, the frequency of oscillation (f0) emerges as:

f0 = 1
2πRC

(5.23)

Definition

Box[Resonant Frequency] The resonant frequency f0 is the specific frequency point at which the lead-lag network
produces exactly a zero-degree phase shift. At this precise frequency, the positive phase lead induced by the series
RC section is perfectly counterbalanced and canceled by the negative phase lag induced by the parallel RC section.

5.17.4 Gain Requirements and The Barkhausen Criterion

When the circuit operates exactly at the resonant frequency f0, where ω = 1
RC , we can substitute this condition back

into our transfer function expression for β:

β =
j ·
(

1
RC

)
·RC

1−
(

1
RC

)2
R2C2 + 3j ·

(
1

RC

)
·RC

= j

1− 1 + 3j

= j

3j
= 1

3

This mathematical conclusion represents a pivotal characteristic of the Wien Bridge oscillator: at the resonant
frequency, the positive feedback network attenuates the output voltage to exactly one-third of its
original magnitude.

According to the Barkhausen criterion, for oscillations to be sustained indefinitely without growing or decaying, the
total loop gain must be strictly equal to unity:

|A · β| = 1 =⇒ A · 1
3 = 1 =⇒ A = 3 (5.24)

The voltage gain A of the non-inverting amplifier stage is determined by the negative feedback resistors Rf and R1:

A = 1 + Rf

R1
(5.25)

Therefore, aligning the required gain with the amplifier’s gain equation gives:

1 + Rf

R1
= 3 =⇒ Rf

R1
= 2 =⇒ Rf = 2R1 (5.26)

Important Warning: Amplitude Stability

If the theoretical gain A is precisely set to exactly 3.00, the oscillator is mathematically perfectly stable. However,
in physical implementation, components are subject to manufacturing tolerances, thermal drift, and aging.

• If the gain falls slightly below 3 (A < 3), oscillations will exponentially decay and the output will eventually
drop to zero.

• If the gain rises slightly above 3 (A > 3), oscillations will exponentially grow until the op-amp hits its power
supply rail limits, causing the sine wave to experience severe clipping distortion and resemble a square wave.

Thus, to initiate oscillations, the initial gain is deliberately set slightly higher than 3 (e.g., A = 3.1). Once
oscillations begin to grow, a non-linear amplitude stabilization mechanism must automatically step in to
reduce and maintain the gain at precisely 3.

5.17.5 Amplitude Stabilization Mechanisms

To resolve the strict requirement of precise gain control and to prevent waveform clipping, real-world practical Wien
Bridge oscillators invariably employ non-linear, voltage-dependent or temperature-dependent components within the
negative feedback loop.
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1. The Incandescent Lamp Method: One of the oldest, most reliable, and deeply historic methods—famously
utilized by William Hewlett to construct the very first product of Hewlett-Packard, the HP 200A audio oscillator—places
a low-wattage tungsten incandescent lamp in the position of resistor R1. A tungsten lamp filament inherently possesses
a positive temperature coefficient of resistance (its resistance increases as it heats up). When the amplitude of oscillation
starts to increase past a desired threshold, the increased RMS voltage forces more current through the lamp. The
filament heats up, which actively increases the lamp’s resistance (R1). Since the gain formula dictates A = 1 + Rf

R1
,

an increase in the denominator R1 instantly reduces the overall gain, bringing the amplitude smoothly back down to
equilibrium. This constitutes an automatic, thermal self-regulating feedback loop.

2. The Diode and JFET Methods: In modern solid-state circuit design, relying on thermal lamps is often
impractical. Instead, designers use back-to-back Zener diodes across the feedback resistor Rf . As the output voltage
peaks, the diodes begin to conduct, effectively placing a parallel shunt across Rf and lowering its net resistance, which
reduces the gain dynamically. Alternatively, an N-channel JFET can be utilized as a voltage-controlled variable resistor
(VCR) in the negative feedback network. The AC output is rectified and filtered to produce a DC control voltage
applied to the JFET’s gate. As the oscillation amplitude rises, the JFET’s channel resistance changes to progressively
reduce the op-amp’s gain, effectively keeping the output waveform pristine and free of harmonic distortion.

Example: Designing a Wien Bridge Oscillator

Problem Statement: Design an operational amplifier-based Wien Bridge Oscillator circuit required to generate
a continuous, pure sinusoidal waveform with a fundamental frequency of exactly 2 kHz. Assume an available
standard capacitor value of 0.022µF.
Solution: Given Parameters: f0 = 2000 Hz C = 0.022µF = 22× 10−9 F
Step 1: Calculate the necessary value of the frequency-determining resistor R. Using the established resonant
frequency formula: f0 = 1

2πRC =⇒ R = 1
2πf0C

R = 1
2·π·2000·(22×10−9) R = 1

2.7646×10−4 R ≈ 3617 Ω In a practical setting, to achieve exactly 3.61 kΩ, one might
use a standard 3.3 kΩ fixed resistor placed in series with a 1 kΩ multi-turn precision potentiometer for fine-tuning
the frequency.
Step 2: Determine the negative feedback resistors Rf and R1. For sustained oscillations, the theoretical gain
A must equal 3, but to ensure reliable startup, the initial gain is designed to be slightly larger (e.g., A = 3.1).
A = 1 + Rf

R1
≥ 3 =⇒ Rf ≥ 2R1

If we choose an arbitrary standard value for R1 = 10 kΩ: Rf = 2 · 10 kΩ = 20 kΩ. To provide an initial starting
gain slightly above 3, and to allow for calibration, Rf should be implemented using a 22 kΩ or 25 kΩ trimmer
potentiometer. Adjusting this trimmer while observing the output on an oscilloscope ensures the best possible
compromise between reliable startup and minimal distortion.

5.17.6 Advantages and Disadvantages

The Wien Bridge Oscillator topology presents distinct characteristics that make it highly suitable for specific applications,
but also subject to certain constraints.

Advantages:

• Excellent Frequency Stability: The generated frequency of oscillation is highly stable and remains relatively
immune to minor fluctuations in power supply voltages or ambient temperature, especially when high-quality
tolerance components are utilized.

• Exceedingly Low Distortion: Because the positive feedback network selectively permits maximum feedback
at only a single precise resonant frequency, and provided the gain is well-regulated, the resulting sine wave is
remarkably pure. It typically exhibits a Very Low Total Harmonic Distortion (THD) profile compared to other
basic oscillators.

• Wide Frequency Tuning Range: By employing a mechanical dual-gang variable capacitor or a dual-gang
variable potentiometer for the matched R and C components, the oscillation frequency can be continuously swept
over a very wide band. Changing R and C symmetrically alters the frequency without affecting the required loop
gain equation (since the values of R and C inherently cancel out in the gain phase condition).

• No Inductors Required: Since the frequency selective network is constructed purely from standard resistors
and capacitors, the circuit successfully avoids heavy, bulky, and expensive inductive coils which are problematic
at audio frequencies.

Disadvantages:
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• High-Frequency Performance Limitations: The operational amplifier’s intrinsic physical limitations, pri-
marily its Slew Rate and Gain-Bandwidth Product (GBWP), strictly cap the maximum achievable operational
frequency. Above a few hundred kilohertz, the op-amp introduces excessive unintended phase shifts, and
high-frequency LC topologies like the Colpitts or Hartley oscillator become mandatory.

• Strict Requirement for Amplitude Stabilization: As thoroughly discussed, a Wien Bridge Oscillator
running in an open configuration without an active or passive amplitude stabilization mechanism is practically
unusable. The output is highly prone to either suffering severe clipping distortion or abruptly dying out entirely
due to minor environmental shifts.

• Stringent Component Matching: For a perfect, uninterrupted frequency sweep across different ranges, the
two resistors R and the two capacitors C must remain precisely matched at all times. Any physical mismatch
during turning introduces transient phase errors, which inevitably translate into undesirable amplitude bounce or
fluctuations during frequency selection.

In conclusion, the Wien Bridge Oscillator remains a quintessential and indispensable configuration in analog
electronics. It flawlessly demonstrates the core principles of both positive and negative feedback working in harmonious
tandem. The delicate, orchestrated balance achieved between phase selection in the passive lead-lag network and
automatic amplitude regulation in the active non-inverting amplifier forms the bedrock of reliable, high-fidelity
low-frequency signal generation.

[scale=0.9, transform shape] (0,0) node[op amp] (opamp) ; (opamp.-) to[R, l=R1] (-3, 0.5) node[ground] ; (opamp.+)
to[short, -o] (-2, -0.5) node[left] Vin; (opamp.out) to[short, -o] (2,0) node[right] Vout; (opamp.-) – (0, 2) to[R, l=Rf ] (2,

2) -| (opamp.out);

Figure 5.45: Non-Inverting Amplifier Configuration 18
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Figure 5.46: Harmonic frequency response 18

5.18 Crystal Oscillator
In many electronic applications, particularly in communication systems, digital electronics, and microprocessors, there
is an absolute necessity for an oscillator that provides an extremely stable and precise frequency. While LC and RC
oscillators are useful for general-purpose applications, their frequency of oscillation is susceptible to variations due to
changes in temperature, supply voltage, and the aging of components. To overcome these limitations and achieve high
frequency stability, a crystal oscillator is used.

Definition

Box[Crystal Oscillator] A crystal oscillator is an electronic oscillator circuit that uses the mechanical resonance of
a vibrating crystal of piezoelectric material to create an electrical signal with a precise and stable frequency. This
frequency is commonly used to keep track of time, as in quartz wristwatches, to provide a stable clock signal for
digital integrated circuits, and to stabilize frequencies for radio transmitters and receivers.
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5.18.1 The Piezoelectric Effect

The operation of a crystal oscillator is fundamentally based on the piezoelectric effect. This phenomenon is exhibited
by certain crystalline materials, most notably quartz, tourmaline, and Rochelle salt.

Definition

Box[Piezoelectric Effect] The piezoelectric effect is the ability of certain materials to generate an electric charge in
response to applied mechanical stress. Conversely, the inverse piezoelectric effect occurs when an alternating
electric field applied across the material causes it to mechanically vibrate.

When an alternating voltage is applied across a quartz crystal, it vibrates at a frequency equal to the frequency
of the applied voltage. If the frequency of the applied voltage matches the natural mechanical resonant frequency
of the crystal, the amplitude of vibrations becomes maximum. At this mechanical resonance, the crystal exhibits
specific electrical impedance characteristics that can be utilized in an oscillator circuit to determine the oscillation
frequency. Quartz is the most widely used piezoelectric material in electronic oscillators because it is inexpensive,
naturally abundant, mechanically strong, and has a very low temperature coefficient of frequency (meaning its resonant
frequency barely changes with temperature).

5.18.2 Construction and Equivalent Electrical Circuit

A typical quartz crystal used in electronics consists of a thin slice of quartz placed between two conducting metal
plates, which serve as electrodes. The entire assembly is encapsulated in a protective metal or ceramic casing with two
connecting leads.

To analyze the behavior of a crystal in an electronic circuit, it is represented by its equivalent electrical circuit. The
mechanical properties of the vibrating crystal can be modeled using passive electrical components.

A B

Cp

Ls Cs Rs

Figure 5.47: Equivalent Electrical Circuit of a Quartz Crystal

The equivalent circuit consists of two parallel branches:

• Series Branch (Ls, Cs, Rs): This branch represents the mechanical resonance of the crystal.

– Ls (Series Inductance): Represents the mass (inertia) of the vibrating crystal.
– Cs (Series Capacitance): Represents the mechanical compliance (elasticity) of the crystal.
– Rs (Series Resistance): Represents the internal mechanical friction damping the crystal’s vibrations.

• Parallel Branch (Cp): The parallel capacitance, Cp (also known as shunt capacitance), represents the electrostatic
capacitance formed by the two metal electrode plates separated by the quartz dielectric material, along with the
stray capacitance of the mounting structure.

Key Concept

Concept The values of Ls are typically very large (in the range of Henrys), while Cs is very small (fractions of a
picofarad). The high Ls/Cs ratio gives the crystal an extremely high Quality Factor (Q-factor), often exceeding
10, 000, and sometimes reaching millions. This high Q-factor is the primary reason for the unmatched frequency
stability of crystal oscillators.
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5.18.3 Resonant Frequencies of a Crystal

Because of the structure of its equivalent circuit, a crystal has two distinct resonant frequencies that occur very close to
each other:

1. Series Resonant Frequency (fs): At a specific frequency fs, the reactances of the series inductor Ls and series
capacitor Cs cancel each other out (XLs = XCs). At this point, the impedance of the series branch is purely
resistive and drops to its minimum value, Rs. The series resonant frequency is given by the formula:

fs = 1
2π
√

LsCs
(5.27)

2. Parallel Resonant Frequency (fp): At a slightly higher frequency fp, the net inductive reactance of the series
branch (Ls and Cs) resonates with the capacitive reactance of the parallel capacitor Cp. At this frequency, the
overall impedance of the crystal reaches its maximum value. The parallel resonant frequency is given by the
formula:

fp = 1
2π
√

LsCeq
where Ceq = CsCp

Cs + Cp
(5.28)

Since Cp ≫ Cs, the equivalent capacitance Ceq is slightly smaller than Cs, which makes fp slightly greater than fs.
However, in practice, fs and fp are separated by less than 1% of the crystal’s operating frequency. Between these two
frequencies (fs < f < fp), the crystal acts as an inductive reactance, which is a crucial characteristic used in many
oscillator circuit designs.

Calculating Crystal Resonant Frequencies

A quartz crystal has the following parameters in its equivalent circuit: Ls = 3 H, Cs = 0.05 pF, Rs = 2 kΩ, and
Cp = 10 pF. Let’s calculate its series and parallel resonant frequencies.
1. Series Resonant Frequency (fs):

fs = 1
2π
√

3× 0.05× 10−12
≈ 410.9 kHz

2. Parallel Resonant Frequency (fp): First, find Ceq:

Ceq = 0.05× 10
0.05 + 10 pF ≈ 0.04975 pF

Now, calculate fp:
fp = 1

2π
√

3× 0.04975× 10−12
≈ 411.9 kHz

Notice how close fs (410.9 kHz) and fp (411.9 kHz) are to each other. The crystal behaves inductively only in
this narrow 1 kHz bandwidth.

5.18.4 Types of Crystal Oscillator Circuits

Crystals can be incorporated into oscillator circuits in several ways, generally replacing the inductor or the entire LC
tank circuit in conventional oscillator topologies. The two most common configurations are the Pierce and Colpitts
crystal oscillators.

Pierce Crystal Oscillator

The Pierce oscillator is one of the most popular configurations for crystal oscillators, especially in digital circuits where
a reliable clock is needed. It is essentially a variation of the Colpitts oscillator, where the inductor in the tank circuit is
replaced by a crystal.

In the Pierce oscillator, the crystal operates in its inductive region (between fs and fp). Along with two external
capacitors, it forms a pi-network bandpass filter that provides a 180◦ phase shift at the resonant frequency. The
amplifying element (often an inverting amplifier like a simple CMOS inverter or a common-emitter transistor) provides
the additional 180◦ required to satisfy the Barkhausen criterion of a full 360◦ phase shift around the loop. The high
Q of the crystal ensures that the phase shift changes rapidly with frequency, forcing the oscillator to operate strictly
within the narrow inductive band of the crystal.
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Colpitts Crystal Oscillator

In a Colpitts crystal oscillator, the crystal typically replaces the inductor of the standard Colpitts LC tank circuit.
Unlike the Pierce configuration which operates in the inductive region, the Colpitts crystal oscillator often operates
precisely at the series resonant frequency (fs) of the crystal, or very close to it. Since the crystal’s impedance is lowest
at series resonance, it provides maximum feedback voltage to the amplifier at this specific frequency, thereby sustaining
oscillations.

Drive Level Dependency

Crystals are delicate mechanical devices. The power dissipated by the crystal, known as the drive level, must be
carefully controlled. If the drive level exceeds the manufacturer’s specified maximum limits, the physical vibrations
can become so severe that the quartz crystal shatters, destroying the component. Moreover, high drive levels can
cause frequency drift and severely degrade stability over time.

5.18.5 Advantages, Disadvantages, and Applications

Category Details
Advantages • Excellent Frequency Stability: Capable of main-

taining frequency within a few parts per million (ppm).
• High Q-Factor: The mechanical resonance results in

extremely sharp tuning and minimal phase noise.
• Low Temperature Drift: Quartz has a negligible

temperature coefficient.
• Compact Size: Crystals are small and can be easily

integrated onto printed circuit boards.

Disadvantages • Fixed Frequency: They are primarily fixed-
frequency devices. Tuning is only possible over a
microscopic range (known as pulling).

• Fragility: Susceptible to mechanical shock and exces-
sive electrical drive levels.

• Limited Low Frequencies: Very low-frequency crys-
tals become physically large, bulky, and generally im-
practical.

Table 5.7: Characteristics of Crystal Oscillators

Applications: Crystal oscillators are ubiquitous in modern technology. They serve as the heartbeat of digital systems,
providing the clock signals for microprocessors, microcontrollers, and computer motherboards. In telecommunications,
they are used to generate stable carrier frequencies for radio transmitters, cellular phones, and Wi-Fi modules. They
are also widely utilized in precision test and measurement instruments, such as frequency counters, spectrum analyzers,
and oscilloscopes, where absolute timing accuracy is critical. Furthermore, they remain the core timekeeping element in
digital watches and real-time clock (RTC) modules.

[scale=0.9, transform shape] (0,0) node[op amp] (opamp) ; (opamp.-) to[R, l=R12] (-3, 0.5) to[short, -o] (-3.5, 0.5)
node[left] Vin; (opamp.+) node[ground] ; (opamp.out) to[short, -o] (2,0) node[right] Vout; (opamp.-) – (0, 2) to[C,

l=C12] (2, 2) -| (opamp.out);

Figure 5.48: Op-Amp Integrator Circuit 12

Textbook for 4341105 Milav Dabgar

https://milav.in


Construction of Unijunction Transistor (UJT) 142

«««< HEAD

AI Image Placeholder
=======

Definition

AI Image Placeholder »»»> origin/paper-solver AI Image: Detailed 3D rendering

of a generic analog electronic circuit component setup 12 «««< HEAD

=======

»»»> origin/paper-solver

Figure 5.49: Detailed 3D circuit illustration 12

5.19 Construction of Unijunction Transistor (UJT)

The Unijunction Transistor (UJT) is a specialized three-terminal semiconductor device that possesses a very distinct set
of characteristics, differing significantly from conventional bipolar junction transistors (BJTs) or field-effect transistors
(FETs). Unlike BJTs, which utilize two PN junctions (forming NPN or PNP configurations) to achieve signal amplification
and switching, the UJT is designed around only one single PN junction. It is this fundamental structural difference
that gives the device its defining name—the "unijunction" transistor. Furthermore, while conventional transistors are
generally employed as linear signal amplifiers or saturated switches, the UJT is rarely used for amplification. Instead,
its primary application lies in its ability to function as an efficient, voltage-controlled solid-state switch and as a core
component in oscillator circuits, owing to a unique electrical property known as "negative resistance." Understanding the
physical construction of the UJT is absolutely paramount to grasping how it achieves this distinct switching behavior.

Definition

Box[Unijunction Transistor (UJT)] A Unijunction Transistor (UJT) is a three-terminal solid-state device comprising
a single PN junction integrated into a lightly doped silicon channel. It operates fundamentally as a switching
device rather than an amplifying device, exhibiting a prominent negative resistance region in its current-voltage
(I − V ) characteristics. This property makes the UJT highly suitable for relaxation oscillators, timing circuits,
phase control, and thyristor triggering applications.

5.19.1 Physical Structure and Materials

The foundational architecture of the Unijunction Transistor is elegantly simple, yet its functional outcomes are profound.
The entire device is primarily constructed upon a monolithic, lightly doped N-type silicon semiconductor bar or slab.
The relatively low doping concentration of this N-type substrate is a critical design factor; it ensures that the silicon
bar has a high intrinsic electrical resistance (typically a few kilo-ohms), which plays a vital role in establishing the
voltage gradients necessary for the device’s operation.

Onto this high-resistance N-type silicon bar, a heavily doped P-type material is alloyed or diffused. This P-type
region is positioned asymmetrically along the length of the N-type bar, creating the single PN junction that characterizes
the UJT.

Key Concept

Concept The asymmetric physical placement of the P-type emitter along the N-type base is a deliberate, precision-
engineered design choice. The P-type region is placed physically closer to the top end of the silicon bar than
the bottom end. This specific geometric positioning directly determines the internal electrical parameters of the
device—most notably the intrinsic standoff ratio (η)—which entirely governs the specific trigger voltage required
to turn the UJT on.

The UJT features three distinct external terminals, which are created by establishing low-resistance ohmic contacts
(non-rectifying junctions) with the semiconductor materials:
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• Base 1 (B1): An ohmic contact established at the extreme bottom end of the N-type silicon bar.

• Base 2 (B2): An ohmic contact established at the extreme top end of the N-type silicon bar, physically closer to
the emitter junction.

• Emitter (E): An ohmic contact made directly with the heavily doped P-type region.

Because the underlying N-type bar is lightly doped, the end-to-end resistance between the two base terminals (B1
and B2) is relatively high when the emitter terminal is left open-circuited. Conversely, the P-type emitter region is
heavily doped, ensuring a dense concentration of holes. This heavy doping guarantees an efficient injection of these
holes (which act as majority carriers in the P-type material) into the lightly doped N-type base region the moment the
PN junction becomes forward-biased.

N-Type Silicon Bar
(Lightly Doped)

P
(Heavily
Doped)

Emitter (E)

Base 2 (B2)

Base 1 (B1)

PN Junction

Figure 5.50: Basic physical construction of a Unijunction Transistor (UJT), illustrating the asymmetric placement of
the emitter.

Terminal Reversibility

Although the schematic symbol and the rectangular N-type silicon bar might appear symmetric at a casual glance
if not for the offset emitter, the terminals Base 1 (B1) and Base 2 (B2) are strictly not interchangeable. Reversing
the connections for B1 and B2 in a physical circuit will drastically alter the device’s characteristic behavior because
the emitter is strategically positioned much closer to B2. Reversing these connections will usually render the
timing circuit completely non-functional or alter the trigger point unpredictably, potentially damaging subsequent
circuit stages.

5.19.2 Equivalent Circuit of the UJT

To fully comprehend how the raw physical construction translates into dynamic electrical behavior, it is highly beneficial
to examine the UJT’s equivalent circuit. The equivalent circuit models the complex internal semiconductor interactions
of the UJT using familiar discrete electronic components (resistors and a diode), providing a simplified yet highly
accurate representation of its mechanics.

The lightly doped N-type silicon bar essentially acts as a simple resistive voltage divider when a standard DC
voltage is applied across Base 1 and Base 2. This total resistance, measured between B1 and B2 with the emitter open,
is known as the Interbase Resistance, denoted as RBB.

Mathematically, the interbase resistance is the sum of two internal bulk resistances:

RBB = RB1 + RB2

• RB1 (Resistance of Base 1): This internal resistance represents the ohmic value of the lower portion of the
N-type silicon bar, specifically from the physical location of the PN junction down to the B1 terminal contact.
Because the forward-biased PN junction injects large quantities of charge carriers (holes) specifically into this
lower region during the active switching operation, RB1 operates as a highly variable resistance. Its nominal value
ranges from roughly 4 kΩ to 8 kΩ in the OFF state, but it collapses dramatically to just a few ohms (typically
5Ω to 50Ω) when the device is triggered into the fully ON saturated state.
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• RB2 (Resistance of Base 2): This internal resistance represents the upper portion of the N-type bar, from the
physical location of the PN junction up to the B2 terminal. Unlike RB1, the resistance value of RB2 remains
largely constant during normal operation. This stability occurs because the charge carriers injected from the
heavily doped emitter are driven primarily downward toward B1 by the internal electric field established by the
interbase bias voltage.

Because the emitter diffusion is deliberately positioned physically closer to Base 2, under static conditions (when
zero emitter current is flowing), the physical distance from the semiconductor junction to B2 is shorter than the physical
distance down to B1. Consequently, the static resistance RB2 is practically always less than the static resistance RB1.
Typically, the total series interbase resistance RBB ranges between 4 kΩ and 10 kΩ across various commercial UJT
models (such as the popular 2N2646).

The single PN junction itself is modeled as an ideal standard rectifying diode (D) connected directly to the central
junction point between RB1 and RB2. The anode of this equivalent internal diode corresponds identically to the
external Emitter (E) terminal, while its internal cathode connects directly to the internal voltage divider node.

B2

Base 2 (B2)

RB2 (Constant)

Node AEmitter (E)

RB1 (Variable)

B1

Base 1 (B1)

VBB (Interbase Voltage)

VA = ηVBB

Figure 5.51: The equivalent electrical circuit model of a UJT, highlighting the voltage division and the variable
resistance of RB1.

5.19.3 Intrinsic Standoff Ratio (η)

A pivotal, defining parameter dictated entirely by the physical construction of the UJT is the Intrinsic Standoff
Ratio, standardly designated by the Greek letter η (eta).

When a DC bias voltage VBB is actively applied across the two bases (where B2 is typically biased positive relative to
ground at B1), the N-type silicon bar immediately begins functioning as a simple resistive voltage divider. Consequently,
the steady-state voltage at the internal "Node A" (which represents the internal cathode of our equivalent PN junction
diode) becomes a specific, measurable fraction of the total applied interbase voltage VBB. This precise proportional
fraction is what defines the intrinsic standoff ratio.

By applying the fundamental voltage divider principle across the internal resistances:

VA = VBB ×
(

RB1
RB1 + RB2

)
= VBB ×

(
RB1
RBB

)
From this relationship, the intrinsic standoff ratio is formally and geometrically defined as:

η = RB1
RB1 + RB2

= RB1
RBB

Calculating the Trigger Voltage from Construction Parameters

Consider a commercial UJT constructed in the factory such that its nominal internal resistance measurements
yield RB1 = 6 kΩ and RB2 = 4 kΩ. A standard laboratory power supply provides an interbase voltage VBB = 10V
across the component’s bases.

1. Determine the Intrinsic Standoff Ratio (η):
η = RB1

RB1+RB2
= 6kΩ

6kΩ+4kΩ = 6
10 = 0.6

2. Calculate the internal steady-state voltage at Node A (VA):

Textbook for 4341105 Milav Dabgar

https://milav.in


Construction of Unijunction Transistor (UJT) 145

VA = η × VBB = 0.6× 10V = 6V

For the UJT to successfully turn ON (a process known as triggering), the externally applied emitter voltage (VE)
must be elevated high enough to overcome both this internal reverse-biasing voltage VA and the intrinsic forward
voltage drop of the internal silicon PN diode itself (VD ≈ 0.7V for silicon at room temperature). Therefore, the
critical peak or trigger voltage VP required at the emitter terminal is mathematically derived as:
VP = VA + VD = 6V + 0.7V = 6.7V.
If the input voltage VE remains below 6.7V, the internal diode is reverse-biased, and the UJT remains firmly in
the OFF (standoff) state. The moment VE reaches 6.7V, the junction forward-biases, carrier injection begins, RB1
collapses, and the device rapidly triggers into conduction.

The numerical value of η is an inherent, unchangeable property built directly into the UJT during its initial
manufacturing process by strictly controlling the physical diffusion placement of the P-type emitter relative to the ends
of the N-type base. Typical values for η in standard commercial off-the-shelf devices range from 0.5 to 0.8. Because
this parameter is fundamentally determined by a purely geometric ratio of bulk resistances within a single monolithic
silicon bar, η remains remarkably stable and consistent across wide variations in ambient operating temperature.
This extraordinary thermal stability is precisely the characteristic that makes the UJT exceptionally reliable for
high-precision timing circuits and industrial relaxation oscillators.

5.19.4 Comparative Summary of Terminals

To firmly consolidate the foundational understanding of the UJT’s structure, it is highly beneficial to compare its
external terminals with those of other, perhaps more common, semiconductor devices. While the nomenclature might
initially sound familiar, their underlying physical realities and operational functions differ radically from one another.

Device Type Control Terminal Main Conduction Terminals
Bipolar Junction Transistor (BJT) Base Collector, Emitter
Field Effect Transistor (FET) Gate Drain, Source
Unijunction Transistor (UJT) Emitter Base 1, Base 2

Table 5.8: Comparison of semiconductor device terminals, highlighting the unique and specialized nomenclature of the
Unijunction Transistor.

In a standard NPN Bipolar Junction Transistor (BJT), the physical "Emitter" actively emits charge carriers across
a very narrow "Base" region hoping they reach the "Collector" to facilitate linear amplification. Conversely, in a
Unijunction Transistor (UJT), the "Emitter" terminal does not emit carriers toward a collector. Instead, it functions
purely as a voltage threshold trigger. When the threshold is met, it abruptly injects a massive quantity of charge
carriers directly downward into the "Base 1" region (the lower half of the N-type bar) to drastically and violently lower
the resistance between itself and Base 1. This localized resistance collapse is what switches the device rapidly into a
highly conductive, low-resistance "ON" state.

In summary, the physical construction of the UJT—defined by a single, asymmetrically placed, heavily doped
P-type emitter diffused into a monolithic, lightly doped N-type silicon bar—is precisely the structural arrangement that
yields its distinctive voltage divider equivalent circuit and its extraordinary variable-resistance switching capabilities.
This elegant and deliberate physical architecture is the fundamental reason the UJT continues to serve as an enduring,
reliable, and foundational cornerstone component in industrial relaxation oscillators, timing delay networks, and
high-power thyristor (SCR and TRIAC) phase control triggering circuits.

[scale=0.9, transform shape] (0,0) node[op amp] (opamp) ; (opamp.-) to[R, l=R1] (-3, 0.5) node[ground] ; (opamp.+)
to[short, -o] (-2, -0.5) node[left] Vin; (opamp.out) to[short, -o] (2,0) node[right] Vout; (opamp.-) – (0, 2) to[R, l=Rf ] (2,

2) -| (opamp.out);

Figure 5.52: Non-Inverting Amplifier Configuration 11
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Figure 5.53: Silicon IC macro photograph 11

5.20 Working and V-I Characteristics of Unijunction Transistor (UJT)

5.20.1 Introduction to the Unijunction Transistor (UJT)

The Unijunction Transistor (UJT), unlike conventional bipolar junction transistors (BJTs) or field-effect transistors
(FETs), is a remarkable three-terminal, single-junction solid-state semiconductor device. While standard transistors are
primarily utilized for signal amplification and continuous linear switching, the UJT is dedicated entirely to switching
applications, specifically those requiring sharp and discrete changes in state. Due to its unique internal structure and
electrical behavior, the UJT cannot amplify signals. Instead, it serves as an excellent voltage-controlled switch that is
triggered when a specific input voltage threshold is reached.

Key Concept

Concept The foundational characteristic that sets the Unijunction Transistor apart from other semiconductor
devices is its negative resistance property. In a specific operating region, an increase in the input current
leads to a proportional decrease in the input voltage. This inverse relationship is the driving principle behind its
widespread application in relaxation oscillators, timing circuits, and triggering circuits for thyristors like SCRs
and TRIACs.

In this section, we will embark on a detailed exploration of the Unijunction Transistor, dissecting its physical construc-
tion, equivalent circuit representation, operational mechanism, and critically, its Voltage-Current (V-I) characteristics.
Understanding these concepts is vital for designing robust pulse-generating and timing circuits.

5.20.2 Construction and Symbol

The physical construction of a Unijunction Transistor is elegantly simple yet functionally profound. It forms the basis
of its operational characteristics and justifies its name, "unijunction" (meaning a single PN junction).

Definition

Box[UJT Construction] A Unijunction Transistor is constructed from a lightly doped, N -type silicon semiconductor
bar. At the two ends of this rectangular bar, ohmic contacts are formed to provide two base terminals, conventionally
designated as Base 1 (B1) and Base 2 (B2). Closer to B2 than to B1, a highly doped P -type material is alloyed
into the N -type bar. This alloying process creates a single PN junction. The terminal drawn from this P -type
region is known as the Emitter (E).

To visualize this construction, imagine a resistive bar of N -type silicon. Because it is lightly doped, it possesses a
relatively high inherent electrical resistance. The P -type emitter region is heavily doped, which means it contains a
high concentration of holes (positive charge carriers). The placement of the emitter closer to B2 is not arbitrary; it
introduces a physical asymmetry that is crucial for defining the intrinsic stand-off ratio, a key parameter of the UJT.
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The schematic symbol for a UJT features an arrow representing the emitter pointing toward a straight vertical line
that represents the N -type bar. The arrow is slanted and points in the direction of conventional current flow (from the
P -type emitter to the N -type base) when the device is forward-biased. The two bases, B1 and B2, are drawn at the
top and bottom of the vertical line, respectively.

Physical Construction

N -type Silicon Bar

P Emitter (E)

Base 2 (B2)

Base 1 (B1)

Schematic Symbol

B2

B1

E

Figure 5.54: Physical Construction and Schematic Symbol of a Unijunction Transistor

5.20.3 Equivalent Circuit of a UJT

To analyze the behavior of the UJT in an electrical circuit, it is immensely helpful to represent its physical structure
using an equivalent circuit composed of ideal, well-understood electrical components.

The N -type silicon bar, stretching from B1 to B2, acts as a simple resistor. We can represent this total resistance as
the inter-base resistance, denoted as RBB. The emitter junction essentially divides this bar into two distinct resistive
segments:

• RB1: The resistance of the silicon bar between the emitter junction and Base 1 (B1).

• RB2: The resistance of the silicon bar between the emitter junction and Base 2 (B2).

Therefore, the total inter-base resistance is the series combination of these two segments:

RBB = RB1 + RB2

Typically, RBB ranges between 4 kΩ and 10 kΩ when the emitter is open-circuited. The PN junction formed
between the P -type emitter and the N -type bar can be modeled as a simple semiconductor diode, D.

B2

RB2

RB1VRB1

B1

A
E

Diode D

Figure 5.55: Equivalent Circuit of a Unijunction Transistor

When a voltage VBB is applied across the bases (B2 is positive with respect to B1), this voltage drops across the
series combination of RB1 and RB2. The voltage at the internal node ’A’ (relative to B1) is determined by a simple

Textbook for 4341105 Milav Dabgar

https://milav.in


Working and V-I Characteristics of Unijunction Transistor (UJT) 148

voltage divider network:
VA = VBB ×

RB1
RB1 + RB2

Definition

Box[Intrinsic Stand-Off Ratio (η)] The ratio of the resistance RB1 to the total inter-base resistance RBB is a
fundamental constant for a given UJT and is known as the Intrinsic Stand-Off Ratio. It is represented by the
Greek letter η (eta).

η = RB1
RB1 + RB2

= RB1
RBB

Typical values of η range from 0.5 to 0.8.

Using the intrinsic stand-off ratio, the voltage at node ’A’ can be elegantly expressed as:

VA = ηVBB

This voltage VA acts as a reverse bias voltage for the internal diode D.

5.20.4 Working Principle of UJT

The operation of a UJT is entirely dependent on the applied voltages at its terminals. Let us assume a fixed positive
voltage, VBB , is connected across B2 and B1. We will gradually increase the emitter voltage, VE , from zero to understand
the UJT’s operational states.

1. The Cut-off State (Reverse Biased Emitter)
When the applied emitter voltage VE is zero, or less than the internal voltage at node A (VA = ηVBB), the equivalent
diode D is reverse-biased. The P -type emitter is at a lower potential than the adjacent N -type region. Consequently, no
significant current flows through the emitter terminal, except for a negligible minority carrier leakage current (IEO). In
this state, the UJT is completely "OFF," acting much like an open switch between the emitter and B1. The resistance
RB1 remains at its high nominal value.

2. Reaching the Peak Point
As we gradually increase VE , the reverse bias on the diode reduces. When VE precisely matches the internal voltage
VA, the diode is perfectly balanced, with zero potential difference across it. However, to forward bias the silicon diode,
VE must exceed VA by the forward voltage drop of the PN junction, which is typically around 0.7V for silicon, denoted
as VD.

Therefore, the critical threshold voltage at which the UJT turns "ON" is called the Peak Voltage (VP ).

VP = ηVBB + VD

3. The Conduction State and Negative Resistance
When the emitter voltage reaches and slightly exceeds VP , the PN junction becomes strongly forward-biased. Suddenly,
a massive influx of holes is injected from the heavily doped P -type emitter into the lightly doped N -type bar. Because
these holes are positively charged, they naturally drift towards the negative terminal, B1.

As these holes flood the lower half of the N -type bar (the region corresponding to RB1), they attract an equal
number of electrons from ground to maintain electrical neutrality. This sudden, massive increase in charge carriers in
the RB1 region drastically increases its electrical conductivity. In simpler terms, the resistance RB1 sharply plummets
from several kilo-ohms down to a few tens of ohms.

The Phenomenon of Conductivity Modulation

The dramatic decrease in the resistance RB1 due to the injection of charge carriers is called conductivity
modulation. As RB1 drops, the voltage across it also drops rapidly. This implies that as the emitter current
(IE) increases rapidly, the necessary emitter voltage (VE) to sustain that current actually decreases. This unique
behavior gives birth to the negative resistance region, the defining hallmark of the UJT.

5.20.5 V-I Characteristics of UJT

The Voltage-Current (V-I) characteristic curve is a graphical representation plotting the Emitter Voltage (VE) on the
Y-axis against the Emitter Current (IE) on the X-axis for a constant inter-base voltage (VBB). The curve beautifully
illustrates the three distinct operational regions of the UJT.
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Figure 5.56: Static Emitter V-I Characteristics of a Unijunction Transistor

The V-I characteristic curve is logically divided into three primary segments:

1. Cut-Off Region

This region corresponds to the state where the emitter voltage VE is less than the peak voltage VP . The internal diode
is reverse-biased, and the device is effectively "OFF." The only current flowing is a microscopic leakage current IEO.
On the graph, this is the region from the origin up to the peak point. The high impedance in this region means the
UJT acts like an open circuit.

2. Negative Resistance Region

The defining region of the UJT begins the moment VE reaches VP and the emitter current IE reaches the peak current,
IP . The moment VE exceeds this threshold, the internal diode becomes forward biased, triggering the massive injection
of holes into the N -type bar. Because of conductivity modulation, the resistance RB1 collapses rapidly. Consequently,
even as the current IE surges forward, the voltage VE drops precipitously. This counter-intuitive relationship where
voltage falls as current rises is plotted as a downward-sloping curve. This region continues until the UJT reaches its
absolute minimum operational voltage, known as the Valley Point (VV , IV ). This region is the core operating zone
for oscillators and timing circuits because the device rapidly transitions from a high-voltage, low-current state to a
low-voltage, high-current state, effectively "switching."

3. Saturation Region

Once the emitter current increases past the valley current (IV ), the device enters the saturation region. At this juncture,
the lower segment of the N -type bar is completely saturated with charge carriers. Conductivity modulation has
maximized, and RB1 has reached its absolute minimum value, which acts like a small, constant resistance. Any further
increase in the emitter current IE will cause a slight, linear increase in the emitter voltage VE , following standard
Ohm’s Law behavior. In this region, the UJT behaves essentially like a standard forward-biased diode in series with a
small constant resistor.

5.20.6 Key Parameters from the V-I Curve

Understanding the crucial points on the V-I curve is necessary for designing any UJT-based circuit.
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Parameter Description
Peak Voltage (VP ) The critical threshold emitter voltage at which the UJT triggers and enters the negative

resistance region. Given by VP = ηVBB + VD.
Peak Current (IP ) The minimal emitter current corresponding to the peak voltage. It marks the precise

transition from the cut-off to the negative resistance region.
Valley Voltage (VV ) The minimum emitter voltage reached after the negative resistance region. The UJT cannot

operate below this voltage while in the "ON" state.
Valley Current (IV ) The emitter current at the valley voltage. It marks the boundary between the negative

resistance and saturation regions.

Table 5.9: Key Operating Parameters of a UJT

UJT as a Relaxation Oscillator

The negative resistance characteristic of a UJT is brilliantly exploited in the Relaxation Oscillator. In this
circuit, a capacitor is connected to the UJT’s emitter. The capacitor charges slowly through an external resistor.
When the capacitor’s voltage reaches the peak voltage (VP ), the UJT fires, violently dropping its internal resistance
RB1. The capacitor then rapidly discharges through the newly opened, low-resistance path to ground. Once the
voltage drops below the valley voltage (VV ), the UJT switches off, and the charging cycle begins anew. This
continuous, cyclical charging and rapid discharging creates a series of sharp voltage spikes or a sawtooth waveform,
perfectly illustrating the UJT’s switching prowess.

5.20.7 Summary

To summarize, the Unijunction Transistor is a specialized voltage-controlled switch that remains in an open, highly
resistive state until its input voltage reaches a strictly defined threshold (Peak Voltage, VP ). Upon reaching this
threshold, the physical phenomenon of conductivity modulation causes an internal resistance to collapse, plunging the
device into a state of negative resistance where it conducts heavily while the voltage drops. This unique switching
mechanism, characterized by rapid transitions rather than linear amplification, cements the UJT’s place as a fundamental
component in triggering and timing electronics.

[scale=0.9, transform shape] (0,0) node[op amp] (opamp) ; (opamp.-) to[R, l=R19] (-3, 0.5) to[short, -o] (-3.5, 0.5)
node[left] Vin; (opamp.+) node[ground] ; (opamp.out) to[short, -o] (2,0) node[right] Vout; (opamp.-) – (0, 2) to[C,

l=C19] (2, 2) -| (opamp.out);

Figure 5.57: Op-Amp Integrator Circuit 19
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Figure 5.58: Silicon IC macro photograph 19
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5.21 UJT as a Relaxation Oscillator

The Unijunction Transistor (UJT) is a prominent three-terminal semiconductor device widely used in switching and
timing applications. While it shares the word “transistor” in its name, it differs significantly from bipolar junction
transistors (BJTs) or field-effect transistors (FETs) as it cannot be used as a linear amplifier. Instead, its unique negative
resistance characteristic makes it an exceptional choice for designing oscillator circuits, specifically the relaxation
oscillator. In this section, we will delve deep into the construction, working principle, mathematical analysis, and
practical significance of using a UJT as a relaxation oscillator.

5.21.1 What is a Relaxation Oscillator?

Before examining the UJT circuit, it is essential to understand the fundamental concept of a relaxation oscillator.

Definition

Box[Relaxation Oscillator] A relaxation oscillator is a non-linear electronic oscillator circuit that produces a
non-sinusoidal output waveform, such as a triangle wave, square wave, or sawtooth wave. It operates by periodically
charging a capacitor through a resistor and then rapidly discharging it when a specific threshold voltage is reached.

The term ‘relaxation” comes from the fact that the active device (in this case, the UJT) ‘relaxes”
or remains in a non-conducting state during the capacitor’s charging phase. Once the device switches on, the stored
energy is quickly dissipated, and the cycle repeats. This behavior is fundamentally different from harmonic oscillators
(like LC or RC phase-shift oscillators), which rely on resonance to produce sinusoidal waves.

Key Concept

Concept The core mechanism of a relaxation oscillator involves two distinct timing phases: a slow energy storage
phase (charging a capacitor) and a rapid energy dissipation phase (discharging the capacitor through an active
switching device).

5.21.2 Circuit Construction

The UJT relaxation oscillator circuit is elegantly simple, requiring only a few passive components alongside the UJT.
The basic configuration consists of a UJT, a timing resistor (RT ), a timing capacitor (CT ), and two base resistors (RB1
and RB2).

• Timing Components (RT and CT ): These determine the oscillation frequency. The resistor RT is connected
between the DC supply voltage (VCC) and the UJT’s emitter (E). The capacitor CT is connected between the
emitter and the ground.

• Base Resistors (RB1 and RB2): RB2 is connected between VCC and Base 2 (B2), while RB1 is connected
between Base 1 (B1) and ground. These resistors are used to limit the current and provide the output voltage
spikes. Sometimes, RB2 is omitted, but it is generally included for thermal stability.

E

B2

B1

VC (Sawtooth output)

VB1 (Spike output)

VB2 (Negative spike)

Figure 5.59: Circuit Diagram of a UJT Relaxation Oscillator

5.21.3 Principle of Operation

The operation of the UJT relaxation oscillator can be broken down into two main phases: the charging phase and the
discharging phase. To understand this, we must recall the internal equivalent circuit of a UJT, which acts like a diode
connected to a voltage divider formed by two internal resistances, RB1 and RB2.
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The threshold voltage required to turn the UJT “ON” at its emitter is known as the Peak Voltage (VP ). It is
defined mathematically as:

VP = ηVBB + VD

where:

• η is the Intrinsic Standoff Ratio (a characteristic parameter of the specific UJT, typically between 0.5 and 0.8).

• VBB is the voltage applied across the two bases (B1 and B2).

• VD is the forward voltage drop of the internal emitter diode (approximately 0.7 V for silicon).

Phase 1: Charging Phase (UJT is OFF)

When the DC supply voltage VCC is initially turned on, the UJT is in its cut-off region because the emitter voltage is
zero. The capacitor CT begins to charge exponentially through the resistor RT toward the supply voltage VCC . During
this period:

• The voltage across the capacitor, VC , rises exponentially.

• The UJT’s emitter diode is reverse-biased, meaning it acts as an open switch.

• The current flowing into the emitter is virtually zero (only a tiny leakage current exists).

• The voltage at Base 1 (VB1) remains near zero.

Phase 2: Discharging Phase (UJT turns ON)

As the capacitor continues to charge, VC eventually reaches the peak voltage VP . At this exact moment, the emitter
diode becomes forward-biased. This initiates a remarkable phenomenon:

1. Holes are injected from the P-type emitter into the N-type base region.

2. This sudden influx of charge carriers drastically reduces the internal resistance of the UJT between the emitter
and Base 1 (this is the negative resistance region of the UJT characteristics).

3. The UJT is now heavily conducting. The capacitor CT finds a low-resistance path to ground through the emitter
and RB1.

4. The capacitor discharges very rapidly. This sudden surge of discharge current creates a sharp positive voltage
spike across RB1.

Reset and Repetition

The capacitor discharges until its voltage drops to a specific lower threshold called the Valley Voltage (VV ). Once VC

reaches VV , the emitter current falls below the minimum required to keep the device turned on. The UJT switches
back to its high-resistance “OFF” state, and the internal diode becomes reverse-biased again. The discharge stops, and
the capacitor begins to charge back up toward VCC , restarting the entire cycle.

Component Limitations

For the circuit to oscillate properly, the load line formed by RT and VCC must intersect the UJT’s characteristic
curve entirely within the negative resistance region. This dictates that RT must be chosen within specific limits:

VCC − VP

IP
> RT >

VCC − VV

IV

If RT is too large, the UJT will never turn on. If RT is too small, the UJT will turn on but never turn off, latching
into a continuous conduction state.
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5.21.4 Output Waveforms

The UJT relaxation oscillator generates distinct waveforms at different points in the circuit. Understanding these
waveforms is crucial for practical troubleshooting and application design.

• Capacitor Voltage (VC): This is taken across the capacitor CT . The waveform is a sawtooth wave. It rises
exponentially during the charging phase from VV to VP and then falls sharply during the brief discharging phase
back to VV .

• Base 1 Voltage (VB1): This is taken across resistor RB1. During the charging phase, it sits near 0V. When the
UJT fires and the capacitor rapidly discharges, a short, sharp positive pulse (spike) appears. This makes the
circuit highly useful as a trigger pulse generator.

• Base 2 Voltage (VB2): When the UJT fires, the overall resistance between B2 and ground decreases slightly,
causing a momentary dip in the voltage at B2. This produces a negative-going spike.

t

VC (Emitter Voltage)

VP

VV

t

VB1 (Base 1 Voltage)

Figure 5.60: Waveforms of a UJT Relaxation Oscillator: Sawtooth at Emitter and Trigger Pulses at Base 1

5.21.5 Mathematical Analysis and Frequency of Oscillation

The time period of the oscillation, T , is determined primarily by the charging and discharging times of the capacitor.
Because the discharge time is extremely short compared to the charging time, the time period T is approximately equal
to the charging time alone.

The capacitor charges exponentially according to the equation:

VC(t) = VCC

(
1− e

− t
RT CT

)
Assuming the initial voltage across the capacitor is approximately zero (ignoring VV for simplicity in the basic

derivation), the UJT fires when VC(t) = VP . We know that VP ≈ ηVCC (ignoring the small diode drop VD). Substituting
this into the charging equation gives:

ηVCC = VCC

(
1− e

− T
RT CT

)
Dividing by VCC :

η = 1− e
− T

RT CT

e
− T

RT CT = 1− η

Taking the natural logarithm on both sides:
− T

RT CT
= ln(1− η)

T = −RT CT ln(1− η)
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Using the property of logarithms, ln(1/x) = − ln(x):

T = RT CT ln
( 1

1− η

)
The frequency of oscillation (f) is the reciprocal of the time period (T ):

f = 1
T

= 1
RT CT ln

(
1

1−η

)
For a typical UJT, the intrinsic standoff ratio η is around 0.63. If η ≈ 0.63, then:

ln
( 1

1− 0.63

)
≈ ln(2.7) ≈ 1

Under this approximation, the time period simplifies beautifully to:

T ≈ RT CT

And the frequency becomes:
f ≈ 1

RT CT

Calculating Oscillator Frequency

Consider a UJT relaxation oscillator circuit with a timing resistor RT = 10 kΩ, a timing capacitor CT = 0.1µF,
and a UJT with an intrinsic standoff ratio η = 0.6. Calculate the frequency of oscillation.
Solution: Given: RT = 10 kΩ = 10× 103 Ω
CT = 0.1µF = 0.1× 10−6 F
η = 0.6
Using the exact time period formula:

T = RT CT ln
( 1

1− η

)
T = (10× 103)× (0.1× 10−6)× ln

( 1
1− 0.6

)
T = 10−3 × ln

( 1
0.4

)
= 10−3 × ln(2.5)

T ≈ 10−3 × 0.916 = 0.916 ms

The frequency f is:
f = 1

T
= 1

0.916× 10−3 ≈ 1091.7 Hz

The circuit will oscillate at approximately 1.09 kHz.

5.21.6 Applications of UJT Relaxation Oscillators

Because of their simplicity, reliability, and specific waveform characteristics, UJT relaxation oscillators are ubiquitous
in various electronic applications.

1. Triggering SCRs and TRIACs: The most common application of this circuit is generating sharp, precisely
timed pulses to turn on Silicon Controlled Rectifiers (SCRs) and TRIACs in phase-control circuits. The output
from Base 1 is directly fed into the gate terminal of the thyristor. Because the frequency can be easily adjusted
by varying a potentiometer in place of RT , it provides an excellent mechanism for controlling the firing angle of
AC loads like motor speed controllers and light dimmers.

2. Sawtooth Wave Generators: While the sawtooth wave produced at the emitter is not perfectly linear (it is
an exponential charge curve), it is often linear enough for use in sweep circuits for oscilloscopes and old CRT
television sets, especially if only the lower initial linear portion of the charging curve is utilized.

3. Timing Circuits: The highly predictable RC time constant makes this oscillator suitable for simple timing
circuits and metronomes.
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4. Tone Generators: By adjusting the frequency to fall within the audible range (20 Hz to 20 kHz), the sawtooth
output can be amplified and fed to a speaker to produce a distinct buzzing tone. This is often used in sirens,
electronic alarms, and simple synthesizers.

In summary, the UJT relaxation oscillator is a classic, robust circuit that perfectly demonstrates the utility of
negative resistance devices. Its ability to convert a steady DC supply into continuous timing pulses or sawtooth waves
with just a handful of components makes it an indispensable building block in industrial electronics and power control
systems.
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(3,0) to[short, -o] (4,0);

Figure 5.61: Passive Low Pass Filter 16

«««< HEAD

AI Image Placeholder
=======

Definition

AI Image Placeholder »»»> origin/paper-solver AI Image: Detailed 3D rendering

of a generic analog electronic circuit component setup 16 «««< HEAD

=======

»»»> origin/paper-solver

Figure 5.62: Detailed 3D circuit illustration 16
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5.22 Power Amplifiers

5.23 Working of Voltage and Power Amplifiers

5.23.1 Introduction to Amplifiers

In the realm of electronics, an amplifier is a fundamental building block designed to increase the magnitude of a given
input signal—be it voltage, current, or power. Depending on the specific application and the stage of signal processing,
amplifiers are broadly classified into two major categories: Voltage Amplifiers and Power Amplifiers. While both
serve the fundamental core purpose of amplification, their design principles, operating regions, component selections,
and performance parameters are distinctly tailored for their respective roles in an overarching electronic system.

Typically, a complete electronic communication or signal processing system consists of multiple amplifier stages
cascaded together. The initial stages usually comprise voltage amplifiers designed to boost a faint and weak input
signal (such as a fluctuating voltage from a microphone, a bio-metric sensor, or an RF antenna) to a considerably
higher voltage level. Once the signal possesses a sufficient voltage amplitude, it is subsequently fed into a power
amplifier in the final stage. This final stage imparts enough electrical power to drive a low-impedance physical load,
such as a loudspeaker, a servomotor, or a transmitting antenna, converting electrical energy back into physical work or
propagating waves.

5.23.2 Working of Voltage Amplifiers

Definition

Box[Voltage Amplifier] A voltage amplifier is an electronic circuit designed primarily to increase the voltage
magnitude of an input signal. Its primary mathematical objective is to provide a very high voltage gain (Av)
without necessarily providing a significant amount of current or power to the output load.

Basic Operating Principle

The working principle of a voltage amplifier revolves around utilizing a minuscule input voltage to regulate a much
larger voltage derived from a stable DC power supply. When a weak AC input signal is applied to the input terminals
of an active solid-state device—such as a Bipolar Junction Transistor (BJT) in Common Emitter configuration, a
Field Effect Transistor (FET) in Common Source configuration, or an Operational Amplifier—it induces proportional
variations in the output current flowing through the device.

By deliberately passing this varying output current through a suitably large load resistor (RL or RC), a magnified
version of the input voltage is developed across the output terminals according to Ohm’s Law (V = I ×R). To ensure
that the signal is amplified faithfully without any non-linear clipping or distortion, the active device in a voltage
amplifier is strictly biased to operate within its linear active region. Small-signal AC equivalent circuits, employing
hybrid models (like the h-parameter model for BJTs), are frequently utilized to mathematically analyze and design
these stages.

Key Concept

Concept The core function of a voltage amplifier is to maximize the ratio of the output AC voltage to the input
AC voltage: Av = Vout

Vin
. To achieve optimal signal transfer from a preceding sensor, it typically features a high

input impedance to avoid the "loading effect," and a moderately high output impedance.

Key Characteristics and Circuit Elements

• Input Impedance (Zin): Voltage amplifiers are intentionally designed to have a high input impedance. This
architectural choice prevents the amplifier from drawing significant current from the driving source, thereby
minimizing voltage drops across the source’s internal resistance and preserving the delicate input signal’s integrity.

• Output Impedance (Zout): The output impedance is usually moderate to high. Since the goal is not to deliver
large amounts of current, a higher output impedance is functionally acceptable.

• Current and Power Gain: While they provide massive voltage gain, their corresponding current gain (Ai) and
overall power gain (Ap) are relatively low when compared to power stages.

• Coupling and Bypass Capacitors: Voltage amplifiers heavily utilize coupling capacitors to seamlessly connect
multiple cascading stages. These capacitors block the DC bias voltages from spilling over into adjacent stages
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while allowing the AC signal to pass through. Additionally, emitter bypass capacitors are employed to prevent
AC signal degeneration, thereby maintaining high voltage gain.

Water Pipe Analogy for Voltage Amplification

Imagine a water hose system where water pressure represents electrical voltage and water flow volume represents
electrical current. A voltage amplifier acts analogously to a narrow, restricted nozzle attached to the end of the
hose. If you slightly squeeze the trigger (representing a small input signal), the nozzle drastically increases the
pressure of the water stream coming out (representing high output voltage). However, precisely because the nozzle
is narrow, the total volume of water flowing out per second (current/power) remains relatively small.

5.23.3 Working of Power Amplifiers

Definition

Box[Power Amplifier] A power amplifier (also frequently referred to as a large-signal amplifier) is an electronic
circuit engineered to maximize the actual power of a signal to a level sufficient to drive heavy, low-impedance
loads. It acts as the final stage in an amplification chain, taking a signal with pre-amplified high voltage and
providing it with the necessary current backing to deliver large electrical power.

Basic Operating Principle

Unlike a small-signal voltage amplifier, the input provided to a power amplifier is already a signal with a significantly
large voltage swing, typically provided by the preceding voltage amplifier driver stages. The power amplifier’s
fundamental job is not to further magnify the voltage, but rather to provide an enormous current gain. Electrical power
is mathematically defined as the product of voltage and current (P = V × I); by substantially boosting the current
capacity while maintaining the already high voltage, a massive power output is delivered directly to the physical load.

To successfully drive low-impedance loads—such as an 8 Ω or 4 Ω voice coil in a loudspeaker—a power amplifier
must intrinsically possess a very low output impedance. This facilitates maximum power transfer as dictated by the
Maximum Power Transfer Theorem. Furthermore, since these specific amplifiers continuously handle massive voltage
and current swings, the active semiconductor devices (power BJTs, MOSFETs, or IGBTs) must be physically much
larger and robustly capable of safely dissipating substantial amounts of waste heat.

Heat Dissipation and Thermal Runaway

Power amplifiers consistently handle large electrical currents and consequently dissipate a significant amount of
wasted power in the form of thermal heat. If this generated heat is not immediately and properly managed using
extruded aluminum heat sinks or active forced-air cooling fans, the active transistor devices can rapidly suffer
from thermal runaway. This is a highly destructive, positive-feedback thermal process where an increased junction
temperature leads to an increased leakage current, which in turn causes even more localized heating, ultimately
melting and destroying the semiconductor component completely.

Classes of Power Amplifiers

Because power amplifiers routinely deal with large-signal excursions, the precise location of the operating point (Q-point)
on the DC and AC load lines becomes a critical design parameter. Based on the exact position of the Q-point and
the percentage of the 360-degree input cycle for which the amplifier actively conducts current, power amplifiers are
categorized into several distinct classes, each offering a trade-off between signal linearity and power efficiency (η).

1. Class A Amplifier: The active transistor device is biased to conduct current for the entire 360◦ of the input
AC cycle. The Q-point is placed strictly in the geometric center of the active linear region on the load line.
This configuration provides exceptional signal linearity and virtually negligible distortion, making it ideal for
high-fidelity audio. However, it suffers from abhorrently poor conversion efficiency (typically peaking around
25% for directly coupled and 50% for transformer-coupled configurations) because the transistor draws massive
quiescent current even when no input signal is present.

2. Class B Amplifier: The active device is biased to conduct current for exactly 180◦ (only half) of the input AC
cycle. The Q-point is located precisely at the cut-off point on the load line. To amplify the full sinusoidal cycle,
two complementary transistors are often utilized in a push-pull arrangement. Class B dramatically offers higher
theoretical efficiency (up to 78.5%) but introduces a highly undesirable artifact known as crossover distortion,
which occurs when the signal transitions between the positive and negative transistors.
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3. Class AB Amplifier: This topology acts as a pragmatic compromise between Class A and Class B. The
transistor is carefully biased to conduct for slightly more than 180◦ but less than 360◦. A minute forward
bias voltage (often via diode biasing) is applied to keep the transistors on the verge of conduction, effectively
eliminating the harsh crossover distortion inherent in Class B, whilst retaining a very high efficiency. It remains
the most ubiquitous topology for consumer audio power amplifiers.

4. Class C Amplifier: The device is deeply reverse-biased, conducting current for considerably less than 180◦ of
the input cycle. The output is highly non-linear and violently distorted, rendering it entirely useless for audio
reproduction. However, it achieves staggeringly high efficiencies (often exceeding 80%). It is exclusively employed
in Radio Frequency (RF) tuned transmitter circuits, where a parallel LC resonant tank circuit restores the
sinusoidal shape and filters out the heavy harmonic distortion.

5.23.4 Comparative Analysis: Voltage vs. Power Amplifiers

To cohesively solidify our understanding, it is crucial to juxtapose the fundamental characteristics of voltage and power
amplifiers. They are fundamentally designed from the ground up to optimize strictly different electrical parameters
within a broader circuit topology.

Design Parameter Small-Signal Voltage Amplifier Large-Signal Power Amplifier

Primary Design
Objective

To strictly increase the voltage
magnitude of the signal.

To strictly increase the power level
(specifically current capacity) of the
signal.

Input Signal Amplitude Exceedingly small (typically a few
millivolts or microvolts).

Very large (typically swinging several
volts or tens of volts).

Quiescent Collector
Current

Extremely low (typically in the low
milliamperes, mA).

Substantially high (typically ranging in
several amperes, A).

Required Input
Impedance

Very high (to completely prevent
loading the weak source).

Very low (to successfully draw maximum
current from the driver stage).

Required Output
Impedance

Generally high or moderately high. Exceedingly low (mandatory for
impedance matching with heavy loads
like speakers).

Transistor Physical Size Physically small footprint (minimal
internal power dissipation).

Physically massive footprint (with thick
base and wide collector regions to
manage heat).

Inter-stage Coupling
Method

Typically RC (Resistance-Capacitance)
coupling.

Typically Transformer coupling, Choke
coupling, or Direct coupling.

Thermal Heat Dissipation Negligible thermal footprint; absolutely
no heat sink required.

Enormous thermal footprint;
mandatorily requires extensive heat
sinks or active cooling.

Position in System
Architecture

Initial pre-amplification and
intermediate driving stages.

The absolute final output stage right
before the physical load.

Table 5.10: Detailed Comparison between Voltage and Power Amplifiers

5.23.5 Practical Implementation and System Architecture

In a practical real-world electronic system, such as a large-scale Public Address (PA) system or a high-fidelity home
theater receiver, voltage and power amplifiers work in perfect, orchestrated tandem. Let us trace the electronic signal
flow end-to-end to thoroughly understand their symbiotic engineering relationship.
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Mic
Voltage Amp

(Pre-Amplifier)
Voltage Amp
(Driver Stage)

Power Amp
(Final Stage)

Speaker
Load

Weak Signal
(Low V, Low I)

Amplified V High V
(Low I)

High Power
(High V, High I)

Figure 5.63: Functional Block Diagram demonstrating the cascaded multi-stage operation of Voltage and Power
Amplifiers.

As distinctly depicted in the architectural diagram above, the microphone serves as an acoustic-to-electric transducer,
capturing an acoustic sound wave and converting it into a weak, fluctuating electrical signal. This generated signal is
exceedingly small (often residing deep in the microvolt range) and possesses virtually absolutely no electrical power to
perform any physical work.

The first electronic block this weak signal encounters is the Pre-amplifier, which is a specialized, ultra-high-quality,
low-noise voltage amplifier. Its paramount job is to delicately lift the weak signal out of the thermal noise floor without
adding any significant noise of its own. Once pre-amplified, the signal cascades through the Driver stage, another
dedicated voltage amplifier designed to aggressively boost the voltage amplitude to the specific peak-to-peak levels
required to fully drive the input bases or gates of the final power transistors.

At this critical juncture, the electrical signal possesses a massive voltage swing but still critically lacks the raw
current capacity to push and pull the heavy magnetic voice coil of the Speaker. The final Power Amplifier stage
intercepts this high-voltage signal and essentially injects massive amounts of current into it from the main power supply.
The power amplifier effectively acts as an impedance-matching current buffer, converting the high-impedance voltage
signal into a highly robust, low-impedance power signal. Finally, this high-power (high voltage, high current) electrical
wave is heavily fed directly into the speaker, driving the physical cone to produce loud, audible acoustic sound waves.

Key Concept

Concept In overarching summary, small-signal voltage amplifiers mathematically condition and prepare the signal
by significantly elevating its voltage to usable logic levels, while large-signal power amplifiers robustly serve as the
heavy-duty bridge to the physical macro-world, exclusively providing the brute force (massive current and raw
power) structurally necessary to drive physical electromechanical transducers.

[scale=0.9, transform shape] (0,0) node[op amp] (opamp) ; (opamp.-) to[R, l=R26] (-3, 0.5) to[short, -o] (-3.5, 0.5)
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Figure 5.64: Op-Amp Integrator Circuit 26
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Figure 5.65: Harmonic frequency response 26
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5.24 Classification of Power Amplifiers

5.24.1 Introduction to Power Amplifiers

In the study of electronic circuits, amplifiers are broadly categorized based on the magnitude of the signal they handle.
While voltage amplifiers (or small-signal amplifiers) are designed to increase the voltage amplitude of a weak input
signal, their output power capability is strictly limited. They drive high-impedance loads and operate primarily in
the linear region to prevent signal distortion. However, in many practical engineering applications, a signal must
ultimately perform physical work or drive a low-impedance load, such as actuating a heavy-duty electric motor, radiating
electromagnetic waves through an antenna, or producing acoustic waves via a loudspeaker. This is where power
amplifiers come into play.

Definition

Box[Power Amplifier] A power amplifier, often referred to as a large-signal amplifier, is an electronic circuit
designed specifically to deliver a substantial amount of electrical power (both high voltage and high current) to
a low-impedance load. Rather than solely amplifying the voltage, its primary objective is to maximize power
transfer and handling capability while maintaining an acceptable level of fidelity.

To understand the difference, consider a real-world analogy. A voltage amplifier is akin to the steering mechanism
of a heavy vehicle: it requires very little physical effort (small input signal) to accurately dictate the direction (voltage
level), but it entirely lacks the force to move the vehicle itself. The power amplifier represents the engine and drivetrain:
it takes the precise directional control provided by the steering and applies massive brute force (high current and power)
to physically drive the heavy wheels (the load). Without a power amplifier, the final output transducer simply cannot
function.

5.24.2 Basis of Classification: The Conduction Angle

Because power amplifiers deal with large signal excursions that sweep across a vast portion of the active device’s
characteristic curves, they are susceptible to significant power dissipation and potential non-linearity. To optimize
performance for specific applications, engineers classify power amplifiers based on their mode of operation.

This classification is fundamentally determined by the position of the Quiescent operating point (Q-point) on
the direct current (DC) load line, which subsequently dictates the conduction angle (θc). The conduction angle is
defined as the portion of the full 360◦ input sinusoidal cycle during which the active amplifying device (like a Bipolar
Junction Transistor or a MOSFET) remains in a conducting state (forward-biased).

Key Concept

Concept The fundamental engineering trade-off in power amplifier design is the delicate balance between efficiency
and linearity. As we adjust the Q-point to restrict the conduction angle, the amplifier consumes less idle power
and becomes significantly more efficient. However, restricting the conduction angle inherently clips the output
signal, drastically increasing harmonic distortion and reducing linearity.

Based on this operating principle, power amplifiers are primarily classified into Class A, Class B, Class AB, Class
C, and the increasingly popular switching Class D configurations.

5.24.3 Class A Power Amplifiers

In a Class A power amplifier, the active device is biased such that the Q-point is situated exactly in the center of the
active linear region of the AC load line.

Because the Q-point is perfectly centered, the device remains fully forward-biased and conducts current throughout
the entire 360◦ of the input AC cycle. The input signal can swing positively and negatively to its maximum mathematical
extents without ever pushing the transistor into the cut-off (off state) or saturation (fully on state) regions.

• Conduction Angle: 360◦ (Full cycle continuous conduction).

• Linearity and Distortion: Because the transistor never switches off, the output is an exact, mathematically
pure unclipped replica of the input signal. Consequently, Class A provides the absolute highest linearity and
lowest harmonic distortion of any traditional analog amplifier class.

• Efficiency: The primary drawback of Class A is its dismal efficiency. Because a continuous, heavy quiescent
DC current flows even when completely zero input signal is present, the amplifier constantly dissipates immense
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amounts of power as pure heat. The maximum theoretical efficiency for a series-fed (directly coupled) Class A
amplifier is a mere 25%, which can only be improved to 50% using a bulky, expensive transformer-coupled output
stage.

Thermal Management in Class A Amplifiers

Due to their continuous and massive idle current, Class A amplifiers effectively act as high-power space heaters.
They require massive, heavily finned aluminum heatsinks and frequently active cooling fans to prevent thermal
runaway and catastrophic device destruction. They are strictly avoided in battery-operated or portable electronics
due to rapid battery drain.

5.24.4 Class B Power Amplifiers

To overcome the severe thermal and efficiency limitations of the Class A topology, engineers developed the Class B
amplifier. In this configuration, the bias circuit is completely removed or arranged so that the Q-point is placed exactly
on the X-axis, directly at the precise cut-off point of the device characteristic curve.

Consequently, the transistor rests in a completely non-conducting state when there is no input signal, drawing
strictly zero quiescent current. When an AC signal is applied, the transistor only becomes forward-biased and conducts
during the positive half-cycle of the input waveform. During the negative half-cycle, it is pushed deeper into cut-off
and acts as an open circuit.

• Conduction Angle: 180◦ (Exactly half of the input cycle).

• Efficiency: Efficiency takes a massive leap forward, reaching a theoretical maximum of 78.5%. Power is strictly
drawn from the supply only when the audio or driving signal actively demands it.

• Distortion: A single Class B transistor heavily distorts the signal by completely clipping off half of the waveform.
To construct a usable, linear amplifier, two complementary transistors (an NPN and a PNP) are strictly required
in a Push-Pull configuration. One transistor amplifies the positive half, and its partner amplifies the negative
half.

However, practical bipolar junction transistors require a minimum base-emitter turn-on voltage (typically 0.7 V for
silicon devices) to begin conducting. In a Class B push-pull setup, neither transistor conducts while the input signal
crosses through the narrow "dead zone" between −0.7 V and +0.7 V. This momentary gap creates a highly noticeable,
harsh notch at the zero-crossing point of the output wave, known as crossover distortion.

Push-Pull Configuration Analogy

Imagine a Class B push-pull amplifier as a two-person crosscut saw used to fell a massive tree. One lumberjack
pulls the saw to cut the wood (representing the positive half-cycle), while the other lumberjack simultaneously
pushes it back (the negative half-cycle). Neither person wastes energy pushing and pulling at the exact same
time, allowing them to work with high efficiency. However, if there is a slight hesitation or physical "slack" when
they switch roles at the end of each stroke, the sawing motion becomes extremely jerky—this perfectly mirrors
electrical crossover distortion.

5.24.5 Class AB Power Amplifiers

Class AB is a highly successful, ubiquitous engineering compromise designed to inherit the very best attributes of both
Class A and Class B while effectively mitigating their respective flaws. By applying a very small, carefully calculated
forward bias voltage (usually implemented using compensating diodes or a VBE multiplier circuit), the Q-point is lifted
just slightly above the cut-off region.

• Conduction Angle: Greater than 180◦ but strictly less than 360◦ (typically carefully tuned to around 190◦ to
200◦).

• Crossover Distortion Elimination: Because a small trickle of quiescent current continuously flows through
both transistors in a push-pull pair at all times, they are already "awake" and lightly conducting when the input
signal crosses the zero-voltage threshold. This continuous overlap completely eradicates the harsh, unmusical
crossover distortion plaguing pure Class B designs.

• Efficiency: The efficiency of Class AB rests in a highly practical and thermal-friendly middle ground, typically
ranging practically from 50% to 70%.
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Due to its exceptional balance of relatively high electrical efficiency and extremely low total harmonic distortion,
Class AB remains the absolute undisputed standard for almost all high-fidelity (Hi-Fi) audio amplification, home
theater receivers, and analog broadcasting equipment worldwide.

5.24.6 Class C Power Amplifiers

If we deliberately push the bias point deeply into the negative, well below the cut-off line, we create a Class C amplifier.
In this extreme, highly non-linear mode, the transistor is strongly reverse-biased and only "wakes up" to conduct heavy
current during the very absolute peak of the positive half-cycle of the input signal.

• Conduction Angle: Considerably less than 180◦ (typically engineered between 80◦ and 120◦).

• Efficiency: Because the transistor conducts heavy current for such a remarkably short, concentrated duration,
resistive power waste is phenomenally minimized. Class C amplifiers boast incredibly high efficiencies, routinely
exceeding 80% and theoretically approaching 90% or greater.

• Distortion and Application: The raw output current is not a continuous wave but rather a series of violent,
sharp, narrow pulses. This constitutes severe, catastrophic distortion for any audio or linear baseband signal.
Consequently, Class C is completely and absolutely useless for audio amplification. Instead, it is exclusively
utilized in Radio Frequency (RF) applications.

In high-power RF transmitters, the severely distorted output current pulses are fed directly into a resonant LC
(inductor-capacitor) tank circuit. The mechanical "flywheel effect" of the precisely tuned tank circuit filters out the
extreme harmonic content and perfectly reconstructs a pure, continuous sine wave at the fundamental carrier frequency.

5.24.7 Class D Amplifiers (Switching Amplifiers)

While traditional Class A, B, AB, and C amplifiers operate their constituent transistors in the linear active region for
at least some fraction of the signal cycle, Class D amplifiers represent a fundamental, modern paradigm shift. They
operate the output power transistors strictly as rapid, binary electronic switches—they are either fully completely ON
(deep saturation) or completely OFF (hard cut-off).

Because a theoretically perfect switch drops exactly zero voltage when fully ON and passes exactly zero current when
fully OFF, it geometrically dissipates absolutely no power. The continuous analog input audio signal is first converted
into a high-frequency stream of square pulses using a technique called Pulse Width Modulation (PWM). These pulses
brutally switch the output transistors at staggering speeds, often exceeding 500 kHz. A massive, heavy-duty low-pass
LC filter at the final output smooths these rapid violent pulses back into the smooth, amplified analog sound wave that
drives the speaker.

Modern Class D amplifiers routinely achieve real-world, measurable efficiencies of 90% to 95%. They generate
almost imperceptible heat, allowing massive high-power output stages to be built into incredibly small, incredibly
lightweight physical packages without massive aluminum heatsinks. They are ubiquitous today in everything from
ultra-thin smartphones and portable Bluetooth speakers to massive megawatt concert touring arena rigs.

5.24.8 Comparison Summary

To consolidate these critical engineering concepts, the fundamental electro-physical distinctions between the primary
analog power amplifier classifications are thoroughly summarized in the comparative reference table below.
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Parameter Class A Class B Class AB Class C
Q-Point Position Exact center of

AC load line
Exactly on X-
axis (Cut-off
point)

Slightly above
cut-off region

Deeply below
cut-off line

Conduction Angle (θc) Exact 360◦ Exact 180◦ 180◦ < θc <
360◦

< 180◦ (Typi-
cally ∼ 90◦)

Max Theoretical Efficiency 25% to 50% 78.5% 50% to 78.5% Approaching
100%

Linearity & Distortion Flawless (Zero
crossover distor-
tion)

Poor (Severe
zero-crossing
crossover distor-
tion)

Very Good
(Crossover distor-
tion eliminated)

Extremely Poor
(Violent pulsed
output)

Primary Industrial Applications High-end elite
audiophile gear,
low-power pre-
amps

Historically pub-
lic address sys-
tems (mostly ob-
solete)

Standard for all
modern Hi-Fi au-
dio & consumer
electronics

Exclusively high-
power continuous
wave RF trans-
mitters

Table 5.11: Comparative Engineering Analysis of Power Amplifier Classes
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Figure 5.66: Frequency Response Curve 20
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Figure 5.67: Detailed 3D circuit illustration 20

5.25 Working of Different Types of Power Amplifiers
In the realm of electronic circuits, amplifiers are broadly categorized based on the specific electrical parameter they are
designed to magnify. While voltage amplifiers are optimized to increase the voltage amplitude of a weak input signal
without drawing substantial current, power amplifiers (also known as large-signal amplifiers) are explicitly engineered
to deliver a large amount of power (significant current at a high voltage) to a low-impedance load. Common examples
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of such loads include loudspeakers in audio systems, transmitting antennas in radio frequency communications, or
servomotors in industrial control systems. The primary design objective of a power amplifier is not merely to provide
high gain, but to maximize the power delivered to the load while maintaining an acceptable level of signal fidelity,
managing heat dissipation, and ensuring high power conversion efficiency.

Power amplifiers are classified fundamentally based on their mode of operation. This mode is determined
by the portion of the input signal cycle during which the active amplifying device (typically a Bipolar Junction
Transistor (BJT) or a Field Effect Transistor (FET)) remains in a conducting state. The duration of this conduction is
mathematically expressed in terms of an electrical angle, universally referred to as the conduction angle (θ). Based
on the strategic location of the quiescent point (Q-point) on the AC load line—and the corresponding conduction angle
it dictates—power amplifiers are broadly classified into four major categories: Class A, Class B, Class AB, and Class C
amplifiers.

Key Concept

Concept The fundamental classification of power amplifiers revolves around an inherent engineering trade-off:
the balance between signal linearity (fidelity) and power efficiency. A larger conduction angle results in
excellent linearity and low distortion but poor efficiency. Conversely, a significantly reduced conduction angle
yields exceptional power efficiency but introduces severe harmonic distortion into the amplified signal.

IC (Collector Current)

VCE (Collector-Emitter Voltage)

IC(sat)

VCC

Active Region
Class A Q-point

VCC/2

IC(sat)/2

Class B Q-point
Class AB Q-point

Class C Q-point

Figure 5.68: Location of Quiescent (Q) Points on the DC Load Line for Different Amplifier Classes. The positioning
directly determines the conduction angle and the amplifier’s fundamental characteristics.

5.25.1 Class A Power Amplifier

The Class A power amplifier represents the most straightforward and fundamental topology in large-signal amplification.
It is highly regarded for its exceptional linearity and superior signal fidelity, making it the benchmark against which
the distortion of all other amplifier classes is measured.

Definition

Box[Class A Amplifier] A Class A amplifier is defined as a circuit in which the operating point (Q-point) and
the input signal amplitude are selected such that the active device (transistor) conducts collector current for the
entire 360◦ (2π radians) of the input AC cycle.

Working Principle and Circuit Operation

To ensure that the transistor conducts continuously without interruption, a Class A amplifier is heavily biased. The
Quiescent point (Q-point) is precisely positioned at the geometric center of the active region along the AC load line.
Because the Q-point is centrally placed, the input AC signal can swing fully in both the positive and negative directions
without pushing the transistor into either the saturation region or the cut-off region.

As a result, the collector current flows continuously for the entire duration of the input signal. The output waveform
is essentially a faithful, unclipped, and magnified reproduction of the input waveform. This characteristic implies that
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the harmonic distortion introduced by a Class A amplifier is virtually zero, making it ideal for applications requiring
pristine signal reproduction.

Power Efficiency and Heat Dissipation

Despite its unmatched signal reproduction capabilities, the Class A amplifier suffers from a significant and often
prohibitive drawback: exceptionally poor power conversion efficiency. Because the transistor is biased to conduct
continuously, a substantial steady direct current (DC) flows through the collector circuit even when absolutely no input
AC signal is present. This continuous zero-signal current flow translates directly into continuous power dissipation in
the form of heat.

The efficiency (η) of an amplifier is defined as the ratio of AC output power delivered to the load to the total DC
power drawn from the power supply.

• Series-Fed / Direct-Coupled Class A: In this basic configuration, a load resistor is connected directly in
series with the collector. The direct current flows directly through the load resistor, dissipating significant I2R
power. Mathematical derivation shows that the maximum theoretical conversion efficiency of a series-fed Class A
amplifier is strictly limited to 25%. In practical real-world circuits, this figure rarely exceeds 15%.

• Transformer-Coupled Class A: To improve efficiency, an audio-frequency impedance-matching transformer
can be utilized to couple the load (e.g., a loudspeaker) to the collector. The primary winding of the transformer
has negligible DC resistance, which eliminates DC power dissipation in the load. The DC load line becomes
almost vertical, allowing a larger AC voltage swing that can peak at almost twice the supply voltage (2VCC).
This sophisticated arrangement raises the maximum theoretical efficiency to 50%.

Thermal Runaway and Heat Sinking

Because between 50% and 85% of the total DC input power is entirely wasted as heat within the transistor, Class
A amplifiers exhibit massive thermal footprints. They require substantial, bulky metal heat sinks and sometimes
active cooling fans to prevent device destruction due to thermal runaway. They are generally deemed impractical
for high-power applications.

5.25.2 Class B Power Amplifier

Recognizing the severe thermal and efficiency limitations inherent in the Class A configuration, engineers developed the
Class B amplifier. This class specifically aims to radically reduce idle power consumption.

Definition

Box[Class B Amplifier] A Class B amplifier is designed such that the Q-point is biased exactly at the cut-off point
on the DC load line. Consequently, the zero-signal collector current is strictly zero, and the transistor conducts for
exactly one-half cycle (180◦ or π radians) of the input signal.

Working Principle and Push-Pull Configuration

In a pure Class B setup, the transistor is completely turned off when there is no input signal. The active device remains
dormant until the input signal voltage rises sufficiently to forward-bias the base-emitter junction. If a single transistor
is utilized, it will only amplify either the positive half-cycle or the negative half-cycle of the input sine wave, cleanly
clipping off the other half.

To achieve full-wave amplification (a full 360◦ signal reproduction), two transistors must be employed in a
collaborative arrangement known as a Push-Pull configuration. A standard Class B push-pull amplifier typically
employs a center-tapped input transformer to generate two signals that are 180◦ out of phase. One transistor is
responsible for amplifying the positive half of the wave (the "push" action), while the second transistor exclusively
amplifies the negative half (the "pull" action). A center-tapped output transformer then seamlessly recombines these
two halves into a complete continuous sine wave across the load.

Efficiency and Crossover Distortion

The most compelling advantage of the Class B topology is its dramatically enhanced efficiency. Since both transistors
sit in a completely non-conducting state when idle, the quiescent power dissipation is mathematically zero. Power is
only drawn from the supply when a signal is actively being amplified. Mathematical analysis reveals that the maximum
theoretical efficiency of a Class B push-pull amplifier reaches 78.5%.
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However, this impressive efficiency comes at the cost of a major signal integrity issue known as crossover distortion.
Real-world bipolar junction transistors do not begin conducting the instant the base voltage rises above zero volts.
They require a minimum threshold voltage—known as the cut-in or knee voltage, which is typically around 0.7 V for
silicon devices—to begin substantial conduction.

As the AC input signal transitions from the positive half-cycle to the negative half-cycle (passing through the
zero-volt axis), there is a brief period where the signal voltage is between −0.7 V and +0.7 V. During this specific
window, neither transistor receives enough voltage to turn on. Both devices are momentarily off, creating a "dead
zone" in the output. This results in a noticeable, jagged flattening of the output waveform at the zero-crossing points.
Crossover distortion generates harsh, undesirable high-order harmonics that severely degrade the quality of audio
signals.

5.25.3 Class AB Power Amplifier

The Class AB power amplifier was explicitly engineered to serve as an elegant and optimal compromise. It seamlessly
merges the desirable linearity of the Class A amplifier with the superior thermal efficiency of the Class B amplifier,
effectively eradicating the crossover distortion problem.

Definition

Box[Class AB Amplifier] A Class AB amplifier is biased such that its Q-point is shifted slightly into the active
region, ensuring a conduction angle that is greater than 180◦ but less than 360◦. The transistors conduct for
slightly more than one-half of the input cycle.

Working Principle and Diode Biasing

To resolve the zero-crossing delay present in Class B designs, a Class AB amplifier applies a small, continuous forward
DC bias voltage to the base-emitter junctions of both transistors in a push-pull pair. This minute bias is intentionally
calibrated to perfectly counteract the 0.7 V cut-in voltage.

Practically, this is most commonly achieved using a diode biasing network. Diodes are placed in the biasing
voltage divider circuit, and their forward voltage drops provide exactly the necessary bias for the transistors. Because
the transistors are constantly hovering precisely at the threshold of conduction, they respond instantaneously to the
very beginning of the input AC signal swing.

When the input signal crosses the zero axis, one transistor seamlessly and smoothly assumes the current load
from the other, entirely bypassing the dead zone. The transition is fluid, and the resulting output waveform is free
from crossover distortion. Furthermore, by physically mounting the biasing diodes onto the exact same heat sink as
the power transistors, engineers ensure critical thermal tracking. If the transistors heat up and their cut-in voltage
decreases, the diodes’ forward voltage drops similarly, preventing dangerous thermal runaway.

Efficiency and Widespread Applications

Because there is a continuous, albeit small, trickle of quiescent bias current flowing through the transistors, a Class AB
amplifier dissipates marginally more idle power than a pure Class B design. Consequently, its maximum theoretical
efficiency is slightly reduced, typically residing between 50% and 78.5%, heavily dependent on the exact degree of
bias applied.

Despite this minor sacrifice in theoretical efficiency, the Class AB configuration provides an unbeatable balance.
It offers exceptional linearity with nearly imperceptible distortion while remaining remarkably efficient and running
reasonably cool. As a result, the Class AB topology is the undisputed industry standard for nearly all analog audio
power amplifiers, dominating applications ranging from compact consumer stereos and home theater receivers to
massive public address (PA) systems and high-fidelity instrumental amplifiers.

5.25.4 Class C Power Amplifier

While Class A, B, and AB amplifiers are fundamentally designed to preserve the physical shape of the input voltage
waveform, the Class C amplifier intentionally and aggressively distorts the input signal to achieve extreme limits of
efficiency.

Definition

Box[Class C Amplifier] A Class C amplifier is biased heavily such that its Q-point is pushed deep into the cut-off
region. Consequently, the transistor is held in a non-conducting state for the vast majority of the cycle, resulting
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in a conduction angle strictly less than 180◦ (typically between 80◦ and 120◦).

Working Principle and The Flywheel Effect

In a Class C circuit, the base of the transistor is subjected to a substantial negative (reverse) DC bias voltage. The
incoming AC signal must climb significantly high just to overcome this reverse bias and reach the +0.7 V required to
initiate conduction.

As a direct result, the transistor remains completely turned off for most of the AC cycle. It violently "switches on"
only during the absolute highest peaks of the positive half-cycle. The collector current therefore does not resemble a
sine wave at all; instead, it flows as a sequence of brief, sharply distorted, high-intensity pulses.

If such an amplifier were connected to a standard resistive load, the output would be completely unintelligible. To
make this pulsed operation useful, Class C amplifiers are almost exclusively paired with a parallel tuned LC resonant
tank circuit located in the collector output.

This is where the physics of the tuned circuit become vital. When the narrow, violent pulse of collector current
strikes the LC tank, it rapidly dumps a large amount of energy into the capacitor. When the transistor rapidly switches
back off, the tank circuit is left isolated to oscillate freely at its natural resonant frequency (fr = 1

2π
√

LC
). The electrical

energy dynamically sloshes back and forth between the electric field of the capacitor and the magnetic field of the
inductor. This continuous resonant oscillation—often referred to as the flywheel effect—effectively smooths out the
severe pulses and reconstructs a flawless, continuous sine wave voltage at the specific resonant frequency across the
output.

Extreme Efficiency and Specialized Applications

The power dissipation in any transistor is the product of the voltage across it and the current flowing through it. In a
Class C amplifier, the transistor only conducts current for very brief moments when the collector voltage is near its
absolute minimum. For the remainder of the cycle, when voltage is high, the current is completely zero. This timing
ensures that the power dissipated internally as heat is exceptionally tiny.

This mechanism allows the Class C amplifier to achieve phenomenal energy efficiencies, theoretically capable of
approaching 100%, and routinely hitting 85% to 90% in practical circuits.

Applications of Class C Amplifiers

Due to their strict reliance on narrow-band tuned resonant LC circuits, Class C amplifiers cannot be used for
broad-spectrum audio amplification. They are strictly narrowband amplifiers. Their primary domain is in
Radio Frequency (RF) transmitters. They are heavily utilized to amplify unmodulated continuous-wave
(CW) carrier signals or Frequency Modulated (FM) signals, where the vital information is encoded purely in the
frequency or phase variations, and absolute amplitude linearity is not required.

5.25.5 Summary Comparison of Amplifier Classes

To consolidate the distinct behaviors, advantages, and limitations of the various amplifier classes discussed, their
fundamental operational parameters are juxtaposed in Table 5.15.
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Parameter Class A Class B Class AB Class C

Q-Point
Position

Centered perfectly in
the active region of
the DC load line.

Exactly on the X-axis
(Absolute Cut-off).

Slightly above the X-
axis, hovering near
cut-off.

Pushed extremely
deep into the Cut-off
region.

Conduction
Angle (θ)

Exactly 360◦ (Full cy-
cle)

Exactly 180◦ (Half cy-
cle)

Greater than 180◦ but
less than 360◦

Less than 180◦ (Often
80◦ to 120◦)

Maximum
Theoretical
Efficiency

25% (Series-fed)
50% (Transformer-
coupled)

78.5% Generally ranging be-
tween 50% and 78.5%

Approaching 100%
(Typically 85% - 90%
practical)

Distortion
Level

Extremely Low (Vir-
tually absent)

Very High (Suffers
from severe Crossover
distortion)

Low (Crossover distor-
tion effectively elimi-
nated)

Extremely High (Out-
put is essentially short
pulses)

Dominant
Application

Low power audio sys-
tems, Pre-amplifiers,
measurement equip-
ment.

Push-pull audio
systems (rarely used
purely due to distor-
tion).

Mainstream high-
fidelity audio am-
plifiers, consumer
electronics.

Tuned RF transmit-
ters, high-power car-
rier wave oscillators.

Table 5.12: Comparative Analysis of Fundamental Power Amplifier Classes
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to[short, -o] (-2, -0.5) node[left] Vin; (opamp.out) to[short, -o] (2,0) node[right] Vout; (opamp.-) – (0, 2) to[R, l=Rf ] (2,
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Figure 5.69: Non-Inverting Amplifier Configuration 25
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Figure 5.70: Blueprint and signal traces visualization 25

5.25.6 Operation of Class B Push-Pull Power Amplifier

The Class B push-pull power amplifier represents a significant advancement over the Class A amplifier in terms of
power efficiency. While Class A amplifiers offer excellent linearity by keeping the transistor conducting at all times,
they suffer from poor efficiency (maximum 25% to 50%) because power is continually dissipated even when no input
signal is present. The Class B push-pull topology elegantly solves this problem by dividing the workload between two
complementary transistors, ensuring that each handles only one-half of the input waveform.
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Definition

Box[Class B Amplifier Operation] A Class B amplifier is an electronic amplifier in which the active devices
(transistors) are biased such that they conduct for exactly one-half of the input signal cycle. In mathematical
terms, the conduction angle for each transistor is 180◦ (π radians). When there is no input signal, the transistors
are cut off, and the zero-signal current (ICQ) is effectively zero.

The Push-Pull Concept

If a single transistor operates in Class B mode, it will only amplify half of the input waveform, severely clipping the
other half. This results in extreme harmonic distortion, making it completely unsuitable for audio or linear applications
on its own. To faithfully reconstruct the entire 360◦ of the input signal, we employ a push-pull configuration.

Think of a two-person crosscut saw used for cutting down large trees. One person pulls the saw towards themselves
while the other pushes it. They alternate their actions: when person A pulls (active), person B relaxes (inactive), and
vice versa. Neither person works continuously, which saves energy, yet the saw moves continuously back and forth,
getting the job done efficiently. A push-pull amplifier operates on the exact same principle. One transistor "pushes"
current to the load during the positive half-cycle, and the second transistor "pulls" current from the load during the
negative half-cycle.

Key Concept

Concept In a Class B push-pull amplifier, two matching transistors are arranged so that one conducts during the
positive half of the AC cycle, and the other conducts during the negative half. The two amplified halves are then
seamlessly combined at the load to recreate the complete, amplified waveform.

Circuit Construction: Complementary Symmetry Configuration

There are two traditional ways to build a push-pull amplifier: using center-tapped transformers, or using complementary
symmetry. Modern electronics, especially Integrated Circuits (ICs), almost exclusively use the Complementary
Symmetry configuration because transformers are bulky, heavy, and expensive.

A Complementary Symmetry Class B Push-Pull Amplifier uses a matched pair of transistors: one NPN and one
PNP. They are "complementary" because they have opposite polarities but matching electrical characteristics (like
current gain, β).

Vin

Q1 (NPN)

Q2 (PNP)

+VCC

−VCC

RL

GND

Figure 5.71: Basic Circuit Diagram of a Complementary Symmetry Class B Push-Pull Amplifier

In the circuit shown above, the input signal Vin is applied simultaneously to the bases of both Q1 (NPN) and Q2
(PNP). The emitters are tied together and connected directly to the load resistor RL. The collector of Q1 is connected
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to the positive supply +VCC , and the collector of Q2 is connected to the negative supply −VCC .

Step-by-Step Operation

To fully comprehend the dynamics of this amplifier, let us break down its operation into three distinct phases: the
zero-signal state, the positive half-cycle, and the negative half-cycle.

1. Zero-Signal Condition (Quiescent State) When there is no input signal (Vin = 0V ), neither transistor has
enough base-emitter voltage to turn on. Both Q1 and Q2 are in the cut-off region. Consequently, the output voltage
is zero, and no current flows through the load RL. Crucially, no direct current (DC) flows from +VCC through the
transistors to ground. This means the quiescent power dissipation is zero, which is the fundamental reason behind the
high efficiency of Class B amplifiers.

2. Positive Half-Cycle Operation When the input AC signal swings positive, the voltage at the common base
connection increases above zero.

• Transistor Q1 (NPN): The base voltage becomes positive relative to its emitter. When Vin exceeds the cut-in
voltage of Q1 (approximately 0.7 V for silicon), the base-emitter junction becomes forward-biased, and Q1 turns
ON. Q1 acts as an emitter follower, allowing a surge of current to flow from +VCC , through Q1, and down into
the load resistor RL.

• Transistor Q2 (PNP): At the same time, the positive input voltage reverse-biases the base-emitter junction of
Q2. The PNP transistor Q2 remains completely OFF.

During this phase, only Q1 is actively amplifying and "pushing" current into the load to form the upper half of the
output waveform.

3. Negative Half-Cycle Operation When the input signal crosses zero and swings negative, the voltage at the
base drops below zero.

• Transistor Q1 (NPN): The negative base voltage reverse-biases the base-emitter junction of Q1. The NPN
transistor abruptly turns OFF.

• Transistor Q2 (PNP): The base voltage is now negative relative to the emitter. Once Vin drops below −0.7 V,
the base-emitter junction of Q2 becomes forward-biased, and Q2 turns ON. Current now flows from ground, up
through the load resistor RL, through Q2, and down to the −VCC supply.

In this phase, only Q2 is active. It is "pulling" current through the load in the opposite direction, creating the lower
half of the output waveform.

When you combine the positive half provided by Q1 and the negative half provided by Q2, a complete, magnified
version of the original input sinusoidal wave is reconstructed across the load.

Practical Audio Output

Consider an audio amplifier driving an 8 Ω speaker. The speaker cone needs to move outward to create compression
waves (positive half-cycle) and inward to create rarefaction waves (negative half-cycle). In a Class B push-pull
stage, the NPN transistor sources current to push the speaker cone outward. In the next instant, the PNP
transistor sinks current, pulling the speaker cone inward. Because they take turns, neither transistor overheats
continuously, allowing for a highly efficient amplification of the audio track.

The Problem of Crossover Distortion

While the theoretical operation of the Class B push-pull amplifier is clean, the practical implementation suffers from a
severe flaw inherently tied to the physics of semiconductor junctions.

As previously mentioned, a silicon transistor requires approximately 0.7 V (VBE(on)) between its base and emitter
to begin conducting.

• During the positive swing, Q1 does not turn on until the input signal reaches +0.7 V.

• During the negative swing, Q2 does not turn on until the input signal falls to −0.7 V.
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This creates a "dead zone" between −0.7 V and +0.7 V. When the input AC signal is crossing through zero,
transitioning from positive to negative or vice versa, neither transistor is conducting. For a brief moment, the amplifier
output is exactly zero, regardless of the input signal’s minor changes within this ±0.7 V window.

This delay in handing off the signal from one transistor to the other creates a flat spot or a "notch" at the
zero-crossing points of the output waveform. This severe deformation is known as crossover distortion.

Crossover Distortion

Crossover distortion is highly undesirable, especially in audio applications, as it introduces severe, high-order
harmonic distortion that sounds harsh and unpleasant to the human ear. It is most prominent at low signal
amplitudes, where the ±0.7 V dead zone represents a significant percentage of the total waveform.

To eliminate crossover distortion, a small DC bias voltage is applied to the bases of the transistors to keep them
slightly turned ON even when there is no input signal. This modified configuration, which operates slightly above pure
Class B but well below Class A, is known as a Class AB Amplifier.

Power Efficiency and Characteristics

The primary reason to endure the complexities of a push-pull setup is efficiency. The theoretical maximum efficiency
(η) of a Class B amplifier is calculated as the ratio of maximum AC output power to average DC input power.

Using mathematical integration over a half-cycle, it can be proven that the maximum theoretical efficiency of a
Class B amplifier is precisely:

ηmax = π

4 × 100% ≈ 78.5%

This is a massive improvement over the maximum 25% to 50% efficiency of Class A amplifiers. The remaining
21.5% of the power is dissipated as heat by the transistors. Because the power is dissipated alternately between the
two transistors, they run significantly cooler.

Parameter Class A Amplifier Class B Push-Pull

Conduction Angle 360◦ (Full cycle) 180◦ per transistor
Quiescent Current (ICQ) High (Max power dissipated at rest) Zero (No power dissipated at rest)
Maximum Efficiency 25% to 50% 78.5%
Signal Distortion Very Low (High linearity) High (Crossover distortion present)
Transistor Count Single transistor (typically) Two complementary transistors
Heat Sinking Requires massive heat sinks Requires moderate heat sinks

Table 5.13: Comparison of Class A and Class B Power Amplifiers

Summary of Advantages and Disadvantages

Advantages:

1. High Efficiency: Reaching up to 78.5%, it utilizes power supply energy much more effectively, making it suitable
for battery-operated devices.

2. Zero Quiescent Power: With no input signal, the amplifier draws almost zero current from the supply, saving
energy and minimizing heat generation when idle.

3. Cancellation of Even Harmonics: In a perfectly matched push-pull pair, even-order harmonic distortion (2nd,
4th, etc.) is naturally canceled out at the load.

Disadvantages:

1. Crossover Distortion: The inherent deadband at the zero-crossing severely limits the linear fidelity of pure
Class B amplifiers.

2. Need for Matched Components: For symmetric amplification and effective harmonic cancellation, the
NPN and PNP transistors must have nearly identical characteristics, which can be difficult and expensive to
manufacture perfectly.

3. Dual Power Supplies Required: The complementary symmetry configuration requires both a positive
(+VCC) and a negative (−VCC) power supply, complicating the power circuit design compared to single-supply
configurations.
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Despite the disadvantage of crossover distortion, the foundational principles of the Class B push-pull amplifier form
the backbone of almost all modern high-power amplification systems. By applying minor biasing modifications to
mitigate the crossover effects (creating Class AB), engineers harness the high efficiency of the push-pull topology while
preserving the linearity required for high-fidelity audio, servo motor drives, and radio frequency transmissions.

Power On 24 Amplifier Gain Frequency Selection

Figure 5.72: Oscillator Principle Flowchart 24
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Figure 5.73: Detailed 3D circuit illustration 24

5.26 Efficiency of Class B Push-Pull Amplifiers
The primary reason for transitioning from Class A to Class B power amplifiers in electronic circuit design is the
significant improvement in power efficiency. As we have seen in previous sections, a Class A amplifier operates with a
continuous bias current, meaning it dissipates a considerable amount of power even when no input signal is present.
This leads to a low theoretical maximum efficiency of 25% for a directly coupled load, or 50% with transformer coupling.
The Class B push-pull amplifier overcomes this limitation by utilizing two complementary transistors (or a matched
pair with a center-tapped transformer), where each transistor is responsible for amplifying exactly one half-cycle (180◦)
of the input signal.

Key Concept

Concept In a strict Class B amplifier, the transistors are biased precisely at cutoff. Consequently, the quiescent
(standby) current is zero when there is no input signal, meaning zero power is drawn from the supply and zero
power is dissipated under no-signal conditions. This dramatic reduction in wasted power is the core reason for its
high overall efficiency.

5.26.1 Mathematical Derivation of Efficiency

To understand exactly how efficient a Class B push-pull amplifier can be, we must mathematically evaluate both the
DC input power supplied by the primary power source and the AC output power delivered to the external load.

Consider a Class B push-pull amplifier operating with a symmetrical DC supply voltage VCC . Let the peak value of
the AC output current delivered to the load be Im and the peak value of the AC output voltage across the load be Vm.

DC Input Power (Pdc)

The DC power source provides the total energy to the amplifier. Since each of the two transistors conducts exclusively
for alternating half-cycles, the current drawn from the power supply consists of a series of half-sine waves. Over a
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complete full cycle, the total current drawn from the supply resembles a full-wave rectified sine wave.
The average, or DC, value of the total current Idc flowing from the power supply is given by the standard

mathematical formula for a full-wave rectified sinusoidal signal:

Idc = 2Im

π

where Im is the peak collector current.
The total DC input power supplied by the voltage source VCC is the product of the supply voltage and this average

current. We calculate it as follows:

Pdc = VCC × Idc = VCC ×
(2Im

π

)
= 2VCCIm

π

AC Output Power (Pac)

The power ultimately delivered to the load is the useful AC output power. The output current and voltage are sinusoidal
because the two separate half-cycles produced by the two individual transistors combine seamlessly at the output
(typically through an output transformer or via a complementary symmetry arrangement).

The RMS (Root Mean Square) values of the output current and voltage are standard for sine waves:

Irms = Im√
2

and Vrms = Vm√
2

The AC output power delivered to a purely resistive load RL is the product of the RMS voltage and current:

Pac = Vrms × Irms =
(

Vm√
2

)
×
(

Im√
2

)
= VmIm

2

Alternatively, utilizing Ohm’s law (Vm = ImRL), the AC output power can also be expressed purely in terms of current
or voltage:

Pac = I2
mRL

2 = V 2
m

2RL

Overall Efficiency (η)

Definition

Box[Power Efficiency] The power efficiency (η) of an electronic amplifier is defined as the ratio of the useful AC
power delivered to the load (Pac) to the total DC power supplied by the source (Pdc), typically expressed as a
percentage. It is a measure of how effectively the amplifier converts DC supply power into useful AC signal power.

Using the expressions derived above, the efficiency of the Class B push-pull amplifier can be calculated by dividing
the output power by the input power:

η = Pac

Pdc
× 100%

Substituting the derived mathematical formulas:

η =
VmIm

2
2VCCIm

π

× 100% =
(

VmIm

2

)
×
(

π

2VCCIm

)
× 100% = π

4

(
Vm

VCC

)
× 100%

Maximum Theoretical Efficiency

From the efficiency equation η = π
4

(
Vm

VCC

)
× 100%, it is evident that the efficiency is directly proportional to the peak

output voltage Vm.
To achieve maximum efficiency, the peak output voltage Vm must be driven as high as possible. The absolute

theoretical limit for Vm, without driving the transistors into saturation and heavily clipping the signal, is equal to the
supply voltage, VCC . Therefore, setting Vm = VCC :

ηmax = π

4 ×
(

VCC

VCC

)
× 100% = π

4 × 100% ≈ 0.7854× 100% = 78.54%

Textbook for 4341105 Milav Dabgar

https://milav.in


Efficiency of Class B Push-Pull Amplifiers 174

Key Concept

Concept The theoretical maximum efficiency of a Class B push-pull amplifier is 78.5%. This represents a massive
architectural improvement over the 25% or 50% maximum efficiency limitations of a Class A amplifier. This makes
Class B operation highly desirable for high-power applications such as public address systems, motor drivers, and
radio frequency transmitters, where wasting power as heat is unacceptable.

5.26.2 Power Dissipation in Transistors

In any practical physical amplifier, the electrical power that is drawn from the supply but not successfully delivered to
the load is unavoidably dissipated as heat within the active components—in this case, the two transistors. For a Class
B push-pull amplifier, the total power dissipated by both transistors combined is the arithmetic difference between the
DC input power and the AC output power:

PD(total) = Pdc − Pac = 2VCCIm

π
− VmIm

2
Because there are two identical transistors sharing this thermal load perfectly symmetrically over the full cycle, the
power dissipated by each individual transistor is exactly half of the total:

PD(single) =
PD(total)

2
It is crucial for engineers to know the maximum power dissipation a transistor might experience so they can select

a device with appropriate specifications. Maximum power dissipation does not occur at maximum output power, but
rather when the amplifier is driving the load at an intermediate level. By differentiating the PD(single) equation with
respect to Vm and equating it to zero, it can be proven that maximum dissipation occurs when the peak output voltage
is Vm = 2VCC

π ≈ 0.636VCC .

Thermal Runaway and Heat Sinking

Although Class B amplifiers are fundamentally highly efficient, they still dissipate significant power at high output
levels. If the internal junctions of the transistors become too hot, it can initiate a destructive cycle known as
thermal runaway. Therefore, incorporating proper heat sinking and thermal management is a crucial mandatory
step in the physical design of high-power Class B amplifiers.

5.26.3 Practical Example of Efficiency Calculation

To ground these theoretical formulas in reality, let us walk through a practical numerical calculation.

Calculating Efficiency and Power Dissipation

A Class B push-pull audio amplifier operates with a DC power supply of VCC = 24 V. It is designed to drive a
standard 8 Ω loudspeaker load. If the peak output voltage delivered to the speaker is 18 V, calculate: (1) The
DC input power, (2) The AC output power, (3) The power efficiency under these conditions, and (4) The power
dissipated by each of the two output transistors.
Solution: Given parameters: VCC = 24 V, Vm = 18 V, RL = 8 Ω.
First, we calculate the peak output current Im using Ohm’s Law:

Im = Vm

RL
= 18 V

8 Ω = 2.25 A

1. DC Input Power (Pdc):

Pdc = 2VCCIm

π
= 2× 24 V× 2.25 A

3.1416 ≈ 108
3.1416 ≈ 34.38 W

2. AC Output Power (Pac):
Pac = VmIm

2 = 18 V× 2.25 A
2 = 20.25 W

3. Overall Efficiency (η):
η = Pac

Pdc
× 100% = 20.25 W

34.38 W × 100% ≈ 58.9%
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Note: Because the output voltage (18 V) is less than the absolute maximum possible swing (24 V), the calculated
efficiency is below the theoretical maximum of 78.5%. This is normal operating behavior.
4. Power Dissipated by Each Transistor (PD(single)): First, find the total dissipated power by both transistors:

PD(total) = Pdc − Pac = 34.38 W− 20.25 W = 14.13 W

Now, divide by two for the individual transistor dissipation:

PD(single) = 14.13 W
2 = 7.065 W

Each transistor must be capable of safely dissipating at least 7.065 W under these specific operating conditions.

5.26.4 Comparison with Class A Amplifier Efficiency

To comprehensively contextualize the efficiency of a Class B amplifier, it is highly informative to compare it directly
alongside its predecessor, the Class A amplifier. Let us summarize their primary operational distinctions in a comparative
table.

Table 5.14: Comparison of Class A and Class B Amplifiers

Design Parameter Class A Amplifier Class B Push-Pull
Conduction Angle 360◦ (Transistor conducts for full

cycle)
180◦ (Each transistor conducts for
half cycle)

Quiescent Current Extremely High (Biased for
maximum linearity)

Zero (Biased exactly at cutoff)

No-Signal Power Dissipation Maximum (Highly inefficient when
idling)

Zero (Highly efficient when idling)

Maximum Theoretical
Efficiency

25% (RC/Series fed) or 50%
(Transformer coupled)

78.5%

Signal Distortion Very low (Inherently linear, no
crossover distortion)

Higher (Inherent crossover distortion
present)

Primary Suitability Low power, ultra-high fidelity audio
preamplifiers

High power audio, PA systems, RF
final stages

5.26.5 The Trade-off: Efficiency vs. Distortion

In engineering, improvements rarely come without compromises. The primary trade-off when moving from a Class A to
a Class B architecture is the introduction of crossover distortion.

Because the transistors in a pure Class B configuration do not begin to conduct until the input signal exceeds their
base-emitter turn-on threshold voltage (typically around 0.7 V for standard silicon bipolar junction transistors), there
is a small "dead band" near the zero-voltage crossing where neither the upper nor the lower transistor conducts. While
this "off" state is precisely what gives the amplifier its zero idle current and phenomenal efficiency, it causes a noticeable
notch or glitch in the output waveform near the zero-crossing point.

Despite this limitation, the enormous gain in power efficiency makes Class B operation the underlying foundation
for almost all modern high-power amplifier output stages. To get the best of both worlds, engineers typically utilize
a slight modification known as the "Class AB" amplifier. In Class AB, a tiny continuous bias current is applied to
overcome the 0.7 V dead band, effectively eliminating crossover distortion while retaining the vast majority of the
efficiency benefits inherent to the Class B push-pull design.

[scale=1] (0,0) to[V, l=Vin] (0,2) to[R, l=R23] (3,2) to[C, l=C23] (3,0) – (0,0); (3,2) to[short, -o] (4,2) node[right] Vout;
(3,0) to[short, -o] (4,0);

Figure 5.74: Passive Low Pass Filter 23
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5.27 Complementary Symmetry Push-Pull Amplifier

5.27.1 Introduction

Power amplifiers are an essential part of electronic systems, primarily designed to deliver significant power to a
low-impedance load, such as a loudspeaker or a motor. In traditional Class B push-pull amplifiers, center-tapped
transformers are often used at the input to split the signal into two out-of-phase components and at the output to
recombine them. However, transformers are bulky, expensive, and severely limit the frequency response of the amplifier
due to their inductive nature.

To overcome these drawbacks, the Complementary Symmetry Push-Pull Amplifier was developed. This
ingenious circuit topology eliminates the need for phase-splitting and recombining transformers by utilizing the inherent
characteristics of complementary semiconductor devices.

Definition

Box[Complementary Symmetry Push-Pull Amplifier] A Complementary Symmetry Push-Pull Amplifier is a Class
B or Class AB power amplifier configuration that uses a matched pair of complementary bipolar junction transistors
(one NPN and one PNP) with identical electrical characteristics to amplify the positive and negative halves of an
input AC signal, respectively.

The term “complementary” refers to the use of an NPN and a PNP transistor. Since an NPN transistor requires a
positive base-emitter voltage to conduct, and a PNP transistor requires a negative base-emitter voltage to conduct,
they naturally respond to opposite polarities of an input signal without requiring any external phase-splitting circuitry.

5.27.2 Circuit Construction

The basic circuit of a complementary symmetry push-pull amplifier consists of an NPN transistor (Q1) and a PNP
transistor (Q2). Both transistors are connected in a common-collector configuration (emitter follower), which provides
high current gain and low output impedance, making it ideal for driving loads like speakers.

The bases of both transistors are tied together and serve as the input terminal. The emitters are also tied together
and serve as the output terminal, directly connected to the load resistor (RL). In a dual-supply configuration, the
collector of the NPN transistor is connected to the positive supply voltage (+VCC), while the collector of the PNP
transistor is connected to the negative supply voltage (−VCC).
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Figure 5.76: Basic Circuit Diagram of a Complementary Symmetry Push-Pull Amplifier

Key Concept

Concept The core principle of this configuration is that the single input signal naturally drives only one transistor
at a time depending on its polarity, rendering the phase-inverting center-tapped input transformer completely
unnecessary.

5.27.3 Working Principle

The operation of the complementary symmetry push-pull amplifier can be understood by analyzing its behavior during
the positive and negative half-cycles of the input AC signal. We assume the transistors are perfectly matched, meaning
they have the same current gain (β), input impedance, and cut-in voltage (VBE(on)).

During the Positive Half-Cycle

When the input signal Vin goes positive relative to ground, it applies a positive voltage to the bases of both Q1 and Q2.

• NPN Transistor (Q1): The positive base voltage forward-biases the base-emitter junction of the NPN transistor
Q1 (provided Vin > 0.7V ). Q1 turns ON and conducts current. The current flows from the +VCC supply, through
Q1, and downwards through the load resistor RL to ground.

• PNP Transistor (Q2): The positive base voltage reverse-biases the base-emitter junction of the PNP transistor
Q2. Consequently, Q2 remains OFF and acts as an open switch.

Therefore, during the positive half-cycle, only Q1 is active, and it amplifies the positive half of the input signal,
delivering it to the load.

During the Negative Half-Cycle

When the input signal Vin goes negative relative to ground, it applies a negative voltage to the bases of both transistors.

• NPN Transistor (Q1): The negative base voltage reverse-biases the base-emitter junction of Q1. Thus, Q1
turns OFF.

• PNP Transistor (Q2): The negative base voltage (provided it is more negative than −0.7V ) forward-biases the
base-emitter junction of the PNP transistor Q2. Q2 turns ON and conducts. Current now flows from ground,
upwards through the load resistor RL, through Q2, and into the −VCC supply.

During the negative half-cycle, only Q2 is active. The direction of current flow through the load resistor is reversed
compared to the positive half-cycle, successfully reproducing the negative half of the amplified signal.

Since both halves of the input signal are amplified individually and sequentially combined at the load, the entire
input waveform is reconstructed and amplified without the need for an output transformer.
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Real-World Analogy: The Two-Man Crosscut Saw

Imagine two lumberjacks using a two-man crosscut saw to cut down a tree. Jack (representing the NPN transistor)
is stationed on one side, and Jill (representing the PNP transistor) is on the other. The saw only cuts efficiently
when it is pulled, not pushed. Therefore, Jack applies effort to pull the saw towards himself (the positive half-cycle),
while Jill rests. When the saw needs to move in the opposite direction, Jack rests, and Jill pulls the saw towards
herself (the negative half-cycle). Together, their alternating push-pull efforts complete the full cycle of sawing
smoothly, just as the complementary transistors alternately amplify the two halves of an audio signal.

5.27.4 Cross-over Distortion and Class AB Operation

While the pure Class B complementary symmetry amplifier is elegant, it suffers from a significant practical issue known
as cross-over distortion.

Silicon bipolar junction transistors do not begin to conduct the moment the base-emitter voltage exceeds 0V . They
require a minimum threshold voltage, known as the cut-in voltage (VBE(on)), which is approximately 0.7V for silicon
transistors.

As a result, when the AC input signal crosses the zero-voltage line, there is a “dead zone” between −0.7V and
+0.7V .

• If 0 < Vin < 0.7V , Q1 is still OFF.

• If −0.7V < Vin < 0, Q2 is still OFF.

During this brief interval, neither transistor is conducting, and the output signal remains flat at zero volts. This causes a
distinct ‘kink” or ‘step” in the output waveform exactly where the signal crosses over from positive to negative, hence
the name cross-over distortion. This distortion is highly undesirable, especially in audio amplifiers, as it introduces
harsh higher-order harmonics into the sound.

Cross-over Distortion

Pure Class B push-pull amplifiers suffer from cross-over distortion because the transistors require at least 0.7V
(VBE) to turn on. The output waveform is highly distorted near the zero-crossing region.

Mitigation: Class AB Biasing

To eliminate cross-over distortion, the transistors must be kept slightly “ON” even when there is no input signal. This
is achieved by shifting the operating point slightly above the cut-off region, transitioning the amplifier from Class B to
Class AB operation.

This is practically implemented by applying a small DC bias voltage to the bases of Q1 and Q2. A common method
is to use voltage divider resistors or biasing diodes in the base circuit. By ensuring that the base-emitter junctions are
already forward-biased at roughly 0.7V under quiescent (no signal) conditions, the transistors respond instantly to the
AC input signal, completely eliminating the dead zone.

5.27.5 Advantages and Disadvantages

The Complementary Symmetry Push-Pull Amplifier offers numerous benefits over its transformer-coupled predecessors,
though it comes with its own set of challenges.

Advantages

1. Transformerless Operation: The most significant advantage is the total elimination of bulky, heavy, and
expensive center-tapped transformers at both the input and output stages.

2. Improved Frequency Response: Transformers inherently suffer from poor high-frequency response due to
parasitic capacitance and leakage inductance, and poor low-frequency response due to core saturation. Removing
them drastically improves the amplifier’s bandwidth.

3. Reduced Weight and Size: The absence of transformers makes the amplifier circuit highly compact, lightweight,
and suitable for integration onto integrated circuits (ICs) like operational amplifiers.

4. Lower Cost: Semiconductors are significantly cheaper than copper windings and iron cores.

5. Lower Output Impedance: The emitter-follower configuration inherently provides a low output impedance,
which is excellent for driving low-impedance loads like 4Ω or 8Ω speakers directly.
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Disadvantages

1. Requirement for Matched Transistors: The circuit demands a perfectly matched pair of NPN and PNP
transistors. If their current gains (β) or thermal characteristics differ, the positive and negative halves of the
amplified signal will be asymmetrical, leading to harmonic distortion.

2. Dual Power Supply Required: The basic configuration requires a bipolar power supply (+VCC , −VCC , and
Ground), which complicates the power supply design. If a single supply is used, a large coupling capacitor must
be placed in series with the load, which can degrade low-frequency performance.

5.27.6 Applications

Due to its superior frequency response, efficiency, and compact size, the complementary symmetry push-pull arrangement
is the universally adopted standard for modern power amplification. Its primary applications include:

• Audio Power Amplifiers: Used extensively in home theater systems, public address systems, and car stereo
amplifiers.

• Operational Amplifiers (Op-Amps): Almost all standard IC op-amps (like the LM741) use a Class AB
complementary symmetry push-pull stage as their output driver to supply current to external loads.

• Motor Control Circuits: Used in servo amplifiers and bidirectional DC motor controllers where the current
direction must be rapidly reversed.

Σ A22

β22

Xs Xo
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−

Figure 5.77: Feedback Loop Block Diagram 22
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Figure 5.78: Harmonic frequency response 22

5.28 Comparison of Different Types of Power Amplifiers

In the study of Linear Integrated Circuits (LIC) and discrete electronic circuit design, amplifiers are generally categorized
into two broad domains: voltage amplifiers and power amplifiers. A typical voltage amplifier is designed to take a small
input signal (often in the millivolt range) and increase its voltage amplitude, usually drawing very little current and
driving high-impedance loads. Conversely, a power amplifier (also known as a large-signal amplifier) is positioned
at the final stage of an amplification chain. Its primary objective is not necessarily to further increase the voltage,
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but to deliver a substantial amount of current—and therefore significant power—to a low-impedance load, such as a
loudspeaker, a transmitting antenna, an electric motor, or an actuator.

Because power amplifiers deal with large signal excursions that utilize the entire active region of the transistor,
the approximations of small-signal modeling are no longer valid. The active devices (Bipolar Junction Transistors
or Field Effect Transistors) are subjected to high currents and high voltages simultaneously, leading to significant
power dissipation. To address the diverse requirements of different applications—ranging from ultra-high-fidelity audio
systems to high-power radio frequency transmissions—engineers have developed multiple classes of power amplifiers.
The fundamental classes (Class A, Class B, Class AB, and Class C) are distinguished primarily by how the transistor is
biased, the resulting location of its quiescent operating point (Q-point), and its conduction angle.

Definition

Box[Conduction Angle (θ)] The conduction angle is defined as the specific portion of the input signal cycle
(measured in electrical degrees or radians) during which the amplifying transistor or vacuum tube is actively
forward-biased and conducting current. A complete sinusoidal input cycle corresponds to 360◦ (or 2π radians).
The conduction angle is the single most critical parameter determining an amplifier’s classification, theoretical
efficiency, and inherent linearity.

5.28.1 Key Metrics for Comparison

To comprehensively compare the different types of power amplifiers, we must evaluate them across a set of standardized
performance metrics. Understanding these metrics is vital for selecting the appropriate amplifier class for a specific
engineering task.

1. Power Efficiency (η): Efficiency is the ratio of the useful AC output power delivered to the load (Pout(AC))
to the total DC input power drawn from the power supply (Pin(DC)), usually expressed as a percentage. An
ideal amplifier would have an efficiency of 100%, converting all DC power into AC output. In reality, power is
lost as heat. High efficiency is critical in battery-operated devices and high-power transmitters to reduce energy
consumption and thermal stress.

2. Linearity and Signal Fidelity: Linearity dictates how perfectly the output signal’s waveform matches the
input signal’s waveform, differing only in magnitude. A perfectly linear amplifier introduces no new frequency
components. Poor linearity results in the original signal being "clipped" or distorted, which is unacceptable in
precision audio or sensitive data transmission.

3. Harmonic Distortion: A direct consequence of non-linearity, harmonic distortion occurs when the amplifier
generates unwanted integer multiples of the input frequencies (harmonics). Total Harmonic Distortion (THD) is
a standard specification; lower THD implies a better, more accurate amplifier.

4. Power Dissipation and Thermal Management: The difference between the DC power consumed and the
AC power delivered to the load is dissipated as heat within the active device (Pdissipated = Pin(DC) − Pout(AC)).
Amplifiers with high power dissipation require large, heavy, and expensive aluminum heat sinks, or even active
cooling (fans or liquid cooling), which increases the physical footprint of the circuit.

Key Concept

Concept The fundamental engineering trade-off in power amplifier design is the balance between Efficiency and
Linearity. As the conduction angle is reduced (from 360◦ down to less than 180◦), the power efficiency of the
amplifier drastically improves. However, this reduction in conduction angle means the transistor spends part of
the time turned off, severely degrading the linearity of the output signal.

5.28.2 Detailed Breakdown of Amplifier Classes

Class A Power Amplifier

In a Class A amplifier, the biasing network is designed such that the Q-point is situated exactly in the center of the
active region on the AC load line. Because of this central biasing, the active device continuously conducts current
throughout the entirety of the input signal cycle.

• Conduction Angle: Exactly 360◦. The transistor never enters the cutoff or saturation regions under normal
operation.
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• Efficiency: Exceedingly low. For a standard direct-coupled resistive load, the theoretical maximum efficiency is
merely 25%. If a transformer-coupled load is utilized, the theoretical maximum rises to 50%, though practical
implementations rarely exceed 20% to 30%.

• Linearity and Distortion: Unmatched. Because the transistor operates strictly within the most linear portion
of its transfer characteristics and never turns off, Class A provides the highest possible signal fidelity and the
lowest harmonic distortion.

• Power Dissipation: Extremely high. The amplifier draws a large, constant continuous current from the power
supply, even when there is absolutely no input signal (a state known as the zero-signal condition). Consequently,
maximum power is dissipated as heat when the amplifier is idling.

Real-World Analogy: Class A Operation

Imagine a heavy-duty water pump that is constantly running at 50% capacity. When water is demanded, a valve
opens further to increase the flow to 100%, and when less water is needed, the valve restricts the flow to 10%.
However, the pump motor never shuts down; it runs constantly, consuming massive amounts of electricity and
generating heat regardless of the actual water demand. This mirrors the high fidelity but terrible efficiency of a
Class A amplifier.

Class B Power Amplifier

To mitigate the disastrous thermal inefficiency of the Class A topology, engineers developed the Class B amplifier. In
this configuration, the transistor is biased exactly at the cutoff point on the load line (IC = 0).

• Conduction Angle: Exactly 180◦. A single transistor will only amplify one half-cycle (either the positive or the
negative half) of the input sine wave.

• Efficiency: Drastically improved compared to Class A. The theoretical maximum efficiency of a Class B amplifier
is calculated to be π

4 or approximately 78.5%. Under zero-signal conditions, the power dissipation is virtually
zero, making it highly attractive for battery-powered systems.

• Linearity and Distortion: Poor in a single-ended configuration. To amplify the entire 360◦ wave, two
complementary transistors (one NPN for the positive half and one PNP for the negative half) must be used in a
"push-pull" arrangement. However, this inherently introduces a severe form of non-linearity.

The Menace of Crossover Distortion

In a Class B push-pull amplifier, the transition of the signal load from the NPN transistor to the PNP transistor
is not seamless. Standard silicon bipolar transistors require a minimum base-emitter voltage (VBE ≈ 0.7V) to
turn on. As the input sine wave drops below 0.7V, approaches 0V, and then goes to -0.7V, both transistors
are temporarily turned off. This creates a "dead zone" where the output remains at zero volts, resulting in a
distinctly flattened region at every zero-crossing of the output wave. This crossover distortion makes pure Class
B amplifiers entirely unsuitable for high-quality audio reproduction.

Class AB Power Amplifier

Class AB represents an elegant and ubiquitous engineering compromise that perfectly bridges the gap between the
pristine linearity of Class A and the high thermodynamic efficiency of Class B. It is, without a doubt, the most common
amplifier class utilized in linear audio frequency (AF) applications today.

• Biasing and Conduction Angle: The transistors in a push-pull arrangement are provided with a small forward
bias voltage (usually via diode biasing or a VBE multiplier circuit) that places their Q-point just slightly above
the cutoff region. Consequently, each transistor conducts for slightly more than half a cycle. The conduction
angle is thus between 180◦ and 360◦ (typically around 190◦ to 200◦).

• Efficiency: Highly respectable. Practical efficiencies typically range between 50% and 70%, making them far
superior to Class A for power-hungry applications.

• Linearity and Distortion: Excellent. Because both transistors are lightly biased into conduction before the
input signal arrives, the "dead zone" is completely bypassed. One transistor smoothly takes over the load current
before the other completely turns off, entirely eradicating crossover distortion.
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Class C Power Amplifier

The Class C amplifier takes the pursuit of electrical efficiency to the absolute extreme, entirely sacrificing linearity in
the process. The transistor is biased deeply into the cutoff region by applying a negative base voltage.

• Conduction Angle: Strictly less than 180◦, often as narrow as 80◦ to 120◦. The transistor functions almost
identically to a fast electronic switch, remaining turned off for the majority of the cycle and delivering short,
violent, high-energy pulses of collector current only during the very peak of the input signal.

• Efficiency: Phenomenal. Class C amplifiers routinely achieve practical efficiencies in excess of 80%, with
theoretical maximums approaching 90% to 95%. Almost no power is wasted as heat in the active device.

• Linearity and Distortion: Absolutely disastrous. The output wave is fundamentally severed and heavily
distorted. It bears zero resemblance to the input sine wave.

• Applications: Because of its severe distortion, Class C is completely banned from baseband audio applications.
However, it is the undisputed champion of Radio Frequency (RF) transmitters. In RF circuits, the amplifier
drives a resonant LC tank circuit. The violent current pulses from the Class C stage repeatedly "strike" the LC
circuit, forcing it to "ring" or oscillate at its natural resonant frequency. The tank circuit effectively filters out
the massive harmonic distortion, reconstructing a pure, continuous high-power sine wave suitable for antenna
transmission.

5.28.3 Visualizing the Quiescent Operating Points

The differences between these classical amplifier architectures can be intuitively understood by plotting their respective
Q-points on the active device’s output characteristic load line.

Collector-Emitter Voltage (VCE)

Collector Current (IC)

DC Load Line

VCC

IC(sat)

Class A (Center)

VCC/2

Class AB
Class B (Cutoff)

Class CNegative Bias Region

Figure 5.79: Placement of Quiescent Points (Q-Points) for Different Power Amplifier Classes. The vertical axis
represents current, and the horizontal axis represents voltage. Moving down and to the right increases efficiency but
decreases linearity.

5.28.4 Beyond the Basics: Class D Switching Amplifiers

While traditional LIC textbooks focus predominantly on linear classes (A, B, AB, C), modern power electronics and
compact audio devices are utterly dominated by Class D amplifiers. Unlike the aforementioned classes, which operate
transistors as variable linear resistors, a Class D amplifier operates its transistors strictly as high-speed electronic
switches—they are either completely ON (saturation) or completely OFF (cutoff).

By utilizing a technique called Pulse Width Modulation (PWM), the continuous analog audio signal is converted
into a stream of high-frequency digital pulses. The width of these pulses corresponds to the instantaneous amplitude
of the audio signal. Because the transistors spend virtually zero time in the active linear region (where both voltage
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across and current through the device exist simultaneously), internal power dissipation is practically eliminated. The
amplified PWM signal is then passed through a simple passive low-pass LC filter before reaching the speaker, which
strips away the high-frequency switching noise and recovers the original audio wave. Class D amplifiers routinely
achieve astonishing thermodynamic efficiencies of 90% to 95%, allowing massively powerful amplifiers to be packaged
into tiny, cool-running enclosures without massive heatsinks.

5.28.5 Comprehensive Comparison Table

To consolidate the crucial engineering parameters, Table 5.15 provides a direct, side-by-side comparison of the
fundamental linear power amplifier classes.

Parameter Class A Class B Class AB Class C

Q-Point Location Dead center of the
active load line

Exactly on the
X-axis (Cutoff point)

Slightly above the
X-axis (Above
cutoff)

Deeply below the
X-axis (Negative
bias region)

Conduction Angle
(θ)

Exactly 360◦ Exactly 180◦ Between 180◦ and
360◦

Less than 180◦

(often 90◦ - 120◦)

Theoretical Max.
Efficiency

25% (RC coupled) to
50% (Transformer)

78.5% Between 50% and
78.5%

Approaching 100%
(Practically > 85%)

Signal Linearity &
Fidelity

The highest fidelity;
lowest distortion

Poor due to
crossover distortion

Very high; crossover
distortion eliminated

Extremely poor;
highly distorted
output

Idling Power
Dissipation

Maximum (Draws
full current at zero
signal)

Zero (Draws no
current at zero
signal)

Very low (Draws
small quiescent bias
current)

Absolute zero

Primary
Engineering
Application

Audiophile
pre-amplifiers,
low-noise RF
receivers

Rarely utilized as a
standalone pure class

The standard for
linear audio speaker
amplifiers

High-power Radio
Frequency (RF)
transmitters

Table 5.15: Summary comparison of linear power amplifier classes, highlighting the fundamental trade-off between
efficiency and linearity.

5.28.6 Conclusion and Selection Criteria

Choosing the correct power amplifier architecture is a critical responsibility for an electronics engineer. It requires
an intimate understanding of the strictness of the application’s constraints. If one is designing a stationary, high-end
audiophile stereo system meant to operate in a climate-controlled room where grid power is plentiful, Class A might
be utilized to ensure uncompromising sonic purity, accepting the massive heat sinks as a necessary cost.

Conversely, if the task is designing the internal audio amplifier for a battery-operated Bluetooth smartphone,
maximizing battery life and minimizing weight is absolutely critical. In such scenarios, the massive heat and power
drain of Class A is unacceptable; thus, an efficient Class AB or modern Class D amplifier is strictly enforced.

Finally, for industrial applications like a municipal FM radio broadcasting tower or a maritime radar system, the
goal is transmitting multi-kilowatt radio frequency signals continuously. Here, fidelity of the raw carrier wave shape is
guaranteed by external tank circuits, meaning Class C is heavily employed to ensure that the massive amounts of grid
electricity are efficiently converted to radiating electromagnetic energy, rather than destroying the transmitter station
through catastrophic thermal waste.

[scale=0.9, transform shape] (0,0) node[op amp] (opamp) ; (opamp.-) to[R, l=R1] (-3, 0.5) to[short, -o] (-3.5, 0.5)
node[left] Vin; (opamp.+) node[ground] ; (opamp.out) to[short, -o] (2,0) node[right] Vout; (opamp.-) – (0, 2) to[R,

l=Rf ] (2, 2) -| (opamp.out);

Figure 5.80: Inverting Amplifier Configuration 21
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Figure 5.81: Blueprint and signal traces visualization 21
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5.29 Operational Amplifiers (Op Amps)

5.30 Basic Block Diagram of an Operational Amplifier

An operational amplifier (Op-Amp) is an incredibly versatile and ubiquitous component in modern analog electronics.
Although it is often represented in schematic diagrams as a simple triangle with three primary terminals, the physical
reality is vastly different. Internally, an op-amp is not a single, simple transistor or component but rather a highly
complex, multi-stage integrated circuit containing dozens of transistors, resistors, and capacitors.

To fully understand how an op-amp achieves its nearly ideal characteristics—such as seemingly infinite input
impedance, nearly zero output impedance, and massive open-loop gain—it is essential to examine its internal architecture.
The intricate internal circuitry can be simplified and conceptualized as a sequence of interconnected stages, each
precisely engineered to fulfill a specific electrical function.

Definition

Box[Operational Amplifier Block Diagram] The basic block diagram of an operational amplifier represents its
internal architecture divided into four primary, sequentially connected functional stages: the Input Stage, the
Intermediate Stage, the Level Shifting Stage, and the Output Stage. Together, these stages process a small
differential input signal, manipulate its voltage and current levels, correct internal DC offsets, and finally produce
a highly amplified, single-ended output voltage capable of driving external loads.

5.30.1 Visualizing the Signal Path

The flow of a signal through an operational amplifier is strictly sequential. It begins at the two input terminals, traverses
through each dedicated intermediate building block, and ultimately emerges at the single output terminal. The block
diagram below illustrates this signal path and identifies the specific type of amplifier circuit commonly employed in
each functional block.

Input Stage
(Dual Input, Bal-

anced Output)

Intermediate
Stage

(Dual Input, Un-
balanced Output)

Level Shift-
ing Stage
(Emitter
Follower)

Output Stage
(Push-Pull
Amplifier)

Non-Inverting (+)

Inverting (−)

Balanced

Output

Unbalanced
Output

Shifted DC Output (Vo)

Figure 5.82: Sequential Block Diagram of a Typical Operational Amplifier Architecture

As shown in Figure 5.82, the standard op-amp architecture relies heavily on direct coupling between its stages. Let
us explore the critical role and internal mechanics of each of these four building blocks in extensive detail.

5.30.2 1. The Input Stage (Differential Amplifier)

The first stage of the operational amplifier is arguably the most critical component of the entire integrated circuit. It
exclusively dictates the op-amp’s primary interface behavior. This stage consists of a Dual Input, Balanced Output
Differential Amplifier.

Function and Characteristics

The input stage connects directly to the external signals applied to the non-inverting (V1) and inverting (V2) terminals.
It acts as the gateway for the signal, providing several non-negotiable characteristics:

• High Input Impedance: To ensure that the op-amp draws virtually zero current from the external signal source,
the differential amplifier utilizes carefully biased field-effect transistors (FETs) or high-beta bipolar junction
transistors (BJTs). This high impedance prevents the op-amp from "loading" the preceding circuit.

• Differential Amplification: Unlike a standard transistor amplifier that measures a signal relative to ground, this
stage actively measures and amplifies the mathematical difference between the two input voltages (Vdiff = V1−V2).

• Common-Mode Rejection Ratio (CMRR): The input stage is primarily responsible for establishing the
op-amp’s high CMRR. It acts as a filter, actively rejecting noise, hum, or interference signals that appear
simultaneously and in-phase at both input terminals (common-mode signals).

• Initial Voltage Gain: While not responsible for the entirety of the op-amp’s massive gain, it provides the
crucial first step of voltage amplification.
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Because it is a "dual input, balanced output" configuration, the amplified signal exits the input stage on two separate
output lines. Each line carries an amplified, phase-shifted version of the differential signal. These paired lines then
proceed directly into the next block.

Real-World Analogy: The Input Stage

Imagine two microphones capturing audio in a noisy industrial plant. One microphone is pointed directly at a
speaker delivering instructions (the non-inverting input), while the other is pointed nearby to capture only the
ambient factory noise (the inverting input). The input stage acts like an intelligent audio mixing console that
mathematically subtracts the ambient noise from the speaker’s audio. It heavily suppresses the background hum
(common-mode noise) and isolates, amplifying only the desired voice (the differential signal).

5.30.3 2. The Intermediate Stage (Voltage Amplifier)

Following the initial signal capture by the input stage is the Intermediate Stage. This is typically configured as a Dual
Input, Unbalanced Output Differential Amplifier.

Function and Characteristics

The input stage provides high quality, low-noise amplification, but the magnitude of its voltage gain is insufficient to
achieve the massive open-loop gain (often exceeding 105 or 100,000) expected of a standard op-amp. The intermediate
stage is designed to bridge this gap:

• Primary Voltage Amplification: The main role of this stage is to provide the overwhelming majority of the
op-amp’s overall voltage gain. Depending on the specific op-amp design (e.g., the classic 741), the intermediate
stage may actually consist of multiple smaller amplifier stages cascaded together to multiply the gain exponentially.

• Conversion to a Single-Ended Signal: The intermediate stage receives the balanced, dual-line output from
the first stage. However, an operational amplifier ultimately requires a single output terminal referenced to
ground. Therefore, this block is designed with an "unbalanced output"; it takes the differential difference between
its two input lines and converts it into a single, highly amplified voltage line referenced to the internal ground of
the IC.

The Challenge of Direct Coupling

Operational amplifiers are strictly designed to amplify both high-frequency AC signals and static DC voltages.
Consequently, coupling capacitors—which block DC—cannot be used to connect the internal stages. Instead, the
stages must be "directly coupled," meaning the collector output of one transistor is wired directly to the base
input of the next.
This direct coupling creates a cumulative problem: the quiescent DC bias voltage naturally rises with every
successive amplifier stage. By the time the signal exits the intermediate stage, the entire waveform is "riding" on a
substantial DC voltage pedestal that is significantly higher than the zero-volt ground potential. If left uncorrected,
the final op-amp output would exhibit a massive DC voltage error even when the physical inputs are grounded.

5.30.4 3. The Level Shifting Stage

To explicitly solve the accumulating DC offset problem created by the direct coupling of the preceding amplifiers, a
dedicated Level Shifting Stage is inserted into the signal path.

Function and Characteristics

The output emerging from the intermediate stage is exactly what is needed mathematically—a massively amplified
representation of the input difference—but it is physically biased at the wrong DC baseline.

• DC Baseline Correction: The strict purpose of the level shifting stage is to act as an adjustable voltage
dropper. It shifts the quiescent DC bias voltage back down to exactly zero volts (with respect to ground) without
altering the AC characteristics of the amplified signal. This ensures that a true zero-volt differential input
(V1 = V2) results in a true zero-volt output.

• Circuit Implementation: This stage is almost universally implemented using an emitter follower (common-
collector) circuit coupled with a constant current source. An emitter follower acts as an excellent voltage buffer.
It provides a voltage gain of approximately 1 (unity), meaning it does not shrink the carefully generated signal
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from the previous stages. However, by carefully calibrating the bias resistors or the active current source within
the emitter follower, engineers can force a precise, fixed voltage drop across the transistor, perfectly nullifying the
unwanted DC offset.

5.30.5 4. The Output Stage (Power Amplifier)

The final functional block in the operational amplifier’s internal chain is the Output Stage. Once the signal has
been properly amplified and its DC baseline corrected, it must be delivered to an external load. This stage is typically
designed as a Push-Pull Amplifier operating in Class B or Class AB mode.

Function and Characteristics

The preceding input and intermediate stages are voltage amplifiers; they are designed to manipulate voltage levels but
are very weak in terms of current. They cannot drive a heavy electrical load directly. The output stage transitions the
focus from voltage gain to current gain.

• Low Output Impedance: A hallmark of an ideal op-amp is an output impedance of zero ohms, allowing it
to drive any load without its output voltage sagging. The complementary push-pull output stage achieves an
exceptionally low real-world output impedance (typically ranging from a few ohms to around 50 ohms).

• High Current Sourcing and Sinking: The output stage utilizes complementary pairs of transistors (one NPN
and one PNP). The NPN transistor activates to "source" current from the positive power supply (+VCC) out to
the load when the signal is positive. Conversely, the PNP transistor activates to "sink" current from the load into
the negative power supply (−VEE) when the signal is negative. This allows the op-amp to handle significant load
currents seamlessly.

• Voltage Swing Capabilities: The stage is carefully biased to allow the output voltage waveform to swing
as close to the physical power supply rails (+VCC and −VEE) as mechanically possible without causing severe
clipping or non-linear distortion.

Key Concept

Concept The internal architecture of an operational amplifier is a textbook example of modular electronic design,
where complex performance is achieved by dividing responsibilities among specialized blocks:

1. Input Stage: Prioritizes infinite impedance, exact differential subtraction, and extreme noise rejection
(CMRR).

2. Intermediate Stage: Dedicated to achieving the characteristic massive raw voltage amplification.

3. Level Shifter: Functions as a necessary utility to correct the parasitic DC offset caused by the absence of
coupling capacitors.

4. Output Stage: Provides necessary physical muscle, yielding high current drive capabilities and near-zero
output impedance.

5.30.6 Summary

Understanding this sequential block diagram allows an engineer to transition from viewing an op-amp as a "magic
triangle" to understanding it as a logical, physical circuit. This insight is highly practical. For example, recognizing the
existence of the complex input differential pair explains why input bias currents and offset voltages exist in real-world
op-amps. Similarly, understanding the push-pull mechanics of the output stage explains why an op-amp has strict
maximum output current limits and slew rate restrictions.

By comprehensively mastering the four fundamental blocks—Input, Intermediate, Level Shifter, and Out-
put—students can predict the behavior of an operational amplifier across a vast array of practical circuit applications.
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Figure 5.83: Frequency Response Curve 27
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Figure 5.84: Silicon IC macro photograph 27

5.31 Introduction of IC-741 Operational Amplifier
The operational amplifier, universally known as the op-amp, is one of the most fundamental and versatile building blocks
in modern analog electronic circuits. Among the vast multitude of operational amplifiers available in the market today,
the IC-741 stands out as the most iconic and widely utilized component in educational, industrial, and commercial
applications. Introduced in 1968 by Fairchild Semiconductor and designed by the legendary engineer David Fullagar,
the µA741 (commonly just referred to as the 741) revolutionized analog circuit design. It solved many of the prevalent
issues found in its predecessors, such as the µA709, by integrating an internal frequency compensation capacitor to
prevent high-frequency oscillations and introducing robust short-circuit protection.

Key Concept

Concept An Operational Amplifier (Op-Amp) is a high-gain, direct-coupled electronic voltage amplifier with
a differential input and, typically, a single-ended output. The IC-741 is a classic, general-purpose op-amp that
performs mathematical operations (addition, subtraction, integration, differentiation) and functions as a core
component in signal conditioning, filtering, and oscillator circuits.

5.31.1 Physical Structure and Pin Configuration

The IC-741 is manufactured in various package types, including the Metal Can (TO-99) and the Small Outline Integrated
Circuit (SOIC) for surface-mount technology. However, the most universally recognizable form factor, especially in
educational laboratories and prototyping environments, is the 8-pin Dual In-line Package (DIP).

Understanding the pinout of the 8-pin DIP IC-741 is absolutely crucial for proper circuit wiring and functionality.
The pins are numbered counter-clockwise, starting from the pin immediately to the left of the semi-circular notch
located at the top of the package.
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Pin No. Pin Name Description
1 Offset Null Used in conjunction with Pin 5 to eliminate the offset voltage,

ensuring zero output for zero input.
2 Inverting Input (−) Signals applied here are amplified and inverted by 180◦ at the

output.
3 Non-Inverting Input (+) Signals applied here are amplified without any phase shift at

the output.
4 Negative Power Supply (−VCC or VEE) Connection for the negative terminal of a dual-polarity power

supply.
5 Offset Null The second terminal used for input offset voltage adjustment.
6 Output The single-ended output terminal where the amplified signal

is extracted.
7 Positive Power Supply (+VCC) Connection for the positive terminal of a dual-polarity power

supply.
8 No Connection (NC) This pin has no internal connection to the op-amp circuitry

and is left floating.

Table 5.16: Pin Description of IC-741 (8-Pin DIP)

Detailed Pin Functions

• Pins 1 and 5 (Offset Null): In a practical op-amp, due to slight mismatches in the internal differential amplifier
transistors during manufacturing, a small DC error voltage may appear at the output even when both inputs
are grounded (zero volts). This is known as the output offset voltage. To correct this, a 10 kΩ potentiometer is
typically connected between Pins 1 and 5, with its wiper connected to the negative supply voltage (Pin 4). By
adjusting this potentiometer, the internal imbalances are compensated, nullifying the output voltage.

• Pin 2 (Inverting Input): When an AC or DC signal is applied to this pin (while the non-inverting pin is
grounded), the output signal will be 180◦ out of phase relative to the input. This means a positive-going input
yields a negative-going output.

• Pin 3 (Non-Inverting Input): Conversely, applying a signal to this pin (with the inverting pin grounded)
results in an output signal that is perfectly in phase with the input.

• Pins 4 and 7 (Power Supply): The IC-741 generally operates on a symmetrical dual power supply, typically
ranging from ±5V to ±15V. Pin 7 receives the positive voltage (+VCC), and Pin 4 receives the negative voltage
(−VEE). The quality and stability of these supplies critically affect the op-amp’s performance.

• Pin 6 (Output): The final amplified signal is drawn from this pin. The maximum voltage swing available at
the output is slightly less than the supply voltages, often referred to as the saturation voltage (typically about
±13V for a ±15V supply).

• Pin 8 (Not Connected): This pin serves no electrical function and exists merely to complete the standard
8-pin package layout symmetrically.

Power Supply Reversal Hazard

Never reverse the polarities of the power supply connections to Pins 4 and 7. Applying a positive voltage to Pin 4
and a negative voltage to Pin 7 will lead to instantaneous and irreversible thermal destruction of the internal
integrated circuit. Furthermore, ensure that the absolute maximum supply voltage of ±22V is strictly respected
to avoid dielectric breakdown.

5.31.2 Internal Block Architecture

While the IC-741 appears as a simple monolithic block externally, internally it is a complex microscopic circuit
comprising 20 transistors, 11 resistors, and one critical capacitor. These components are systematically organized into
four distinct sequential stages to achieve the op-amp’s legendary high gain and stable output.

1. Input Stage (Dual-Input, Balanced-Output Differential Amplifier): This first stage is responsible for the
operational amplifier’s extremely high input impedance and the majority of its voltage gain. It uses a complex
arrangement of NPN and PNP transistors operating as a differential pair. This stage amplifies the difference
between the signals at the inverting and non-inverting inputs while powerfully rejecting any signals common to
both (Common-Mode Rejection).
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2. Intermediate Stage (Dual-Input, Unbalanced-Output Differential Amplifier): The output from the
first stage is fed into this second differential amplifier. This stage provides additional voltage gain. It takes
the balanced double-ended signal from the input stage and converts it into a single-ended (unbalanced) output,
referenced to ground.

3. Level Shifting Stage: Because the preceding amplifier stages are direct-coupled (without coupling capacitors,
enabling DC signal amplification), the DC voltage level progressively shifts upward. If left unchecked, this DC
offset would drive the output stage into early saturation. The level shifting stage, typically an emitter-follower
circuit with a constant current source, translates this elevated DC voltage back down to zero volts with respect
to ground, ensuring zero output voltage for zero input voltage.

4. Output Stage (Class AB Push-Pull Amplifier): The final stage is designed not for voltage gain, but
for current gain. Configured as a complementary-symmetry push-pull amplifier, it provides a very low output
impedance. This allows the IC-741 to source or sink a considerable amount of load current (up to about 25 mA)
without distorting the signal, effectively driving an external load while maintaining signal integrity.

5.31.3 Electrical Characteristics: Ideal vs. Practical 741

To truly master analog design using the IC-741, one must understand the difference between the theoretical "ideal"
operational amplifier and the real-world constraints of the practical 741 chip.

Definition

Box[Key Operational Amplifier Parameters]

• Open-Loop Voltage Gain (AOL): The magnification factor of the differential input voltage when there is
no feedback loop connected from the output to the input.

• Input Impedance (Zin): The equivalent resistance measured looking directly into the input terminals.
High input impedance ensures that the op-amp does not draw excessive current from the signal source,
thereby preventing loading effects.

• Output Impedance (Zout): The equivalent internal resistance looking back into the output terminal. Low
output impedance enables the op-amp to drive heavy loads without a significant drop in output voltage.

• Common-Mode Rejection Ratio (CMRR): The op-amp’s ability to reject noise or interference signals
that appear simultaneously and in-phase at both input terminals. It is usually expressed in decibels (dB).

• Slew Rate (SR): The maximum rate at which the output voltage can change in response to a sudden,
instantaneous change in the input signal (a step function). It limits the high-frequency response for large
signals.

The following table contrasts the theoretical ideal values with the typical guaranteed specifications of a commercial
IC-741 op-amp operating under standard conditions (±15V supply at 25◦C).

Parameter Ideal Op-Amp Practical IC-741
Open-Loop Voltage Gain (AOL) Infinite (∞) 200, 000 (106 dB)
Input Impedance (Zin) Infinite (∞) 2 MΩ
Output Impedance (Zout) Zero (0 Ω) 75 Ω
Bandwidth Infinite (∞) 1 MHz (Unity Gain)
Common-Mode Rejection Ratio (CMRR) Infinite (∞) 90 dB
Slew Rate Infinite (∞) 0.5 V/µs
Input Offset Voltage Zero (0 V) 2 mV (Typical)

Table 5.17: Comparison of Ideal and Practical Op-Amp (IC-741) Characteristics

Understanding Slew Rate Limitations

Suppose we attempt to use an IC-741 to amplify a high-frequency square wave. If the op-amp has a Slew Rate of
0.5 V/µs, it means the output voltage can only rise or fall by a maximum of half a volt every microsecond. If
the input square wave requires the output to jump from −10V to +10V instantaneously (a 20V swing), it will
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physically take the IC-741 at least 20 V
0.5 V/µs = 40 µs to make this transition. As a result, at high frequencies, the

intended square wave will emerge significantly distorted, resembling a trapezoidal or even triangular wave. For
high-speed applications, engineers must select op-amps with much higher slew rates.

5.31.4 Significance and Applications

Despite its age and the emergence of modern BiFET and CMOS operational amplifiers with far superior specifications,
the IC-741 remains exceptionally relevant. Its robust internal architecture, internal compensation, and "forgiving"
nature make it virtually indestructible against temporary short circuits, rendering it the perfect pedagogical tool for
engineering students.

The IC-741 serves as the foundational active element in a myriad of analog configurations:

• Mathematical Operations: Implementing analog summing amplifiers (adders), difference amplifiers (subtrac-
tors), integrators, and differentiators. Historically, these circuits formed the core of analog computers.

• Signal Amplification: Building stable inverting and non-inverting voltage amplifiers with precisely controlled
gain set exclusively by external feedback resistors.

• Active Filtering: Constructing low-pass, high-pass, band-pass, and band-reject (notch) filters that outperform
passive filters by eliminating insertion loss and isolating stages.

• Non-linear Circuits: Acting as precise voltage comparators, Schmitt triggers, and precision rectifiers where
standard diodes fall short due to forward voltage drops.

• Waveform Generation: Forming the heart of astable multivibrators, Wien bridge oscillators, and phase-shift
oscillators to generate square, triangular, and sine waves.

In conclusion, the IC-741 operational amplifier encapsulates the essence of analog integrated circuit design. A solid
grasp of its internal structure, pin functionality, and practical limitations forms the bedrock upon which all advanced
linear integrated circuit design is built.

[scale=0.9, transform shape] (0,0) node[op amp] (opamp) ; (opamp.-) to[R, l=R1] (-3, 0.5) to[short, -o] (-3.5, 0.5)
node[left] Vin; (opamp.+) node[ground] ; (opamp.out) to[short, -o] (2,0) node[right] Vout; (opamp.-) – (0, 2) to[R,

l=Rf ] (2, 2) -| (opamp.out);

Figure 5.85: Inverting Amplifier Configuration 28
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Figure 5.86: Detailed 3D circuit illustration 28

5.32 Pin Configuration of IC 741

The IC 741 is arguably the most famous and widely utilized operational amplifier (Op-Amp) in the history of electronics.
First introduced by Fairchild Semiconductor in 1968, the µA741 rapidly became the industry standard due to its
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reliability, ease of use, and internal frequency compensation, which prevents high-frequency oscillation without requiring
external components. Before the advent of monolithic ICs like the 741, operational amplifiers were constructed using
discrete components such as individual transistors, resistors, and capacitors. These early modules were bulky, expensive,
and suffered from severe thermal drift. The introduction of the 741 completely revolutionized analog circuit design
by packing 20 transistors and 11 resistors onto a single silicon chip that cost mere pennies. Understanding the pin
configuration of the IC 741 is the fundamental first step for any student or engineer looking to design analog circuits,
ranging from simple voltage comparators and amplifiers to complex active filters and oscillators.

The IC 741 is most commonly found in an 8-pin Dual In-line Package (DIP), though it is also available in metal
can packages and surface-mount (SMD) forms. In this section, we will focus exclusively on the ubiquitous 8-pin DIP
format, which is extensively used in breadboard prototyping and educational laboratory environments.

5.32.1 Pin Diagram and Layout

The 8 pins of the IC 741 are organized symmetrically around the dual in-line package. The standard numbering
convention for DIP ICs begins at the top left, right next to the semi-circular notch (or a small recessed dot), and
proceeds down the left side, then up the right side in a counter-clockwise direction.

1Offset Null

2Inverting Input (−)

3Non-Inverting Input (+)

4−VCC (or VEE)

8 No Connection (NC)

7 +VCC

6 Output

5 Offset Null

LM
74

1

Figure 5.87: Pin diagram of the IC 741 in an 8-pin DIP package.

5.32.2 Detailed Pin Description

Let us dive deep into the specific function of each pin, moving systematically from Pin 1 to Pin 8.

Definition

Box[Pin 1: Offset Null] Pin 1 is the first of two terminals used for input offset voltage nulling. Due to unavoidable
slight mismatches in the internal differential amplifier transistors during the manufacturing process, a small output
voltage may appear even when both input terminals are grounded. Pin 1 allows the user to correct this inherent
imbalance by connecting an external potentiometer.

Definition

Box[Pin 2: Inverting Input (−)] Pin 2 is the inverting input terminal of the operational amplifier. If a signal is
applied to this pin while the non-inverting input is grounded, the amplified output signal will be 180◦ out of phase
with the input signal. In other words, a positive-going voltage at Pin 2 produces a negative-going voltage at the
output, and vice versa.

Definition

Box[Pin 3: Non-Inverting Input (+)] Pin 3 is the non-inverting input terminal. A signal applied to this pin, with
the inverting input grounded, will produce an amplified output signal that is exactly in phase with the input
signal. A positive-going voltage at Pin 3 directly produces a positive-going voltage at the output.

Definition

Box[Pin 4: Negative Power Supply (−VCC or VEE)] Pin 4 connects to the negative terminal of the DC power
supply. For the internal circuitry of the Op-Amp to properly process both positive and negative signal swings, a
dual (bipolar) power supply is typically required. Pin 4 provides the negative voltage rail, often set between −5V
and −15V.
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Definition

Box[Pin 5: Offset Null] Pin 5 is the second terminal used for offset voltage nulling. It works in conjunction with
Pin 1. By connecting a potentiometer across Pin 1 and Pin 5, with the wiper arm connected to the negative supply
(Pin 4), the internal asymmetry can be precisely balanced out to ensure zero output voltage for zero input voltage.

Definition

Box[Pin 6: Output] Pin 6 is the singular output terminal of the Op-Amp. This is where the fully amplified
signal is extracted. The output voltage is directly proportional to the voltage difference between Pin 3 and Pin 2,
multiplied by the open-loop gain of the amplifier. The output voltage can swing positive up to slightly less than
+VCC and negative down to slightly more than −VCC .

Definition

Box[Pin 7: Positive Power Supply (+VCC)] Pin 7 connects to the positive terminal of the DC power supply. This
provides the necessary positive voltage rail for the internal transistors to operate, commonly ranging from +5V to
+15V. The value of +VCC dictates the absolute maximum positive voltage the output can reach.

Definition

Box[Pin 8: No Connection (NC)] Pin 8 is an unused pin. It is not internally connected to any of the operational
amplifier circuitry. It exists purely to complete the physical symmetry of the standard 8-pin package, providing
mechanical stability when inserted into a socket or soldered onto a printed circuit board (PCB).

5.32.3 Functional Groups and Operational Context

To fully grasp the practical operation of the IC 741, it is highly beneficial to group the pins functionally rather than
just looking at them sequentially.

The Power Supply Pins (Pin 4 and Pin 7)

Unlike simple digital logic gates that typically run on a single +5V supply and ground, operational amplifiers are
designed to handle alternating current (AC) signals, like audio waves or sensor oscillations, which swing above and
below zero volts. Therefore, the IC 741 conventionally requires a dual power supply.

• Positive Supply (+VCC) at Pin 7 sets the upper limit for the output voltage.

• Negative Supply (−VCC or VEE) at Pin 4 sets the lower limit for the output voltage.

Power Supply Constraints

The maximum safe operating supply voltage for a standard LM741 is typically ±18V (or 36V total across Pin 7
and Pin 4). Exceeding this limit can cause catastrophic failure and permanently destroy the integrated circuit.
Additionally, it is critical to note that there is no dedicated ground pin on the IC 741. The concept of "ground"
(0V) is established entirely externally by the common junction point of the dual power supply.

The Input Pins (Pin 2 and Pin 3)

The core fundamental function of an Op-Amp is to amplify the difference in voltage between its two inputs. The inputs
of a 741 have an extremely high impedance (typically around 2 MΩ), meaning they draw virtually zero current from
the source circuit connected to them.

To visualize this difference amplification, imagine a seesaw. The inverting input (Pin 2) pushes the output in the
opposite direction of the input force, while the non-inverting input (Pin 3) pushes the output in the same direction.
The Op-Amp constantly and aggressively compares the voltage at these two pins.

It is also crucial to note the concept of the Common Mode Rejection Ratio (CMRR) when discussing the input
pins. If the exact same voltage signal (a common-mode signal, such as stray electrical noise induced from AC mains or
fluorescent lights) is applied simultaneously to both Pin 2 and Pin 3, an ideal Op-Amp would subtract them completely,
resulting in zero output. While the practical 741 is not ideal, it possesses a very high CMRR (typically 90 dB), meaning
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it is outstanding at ignoring this common noise while exclusively amplifying the useful differential signal between the
two pins.

Real-World Analogy: Temperature Control

Suppose you are designing a thermostatic room heater controller. You can connect a reference voltage representing
your desired ambient temperature (the setpoint) to the Inverting Input (Pin 2). You then connect an electronic
temperature sensor’s output to the Non-Inverting Input (Pin 3). When the room is too cold, the sensor voltage
drops below the reference, and the Op-Amp output aggressively swings in one direction to trigger a relay that
turns on the heater. In this scenario, the inputs act as a highly sensitive comparison stage.

The Output Pin (Pin 6)

The amplified signal from the internal differential amplifier and push-pull output stages is delivered directly at Pin 6.
The output voltage Vout is mathematically defined by the ideal Op-Amp equation:

Vout = AOL × (Vin+ − Vin−)

where AOL is the open-loop gain (typically an enormous 200, 000 for the standard IC 741), Vin+ is the voltage at
Pin 3, and Vin− is the voltage at Pin 2.

Because the open-loop gain is phenomenally high, even a fractional microvolt difference between Pin 2 and Pin 3
will cause the output to swing dramatically. In practical applications, the output voltage cannot exceed the power
supply limits. Typically, the maximum output voltage is restricted to about 1V to 2V less than the supply rails. For
example, if the 741 is powered by a ±15V supply, the output will safely swing between approximately −13V and +13V.
This clamping phenomenon is formally known as output saturation.

Furthermore, the output pin of the IC 741 is equipped with integrated short-circuit protection. This means if you
accidentally connect Pin 6 directly to ground or to either of the power supply rails, the internal circuitry automatically
limits the output current to roughly 25 mA. This vital self-protection mechanism is one of the key reasons the 741 is so
heavily favored in educational settings, as it effortlessly survives common student wiring errors that would instantly
vaporize less robust integrated circuits.

The Offset Null Pins (Pin 1 and Pin 5)

In a purely theoretical world, if you were to connect both Pin 2 and Pin 3 to exactly zero volts (ground), the output
at Pin 6 should correspondingly be exactly zero volts. However, real-world silicon manufacturing is imperfect. The
internal bipolar junction transistors at the input differential stage are never perfectly matched. This minute mismatch
acts as a tiny, unintended phantom voltage source connected in series with the input, known as the Input Offset Voltage.
Because the Op-Amp possesses immense gain, this tiny internal offset gets exponentially amplified, causing the output
voltage to drift away from zero, sometimes significantly enough to drive the output into saturation even with no active
input.

To systematically correct this practical flaw, circuit designers use Pin 1 and Pin 5.

Key Concept

Concept The Offset Null functionality serves as a manual calibration technique. By connecting a 10 kΩ precision
potentiometer between Pin 1 and Pin 5, and connecting the wiper (middle movable terminal) of the potentiometer
directly to the negative supply rail (Pin 4), a user can slowly adjust the internal resistance balance. By turning
the potentiometer while carefully monitoring the output with a digital multimeter (ensuring both inputs are
grounded), the output can be perfectly zeroed, or "nulled."

While absolutely critical in precision DC amplification applications (such as low-level strain gauge signal conditioning
or sensitive medical instrumentation), the offset null pins are often left completely unconnected in simple AC coupled
circuits, audio pre-amplifiers, or basic hobbyist projects, as a minor DC offset usually does not severely degrade overall
AC performance.

5.32.4 Summary of Pin Configuration

For rapid reference and review, the table below provides a comprehensive summary of the IC 741 pin assignments and
their core operational functions.
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Pin No. Pin Name Function / Description

1 Offset Null Used to eliminate small input offset voltages by connecting a balancing
potentiometer between Pin 5 and the negative supply rail.

2 Inverting Input (−) The input signal applied to this terminal is aggressively amplified and phase-
inverted by 180◦ at the output terminal.

3 Non-Inverting Input (+) The input signal applied to this terminal is amplified precisely without
undergoing any phase inversion.

4 −VCC (or VEE) Negative DC power supply connection point, enabling the amplifier to swing
its output into the negative voltage domain.

5 Offset Null Complementary pin to Pin 1, used as the other end of the offset adjustment
potentiometer.

6 Output Delivers the final amplified signal to the next stage of the circuit or load.

7 +VCC Positive DC power supply connection point, providing the necessary positive
voltage for internal semiconductor operation.

8 No Connection (NC) Not internally connected to any active circuitry; acts as a structural anchor
providing mechanical symmetry for the 8-pin package.

Table 5.18: Comprehensive Summary of IC 741 Pin Descriptions

Understanding the explicit purpose and nuanced behavior of each of these eight individual pins transforms the IC
741 from a mysterious black box into an approachable, versatile, and immensely powerful building block for analog
electronic design. Whether you are constructing a simple voltage follower, an analog integrator, or a multi-stage
active filter, the correct and considered utilization of these pins forms the absolute foundation of a successful circuit
implementation.

Frequency (Hz)

Gain (dB)

Flat Band 34

fc

Figure 5.88: Frequency Response Curve 34
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Figure 5.89: Harmonic frequency response 34

5.33 Operational Amplifiers: Open-Loop and Closed-Loop Configurations

The Operational Amplifier (op-amp) is one of the most versatile and widely used electronic components in modern
analog circuitry. Originating from analog computers where they were used to perform mathematical operations such as
addition, subtraction, integration, and differentiation, op-amps today form the building blocks for countless applications,
including signal conditioning, filtering, and instrumentation. A fundamental aspect of designing with op-amps is
understanding how they operate when used in isolation (open-loop) versus when a portion of their output is returned
to their input (closed-loop). This section provides an in-depth exploration of both configurations, their mathematical
formulations, limitations, and practical implications.

5.33.1 The Open-Loop Configuration

In an open-loop configuration, the operational amplifier operates without any feedback mechanism. This means there
is no electrical connection between the output terminal and either of the input terminals. The op-amp relies solely on
its internal circuitry to amplify the voltage difference presented across its inverting (−) and non-inverting (+) inputs.

Definition

Open-Loop Voltage Gain (AOL) The open-loop voltage gain, denoted as AOL (or simply A), is the factor by which
an operational amplifier multiplies the differential input voltage when no feedback is present. For an ideal op-amp,
AOL is infinite. In practical op-amps, it is extremely large, typically ranging from 104 to 105 (or 80 dB to 100 dB)
for general-purpose devices like the 741.

The output voltage Vo in an open-loop configuration is given by the fundamental equation:

Vo = AOL(V1 − V2) = AOL · Vd

where:

• V1 is the voltage at the non-inverting input terminal.

• V2 is the voltage at the inverting input terminal.

• Vd = (V1 − V2) is the differential input voltage.

Open-Loop Operation Modes

Depending on how the input signals are applied, the open-loop op-amp can be operated in three basic ways:

1. Differential Amplifier: Signals are applied simultaneously to both the inverting and non-inverting inputs. The
output is proportional to the difference between these two signals.
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2. Inverting Amplifier: The input signal is applied to the inverting terminal (V2), while the non-inverting terminal
(V1) is grounded (0 V). Thus, Vo = AOL(0 − V2) = −AOLV2. The negative sign indicates a 180◦ phase shift
between the input and output signals.

3. Non-Inverting Amplifier: The input signal is applied to the non-inverting terminal (V1), while the inverting
terminal (V2) is grounded (0 V). The output is Vo = AOL(V1 − 0) = AOLV1. The output is in phase with the
input signal.

Limitations of Open-Loop Operation

While the open-loop configuration provides massive amplification, it is rarely used for linear signal amplification in
practice. This is due to several severe limitations:

Important / Warning

Saturation in Open-Loop Because the open-loop gain is enormously high (e.g., 100, 000), even a minuscule
differential input voltage will theoretically cause the output to swing to an extremely large value. However, the
output voltage is physically constrained by the DC power supply voltages (+VCC and −VEE). Therefore, a tiny
input (often just a few microvolts or millivolts) will drive the op-amp into saturation, where the output voltage
clips at nearly the supply voltage levels (typically 1 V to 2 V less than the supply rails).

For instance, if AOL = 100, 000 and VCC = ±15 V, an input differential voltage of just 0.15 mV will result in
Vo = 100, 000 × 0.15 × 10−3 = 15 V, pushing the op-amp to its positive saturation limit. Any input greater than
this will not be linearly amplified; the output will remain stuck at the saturation voltage. This extreme sensitivity
makes the open-loop configuration highly unstable for linear applications. Furthermore, the open-loop gain AOL is not
constant; it varies significantly with temperature, power supply fluctuations, and from one manufacturing batch to
another. Bandwidth in open-loop is also extremely narrow, often rolling off at frequencies as low as 10 Hz.

Due to these factors, the primary application of an open-loop op-amp is as a Voltage Comparator. In this role,
the op-amp compares two voltages and its output swings to either positive or negative saturation to indicate which
input is larger.

5.33.2 The Closed-Loop Configuration

To overcome the instability, unpredictability, and severe bandwidth limitations of the open-loop configuration, a
technique known as feedback is employed. When a portion of the output signal is routed back to the input, the
op-amp is said to be operating in a closed-loop configuration.

Key Concept

Negative Feedback Negative feedback involves returning a fraction of the output signal to the inverting input of
the op-amp. This feedback signal opposes the original input signal, effectively reducing the net differential input
voltage (Vd). While this drastically reduces the overall voltage gain of the circuit, it provides immense benefits,
including stabilized gain, increased bandwidth, reduced distortion, improved input impedance, and lower output
impedance.

In linear amplifier applications, negative feedback is exclusively used. The resulting gain of the circuit with feedback
is called the Closed-Loop Voltage Gain (Af or Av). Unlike open-loop gain, closed-loop gain is almost entirely
determined by the external feedback components (usually resistors) and is practically independent of the internal
characteristics of the op-amp itself.

We will now examine the two primary closed-loop configurations: the Inverting Amplifier and the Non-Inverting
Amplifier.

Closed-Loop Inverting Amplifier

In the closed-loop inverting amplifier, the input signal Vin is applied to the inverting terminal through an input resistor
R1. A feedback resistor Rf connects the output terminal back to the inverting input terminal. The non-inverting
terminal is connected directly to ground.

To analyze this circuit, we utilize two ideal op-amp characteristics and a crucial concept known as “Virtual Ground.”
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Definition

Virtual Ground In a closed-loop configuration with negative feedback, the op-amp adjusts its output to whatever
voltage is necessary to keep the differential input voltage (Vd) nearly zero. Since Vd = V1 − V2 ≈ 0, it implies that
V1 ≈ V2. If the non-inverting terminal (V1) is physically grounded (0 V), the inverting terminal (V2) is forced to
be very close to 0 V as well. This point is called a virtual ground. It is not a physical connection to ground,
meaning it cannot sink current, but its voltage potential is zero.

Derivation of Gain: Because of the ideal op-amp assumption that input impedance is infinite, no current flows
into the inverting or non-inverting terminals. Therefore, the current flowing through R1, denoted as I1, must be equal
to the current flowing through Rf , denoted as If .

I1 = If

Using Ohm’s law, we can express these currents in terms of voltages and resistances. Since V2 is at virtual ground
(V2 = 0 V):

I1 = Vin − V2
R1

= Vin − 0
R1

= Vin

R1

If = V2 − Vout

Rf
= 0− Vout

Rf
= −Vout

Rf

Equating I1 and If :
Vin

R1
= −Vout

Rf

Rearranging to solve for the closed-loop voltage gain Av = Vout
Vin

:

Av = −Rf

R1

The negative sign indicates that the output signal is inverted (180◦ out of phase) with respect to the input signal.
Notice that the gain is dependent only on the ratio of the external resistors Rf and R1, making it highly stable and
predictable. The input impedance of this configuration is approximately R1, and the output impedance is nearly zero.

Example

Designing an Inverting Amplifier Problem: Design an inverting amplifier with a closed-loop gain of −10 and an
input impedance of 10 kΩ.
Solution: The input impedance for an inverting amplifier is equal to R1. Therefore, we choose:

R1 = 10 kΩ

We know the gain equation is Av = −Rf

R1
. Substituting the given values:

−10 = − Rf

10 kΩ

Rf = 10× 10 kΩ = 100 kΩ

Thus, the required components are R1 = 10 kΩ and Rf = 100 kΩ.

Closed-Loop Non-Inverting Amplifier

In the closed-loop non-inverting amplifier, the input signal Vin is applied directly to the non-inverting terminal. The
feedback loop is formed by connecting a resistor Rf from the output to the inverting terminal, and another resistor R1
from the inverting terminal to ground.

Derivation of Gain: Again, we apply the concept of the virtual short between the input terminals due to negative
feedback. Therefore, the voltage at the inverting terminal (V2) is forced to equal the voltage at the non-inverting
terminal (V1).

V2 = V1 = Vin

Assuming ideal characteristics, no current flows into the op-amp input terminals. Thus, the current through R1 (I1)
and Rf (If ) is the same. The resistor network forms a simple voltage divider. The voltage at the inverting node V2 is
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determined by the voltage divider formed by Rf and R1:

V2 = Vout

(
R1

R1 + Rf

)

Since V2 = Vin:

Vin = Vout

(
R1

R1 + Rf

)
Rearranging to find the closed-loop voltage gain Av = Vout

Vin
:

Av = R1 + Rf

R1
= 1 + Rf

R1

The gain equation shows that the output is in phase with the input (no negative sign). Furthermore, the minimum
possible gain for this configuration is 1 (when Rf = 0 or R1 =∞). This configuration boasts an extremely high input
impedance (approaching infinity ideally) and very low output impedance, making it excellent for buffering applications.

The Voltage Follower (Unity Gain Buffer)

A special case of the non-inverting amplifier occurs when the feedback resistor Rf is replaced with a short circuit
(Rf = 0 Ω) and R1 is an open circuit (R1 =∞ Ω).

Substituting these values into the non-inverting gain equation:

Av = 1 + 0
∞

= 1

In this configuration, Vout = Vin. The output voltage exactly follows the input voltage, hence the name voltage
follower or unity gain buffer.

While it provides no voltage amplification (Av = 1), it provides substantial current amplification and power
amplification. The primary use of a voltage follower is for impedance matching. It has an exceptionally high input
impedance, meaning it draws virtually no current from the signal source, and a very low output impedance, allowing it
to drive low-impedance loads without dropping voltage. It is typically placed between a high-impedance source and a
low-impedance load to prevent loading effects.

5.33.3 Summary Comparison

Understanding the distinction between open-loop and closed-loop operation is paramount in analog design. The table
below summarizes the key differences:

Parameter Open-Loop Configuration Closed-Loop Configuration
Feedback None. No connection between output

and input.
Present. Output is fed back to the
inverting input.

Voltage Gain Extremely high (104 to 106), but un-
stable.

Lower and determined by external re-
sistors (e.g., 1 to 1000). Highly stable.

Bandwidth Very narrow (often less than 100 Hz). Wide (can reach several MHz, depend-
ing on gain).

Input Impedance High (intrinsic to the op-amp). Generally much higher (for non-
inverting) or depends on R1 (for in-
verting).

Output Impedance Low, but higher than closed-loop. Extremely low (fraction of an ohm).
Linearity & Distortion Poor linearity; easily driven into satu-

ration.
Excellent linearity; significantly re-
duced distortion.

Primary Applications Voltage comparators, zero-crossing de-
tectors.

Linear amplifiers, filters, oscillators,
mathematical operators.

In conclusion, while the raw power of an operational amplifier lies in its massive open-loop gain, its true utility
in linear electronics is unlocked through the application of negative feedback in closed-loop configurations. Negative
feedback sacrifices some of the raw gain to achieve stability, predictability, and wider frequency response, transforming
the op-amp from an erratic high-gain block into a precise and versatile analytical tool.
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Figure 5.90: Passive Low Pass Filter 30
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Figure 5.91: Harmonic frequency response 30

5.34 Op-Amp Parameters: Input and Output Offset Voltage, Input Offset
Current, CMRR, Slew Rate

Operational amplifiers (op-amps) are incredibly versatile components in analog electronics, serving as the fundamental
building blocks for a vast array of circuits, from simple amplifiers to complex active filters and signal conditioners.
While an ideal op-amp is assumed to have infinite voltage gain, infinite input impedance, zero output impedance,
infinite bandwidth, and zero internal offsets, practical op-amps have physical and electrical limitations stemming from
their internal transistor architectures.

Understanding the various parameters that define these real-world limitations is absolutely essential for designing
robust, accurate, and stable electronic circuits. These parameters are broadly categorized into DC characteristics
(which affect the steady-state accuracy, like offset voltages and bias currents) and AC characteristics (which affect the
dynamic performance, like bandwidth, CMRR, and slew rate). In this comprehensive section, we will delve deeply into
four of the most critical practical parameters: Input and Output Offset Voltage, Input Offset Current, Common-Mode
Rejection Ratio (CMRR), and Slew Rate.

5.34.1 Input Offset Voltage (Vio)

In an ideal operational amplifier, if both the inverting and non-inverting input terminals are perfectly grounded (i.e.,
V1 = V2 = 0 V), the output voltage should be exactly zero. However, in a practical op-amp, a small, non-zero output
DC voltage frequently appears even when both input terminals are shorted to ground. This discrepancy occurs primarily
due to unavoidable manufacturing mismatches in the internal differential amplifier stage. Specifically, variations in the
base-emitter voltages (VBE) of the input bipolar transistors, slight differences in the internal collector resistors, and
variances in the current gains (β) across the semiconductor die all contribute to this imbalance.

Definition

Input Offset Voltage (Vio) Input offset voltage (Vio) is defined as the small, specific differential DC voltage that
must be deliberately applied between the two input terminals of an op-amp to force the output voltage back to an
absolute zero state.

To conceptualize Vio, it is often helpful to imagine a tiny internal DC voltage source connected in series with one of
the input terminals of an otherwise perfect op-amp. The polarity of this conceptual voltage source is unpredictable;
it can be either positive or negative, depending on the specific imbalances within that particular integrated circuit.
Typical values for the input offset voltage range from a few microvolts (µV) in high-end precision op-amps designed for
instrumentation, to a few millivolts (mV) in standard general-purpose op-amps like the widely used µA741.
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Key Concept

Effect of Vio on Circuits Because the op-amp amplifies the voltage difference between its terminals, any uncompen-
sated input offset voltage acts as a valid input signal and is multiplied by the closed-loop DC gain of the circuit.
In high-gain applications (e.g., an amplifier circuit with a gain of 1000), a seemingly negligible input offset voltage
of 2 mV can result in a massive 2 V offset at the output. If the gain is high enough, this amplified offset can easily
drive the op-amp output into permanent saturation against the supply rails, rendering the amplifier useless for
actual signal processing.

Output Offset Voltage

The output offset voltage (Voo) is the actual measurable DC voltage present at the output terminal when both input
terminals are physically grounded. It is directly proportional to the input offset voltage and the closed-loop gain,
commonly referred to as the noise gain, of the amplifier configuration.

For standard feedback circuits, whether an inverting or non-inverting amplifier, the output offset voltage resulting
solely from the input offset voltage is given by the equation:

Voo = Vio ×
(

1 + Rf

R1

)
where Rf is the feedback resistor connecting the output to the inverting input, and R1 is the input resistor. Notice
that the scaling factor (1 + Rf /R1) determines the amplification of the offset error.

To mitigate this issue, most practical op-amps are manufactured with specific "offset null" pins. By connecting
a precision external potentiometer between these designated pins and tying the wiper of the potentiometer to the
appropriate power supply rail (usually the negative supply, −VEE), the internal current imbalances can be balanced
out manually. Adjusting this potentiometer allows the designer to precisely trim the output voltage exactly to zero,
effectively canceling out the Vio.

5.34.2 Input Bias Current and Input Offset Current (Iio)

The input stage of an operational amplifier typically consists of bipolar junction transistors (BJTs) or junction field-effect
transistors (JFETs). For BJTs to operate correctly in their active amplifying region, a small but continuous base current
must flow into (or out of) the input terminals. These essential operating currents are known as input bias currents.

Let IB1 be the DC base current entering the non-inverting terminal, and IB2 be the DC base current entering
the inverting terminal. The Input Bias Current (Ib) is defined globally as the mathematical average of these two
terminal currents:

Ib = IB1 + IB2
2

Ideally, the two input transistors forming the differential pair are perfectly symmetrical, meaning IB1 would exactly
equal IB2. In reality, microscopic manufacturing variations inevitably lead to a slight difference in the current required
by each transistor.

Definition

Input Offset Current (Iio) Input offset current (Iio) is defined as the absolute difference between the base currents
entering the two input terminals of a practical op-amp.

Iio = |IB1 − IB2|

The input offset current is generally much smaller in magnitude than the input bias current. For a standard
bipolar 741 op-amp, the typical bias current is around 80 nA, while the offset current is around 20 nA. For modern
FET-input op-amps (like the TL071), these currents are extraordinarily small, often falling in the picoampere (pA)
range, effectively minimizing current-related DC errors.

Important / Warning

Impact of Large Resistors Using exceptionally large resistance values (e.g., in the megohm range) in the feedback
and input networks can severely exacerbate the DC voltage errors caused by input bias and offset currents. The
small currents flowing through these large resistors create an unintended voltage drop (V = I ×R), which acts as
a false differential input signal that subsequently gets amplified. Always aim to keep resistor values in the optimal
range (typically 1 kΩ to 100 kΩ) unless the specific circuit architecture necessitates higher impedance.
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To minimize the DC error voltage induced by the input bias current, a compensating resistor (Rcomp) is frequently
placed in series with the non-inverting terminal in an inverting amplifier configuration. The optimal value of Rcomp

is chosen to be the parallel combination of the feedback and input resistors (Rcomp = Rf ∥ R1). While this simple
resistor addition perfectly cancels the error caused by the average bias current (Ib), it is physically impossible for it to
compensate for the input offset current (Iio). Thus, Iio remains a fundamental source of DC inaccuracy that must be
considered in precision circuit design.

5.34.3 Common-Mode Rejection Ratio (CMRR)

A differential amplifier at the heart of an op-amp is explicitly designed to amplify the difference between two input
signals while actively rejecting, or ignoring, any signals that are common to both inputs simultaneously. The quantitative
ability of an op-amp to reject these unwanted common signals is measured by its Common-Mode Rejection Ratio.

To thoroughly understand CMRR, we first define two distinct types of amplifier gains:

1. Differential-Mode Gain (Ad): The immense gain with which the op-amp amplifies the differential voltage
(Vd = V1 − V2). In an ideal op-amp, Ad approaches infinity.

2. Common-Mode Gain (Ac): The gain with which the op-amp amplifies the common-mode voltage (Vc = V1+V2
2 ).

The common-mode voltage represents the average electrical potential present at both inputs simultaneously.
Common examples include environmental electromagnetic noise, temperature fluctuations, or a persistent 50/60
Hz power line hum picked up by long input wires. In an ideal op-amp, Ac is precisely zero.

Definition

Common-Mode Rejection Ratio (CMRR) CMRR is defined as the mathematical ratio of the differential-mode
gain (Ad) to the absolute value of the common-mode gain (Ac).

CMRR = Ad

|Ac|

Because this ratio is typically very large, it is almost exclusively expressed in logarithmic decibels (dB):

CMRR (in dB) = 20 log10

(
Ad

|Ac|

)

A high CMRR is incredibly important in instrumentation, communication, and medical electronics. For example,
when measuring an electrocardiogram (ECG), the tiny heartbeat signal is heavily contaminated by large common-mode
noise from the human body acting as an antenna. A high CMRR ensures the noise is suppressed while the critical
biological signal is amplified.

Example

Calculating CMRR Suppose a practical op-amp under test is found to have a differential gain of 100, 000 (105)
and a common-mode gain of 0.1. The CMRR as a raw ratio is calculated as:

CMRR = 100, 000
0.1 = 1, 000, 000

Converting this massive ratio into decibels (dB) for practical engineering use:

CMRRdB = 20 log10(106) = 20× 6 = 120 dB

This op-amp demonstrates an exceptional ability to reject common-mode noise.

For an ideal operational amplifier, the CMRR is infinity. Practical general-purpose op-amps typically boast a CMRR
ranging from 80 dB to 100 dB, whereas specialized precision instrumentation amplifiers may exhibit CMRRs exceeding
130 dB. It is critically important for engineers to note that CMRR is not a static value; it is frequency-dependent and
generally degrades (decreases) as the frequency of the common-mode interfering signal increases.

5.34.4 Slew Rate (SR)

While offset voltages, offset currents, and CMRR largely characterize the DC accuracy and low-frequency precision of
an op-amp, the slew rate fundamentally dictates its high-frequency and large-signal dynamic capabilities.
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Definition

Slew Rate (SR) Slew rate is defined as the absolute maximum rate of change of the output voltage with respect to
time. It quantifies how fast the output of an op-amp can physically swing in response to a sudden, large-step
change at its input.

SR = dVout

dt

∣∣∣∣
max

Slew rate is predominantly expressed in units of Volts per microsecond (V/µs).

Causes of Slew Rate Limit

The slew rate limitation arises almost entirely from the internal frequency compensation capacitors used to ensure the
op-amp remains completely stable and does not oscillate when deployed in closed-loop feedback configurations. In
majority of standard op-amps (such as the 741, which relies on a monolithic 30 pF internal compensation capacitor),
there is a limited constant current source (Imax) available to charge and discharge this crucial capacitor.

Recall the fundamental physics equation governing a capacitor: I = C dV
dt . Rearranging this equation reveals the

absolute rate of change of voltage:
dV

dt
= I

C

Since the maximum internal current (Imax) available to charge the compensation capacitor (Cc) is physically bounded
by the current source transistor, the maximum achievable rate of change of the internal voltage—and consequently the
external output voltage—is strictly limited. Thus, SR = Imax

Cc
.

Key Concept

Slew Rate vs. Step Response If you attempt to drive an op-amp with a perfect, instantaneous high-amplitude
square wave, the ideal expected output would also be a perfect square wave. However, because the op-amp output
voltage physically cannot change instantaneously due to the governing slew rate limit, the output waveform will
heavily distort, looking much like a trapezoidal wave. The rising and falling edges will no longer be vertical but
instead will be distinctly sloped, with the steepness of the slope exactly clamped to the op-amp’s slew rate.

Power Bandwidth and Slew-Rate-Induced Distortion

Slew rate directly and strictly restricts the maximum operational frequency at which an op-amp can successfully
output a clean, undistorted sine wave of a specific large amplitude. If the required rate of change of a high-frequency,
high-amplitude sine wave exceeds the op-amp’s physical slew rate, the peaks of the sine wave cannot be reached in time.
The sine wave will be drastically distorted and transformed into a triangular wave. This severe nonlinear phenomenon
is known as slew-rate-induced distortion.

Consider a standard output sine wave defined mathematically as: Vout(t) = Vm sin(2πft), where Vm is the peak
voltage amplitude and f is the frequency in Hertz. The instantaneous rate of change of this dynamic signal is its first
derivative:

dVout

dt
= 2πfVm cos(2πft)

The absolute maximum required rate of change occurs when the signal crosses zero (i.e., when the cosine function
equals exactly 1):

dVout

dt

∣∣∣∣
max

= 2πfVm

To actively prevent any slew-rate-induced distortion, this maximum required rate of change must mathematically
remain strictly less than or equal to the op-amp’s designated slew rate limit:

2πfmaxVm ≤ SR

Solving for frequency yields:
fmax = SR

2πVm

This critical frequency boundary fmax is known throughout the industry as the full-power bandwidth. It
designates the absolute highest frequency at which an op-amp can successfully produce an entirely undistorted sine
wave possessing a peak amplitude of Vm.
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Example

Calculating Power Bandwidth Constraints An engineer is using an older op-amp that has a rated slew rate of
0.5 V/µs (similar to the standard µA741). What is the maximum frequency it can reliably operate at without
heavily distorting an output sine wave that requires a peak amplitude of 10 V?
First, ensure all mathematical units are consistent for the calculation. SR = 0.5 V/µs = 0.5× 106 V/s.

fmax = 0.5× 106

2π × 10

fmax ≈
500, 000

62.83 ≈ 7, 957 Hz or 7.96 kHz

Conclusion: If the designer attempts to output a 10 V peak sine wave at the upper audio frequency of 20 kHz
using this op-amp, the output will be severely distorted into a completely unusable triangular wave because the
required signal rate of change heavily exceeds the 0.5 V/µs limitation.

For a theoretical ideal op-amp, the slew rate is infinite, meaning it could perfectly reproduce any high-frequency,
high-voltage signal instantly. In contrast, practical op-amps span a massive performance range tailored for different
use cases. A low-power "micropower" op-amp might have a sluggish SR of just 0.05 V/µs, general-purpose parts
hover around 0.5 V/µs to 10 V/µs, high-speed video op-amps can readily exceed 2000 V/µs, and highly specialized
current-feedback op-amps can reach breathtaking speeds upward of 9000 V/µs. The component choice heavily relies on
perfectly matching the slew rate capability with the desired operating frequency and output amplitude envelope.

5.34.5 Summary of Op-Amp Limitations

In conclusion, while simplifying ideal op-amp assumptions (like infinite gain and zero offsets) make initial introductory
circuit analysis manageable, real-world analog engineering necessitates a firm, quantitative grasp of practical parameters.
Input offset voltage and offset current directly dictate the DC accuracy and stability of a circuit, often requiring
manual nulling hardware or careful resistor matching techniques to mitigate unwanted DC bias on the outputs.
CMRR determines the amplifier’s fundamental resilience against pervasive common-mode environmental noise, making
high-CMRR devices mandatory for precise sensor readings in noisy industrial environments. Lastly, the slew rate
enforces a strict, unbreakable physical speed limit on the op-amp, dictating an unavoidable trade-off between large
output signal amplitude and maximum operational frequency. Balancing these often-competing parameters effectively
is the core technical challenge in advanced, high-performance analog circuit design.

Power On 31 Amplifier Gain Frequency Selection

Figure 5.92: Oscillator Principle Flowchart 31
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Figure 5.93: Silicon IC macro photograph 31

5.35 Inverting and Non-Inverting Amplifiers

The operational amplifier (op-amp) is one of the most versatile and widely used electronic components in modern analog
circuitry. Its ability to perform mathematical operations such as addition, subtraction, integration, and differentiation
makes it an indispensable tool for engineers. At the core of many of these complex operations lie two fundamental
configurations: the inverting amplifier and the non-inverting amplifier. Understanding these two basic topologies is
essential for analyzing and designing almost any op-amp-based circuit.

Before diving into the specific configurations, it is crucial to recall two foundational principles of ideal op-amps,
often referred to as the "Golden Rules" of op-amp analysis, especially when negative feedback is applied.

Key Concept

Concept The Golden Rules of Ideal Op-Amps with Negative Feedback

1. No Current Flows into the Inputs: The input impedance of an ideal op-amp is infinite (Zin = ∞).
Therefore, the current entering both the inverting (−) and non-inverting (+) input terminals is strictly zero
(Iin+ = Iin− = 0).

2. The Input Terminals are at the Same Voltage: Due to the infinite open-loop gain (AOL =∞) and the
presence of negative feedback, the op-amp will output whatever voltage is necessary to drive the voltage
difference between its two input terminals to zero. This phenomenon is commonly known as the virtual short
or virtual ground (if one terminal is grounded).

5.35.1 The Inverting Amplifier

The inverting amplifier is the most widely utilized op-amp circuit configuration. As the name suggests, this amplifier
produces an output signal that is exactly 180◦ out of phase with respect to the input signal. In other words, if a
positive voltage is applied to the input, the output becomes negative, and vice versa.

Circuit Configuration

In an inverting amplifier circuit, the non-inverting input terminal (+) is directly connected to the ground. The input
signal, Vin, is applied to the inverting input terminal (−) through an input resistor, denoted as Rin or R1. A feedback
resistor, Rf , connects the output terminal back to the inverting input terminal, establishing the necessary negative
feedback loop.
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−

+

Rf

Rin

Vin

VoutNode A

Figure 5.94: Schematic diagram of an Inverting Amplifier.

Derivation of Voltage Gain

To analyze the circuit and determine its closed-loop voltage gain (Av), we apply Kirchhoff’s Current Law (KCL) at the
inverting input terminal, labeled as "Node A" in the schematic.

According to the concept of virtual ground, since the non-inverting terminal is grounded (0V), the op-amp will
force the inverting terminal to also be at 0V. Therefore, the voltage at Node A (VA) is:

VA = 0V

Now, let Iin be the current flowing through the input resistor Rin toward Node A, and If be the current flowing
away from Node A through the feedback resistor Rf toward the output.

According to KCL at Node A, the sum of currents entering the node must equal the sum of currents leaving the
node:

Iin = If + Iop−amp

From the first Golden Rule, the current entering the op-amp’s inverting terminal is zero (Iop−amp = 0). Therefore:

Iin = If

Using Ohm’s law, we can express these currents in terms of node voltages and resistances. The current Iin flows
from Vin to VA, so:

Iin = Vin − VA

Rin

Similarly, the current If flows from VA to Vout, so:

If = VA − Vout

Rf

Substituting these expressions into our KCL equation:

Vin − VA

Rin
= VA − Vout

Rf

Since we established that VA = 0V due to the virtual ground:

Vin − 0
Rin

= 0− Vout

Rf

Vin

Rin
= −Vout

Rf

Rearranging this equation to solve for the closed-loop voltage gain, Av = Vout
Vin

:

Av = − Rf

Rin

Definition

Box[Inverting Amplifier Gain] The closed-loop voltage gain of an inverting amplifier is strictly determined by
the ratio of the feedback resistor (Rf ) to the input resistor (Rin). The negative sign indicates a 180◦ phase shift
between the input and output signals.

Vout = −
(

Rf

Rin

)
Vin
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Characteristics of the Inverting Amplifier

• Input Impedance: The input impedance of the inverting amplifier circuit as a whole is not infinite, unlike the
op-amp itself. Because Node A is a virtual ground, the input signal source Vin sees the resistor Rin connected
directly to ground. Thus, the input impedance of the circuit is simply Zin ≈ Rin.

• Output Impedance: Due to negative feedback, the closed-loop output impedance of the inverting amplifier is
extremely low, typically fractions of an ohm. This allows the amplifier to drive various loads without significant
voltage drops.

• Phase Inversion: The output signal is always inverted relative to the input signal.

Designing an Inverting Amplifier

Problem: Design an inverting amplifier with a closed-loop voltage gain of −5. The input signal is a 1V peak sine
wave. Assume you have a 10kΩ resistor available.
Solution: We know the gain formula is Av = − Rf

Rin
= −5. Let’s choose Rin = 10kΩ to provide a reasonable input

impedance. Substituting this into the gain equation:

−5 = − Rf

10kΩ

Rf = 5× 10kΩ = 50kΩ

Therefore, by using a 10kΩ resistor for Rin and a 50kΩ resistor for Rf , we achieve a gain of −5. When a 1V peak
sine wave is applied, the output will be an inverted sine wave with a peak amplitude of 5V.

Virtual Ground vs. Actual Ground

A common mistake among students is confusing the "virtual ground" with a physical connection to the earth
ground. A virtual ground is a node that is maintained at zero volts by the active action of the op-amp and
feedback loop; it cannot sink or source large amounts of current like a true physical ground can.

5.35.2 The Non-Inverting Amplifier

While the inverting amplifier is highly useful, its relatively low input impedance (Rin) can sometimes be a drawback
when dealing with signal sources that have high internal resistance. The non-inverting amplifier solves this problem by
offering a very high input impedance while providing voltage gain without phase inversion.

Circuit Configuration

In a non-inverting amplifier, the input signal Vin is applied directly to the non-inverting input terminal (+). The
feedback loop is still connected to the inverting input terminal (−) to ensure negative feedback. A voltage divider
network formed by resistors Rf and Rin (sometimes called R1) is used to feed a fraction of the output voltage back to
the inverting input. Note that Rin is now connected from the inverting terminal to ground, not to the input signal.

−

+Vin

Rf

Rin

Vout

Node A

Figure 5.95: Schematic diagram of a Non-Inverting Amplifier.

Derivation of Voltage Gain

Let’s determine the closed-loop voltage gain (Av) of the non-inverting amplifier.
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According to the virtual short principle, the op-amp will adjust its output to make the voltage difference between
its input terminals zero. Since Vin is applied to the non-inverting terminal, the voltage at the inverting terminal (Node
A) must also be equal to Vin.

VA = Vin

Because no current flows into the inverting input terminal of the ideal op-amp, the current flowing through Rf is
exactly the same as the current flowing through Rin. The resistors Rf and Rin effectively form an unloaded voltage
divider driven by the output voltage Vout.

The voltage at Node A is simply the output of this voltage divider:

VA = Vout ×
Rin

Rin + Rf

Substitute VA with Vin:
Vin = Vout ×

Rin

Rin + Rf

Now, rearrange the equation to find the closed-loop voltage gain Av = Vout
Vin

:

Vout

Vin
= Rin + Rf

Rin

Av = Rin

Rin
+ Rf

Rin

Av = 1 + Rf

Rin

Definition

Box[Non-Inverting Amplifier Gain] The closed-loop voltage gain of a non-inverting amplifier is always positive and
strictly greater than or equal to 1. The output signal is perfectly in phase with the input signal.

Vout =
(

1 + Rf

Rin

)
Vin

Characteristics of the Non-Inverting Amplifier

• Input Impedance: The input signal is connected directly to the non-inverting terminal of the op-amp. Since an
ideal op-amp has infinite input impedance, the overall circuit input impedance is astronomically high (Zin ≈ ∞).
This prevents the amplifier from "loading down" high-impedance signal sources.

• Output Impedance: Similar to the inverting topology, the non-inverting configuration benefits from negative
feedback, resulting in an exceptionally low output impedance.

• No Phase Shift: The output signal moves in the same direction as the input signal, preserving the original
phase.

5.35.3 The Voltage Follower (Unity Gain Buffer)

A very special and important case of the non-inverting amplifier is the voltage follower, also known as a unity gain
buffer. If we modify the non-inverting amplifier circuit by removing Rin (meaning Rin = ∞, an open circuit) and
replacing Rf with a direct short wire (Rf = 0Ω), we get a very unique configuration.

Plugging these values into the non-inverting gain equation:

Av = 1 + 0
∞

= 1 + 0 = 1

The voltage gain is exactly 1, meaning Vout = Vin. The output precisely "follows" the input.

−

+Vin

Vout

Figure 5.96: The Voltage Follower or Unity Gain Buffer circuit.
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Why use an amplifier that doesn’t amplify? The true power of the voltage follower lies in its impedance transformation
properties. It presents an incredibly high input impedance to the source (drawing almost no current) while providing a
very low output impedance to drive a load. It acts as an isolation buffer between a delicate, high-impedance sensor and
a heavy, current-hungry load, preventing signal degradation.

5.35.4 Comparison: Inverting vs. Non-Inverting Amplifiers

To summarize and consolidate the differences between these two fundamental topologies, the following table compares
their key characteristics.

Table 5.19: Comparison of Inverting and Non-Inverting Amplifiers

Characteristic Inverting Amplifier Non-Inverting Amplifier
Signal Input Terminal Inverting (−) terminal via resistor

Rin

Non-inverting (+) terminal directly

Voltage Gain (Av) − Rf

Rin
1 + Rf

Rin

Phase Relationship Output is 180◦ out of phase
(inverted)

Output is in phase (0◦ shift)

Input Impedance (Zin) Determined by Rin (relatively low,
usually kΩ range)

Extremely high (approaching ∞)

Output Impedance (Zout) Very low (due to negative feedback) Very low (due to negative feedback)
Minimum Voltage Gain Can be less than 1 (attenuator) if

Rf < Rin

Always ≥ 1

Virtual Ground Present at the inverting terminal Not present; inverting terminal
follows the input signal

Both configurations are building blocks for more advanced circuits. The inverting topology is often preferred for
summing amplifiers and active filters because the virtual ground prevents interaction between multiple input signals.
The non-inverting topology is heavily favored when measuring small signals from high-impedance sensors (like pH
probes or thermocouples) where drawing any input current would corrupt the measurement.

Σ A29

β29

Xs Xo
+ Xi

−

Figure 5.97: Feedback Loop Block Diagram 29
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Figure 5.98: Blueprint and signal traces visualization 29
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5.36 Linear Applications of Op-Amps: Summing, Differential, and Integrator
Circuits

Operational amplifiers (op-amps) are incredibly versatile building blocks in analog electronics. While they are
fundamentally high-gain differential amplifiers, applying specific negative feedback networks transforms them into
precision mathematical engines. In the early days of analog computing, op-amps were explicitly used to perform
real-time mathematical operations such as addition, subtraction, and calculus-based integration on continuous voltage
signals. Today, these same fundamental circuits form the backbone of modern signal processing, sensor interfacing,
audio mixing, and control systems.

In this section, we will conduct an extensive exploration of three foundational linear op-amp applications: the
Summing Amplifier, the Differential Amplifier, and the Integrator. We will derive their transfer functions, examine
their underlying principles, and discuss their real-world applications and practical limitations.

5.36.1 The Summing Amplifier (Adder)

In many electronic systems, it is necessary to combine multiple independent signals into a single composite output. For
instance, in an audio recording studio, the signals from several microphones and instruments must be mixed down into a
single master stereo or mono track. The summing amplifier is specifically designed to fulfill this need, mathematically
adding (or linearly combining) two or more input voltages.

Definition

Box[Summing Amplifier] A summing amplifier (often referred to simply as an "adder") is an operational amplifier
circuit that produces an output voltage directly proportional to the algebraic sum of its input voltages. When
designed with independent input resistors, it can perform weighted addition, where each input signal is multiplied
by a specific gain factor before being summed.

Circuit Configuration and Analysis

The most common configuration for a summing amplifier is based on the standard inverting amplifier topology. Instead
of a single input resistor, multiple input resistors are connected to the inverting (−) terminal of the op-amp. The
non-inverting (+) terminal is tied directly to the ground.

−

+
Node A (VA)

Rf

Vout

V1

R1

V2

R2

Vn

Rn

Figure 5.99: Schematic diagram of an Inverting Summing Amplifier with n inputs.

To analyze this circuit, we rely heavily on the fundamental principles of an ideal operational amplifier operating
under negative feedback:

1. Infinite Input Impedance: The current flowing into the inverting and non-inverting terminals is zero
(I+ = I− = 0).

2. Virtual Ground: Because the non-inverting terminal is grounded (V+ = 0V) and the op-amp actively works to
keep the voltage difference between its input terminals at zero, the inverting terminal is forced to a potential of
0V. Thus, Node A (VA) is a virtual ground (VA ≈ 0V).
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Key Concept

Concept The virtual ground at the summing node is the secret to the summing amplifier’s success. Because
the summing point is pinned at 0V, the input currents are completely independent of one another. The current
from V1 depends only on V1 and R1, unaffected by the voltage at V2 or Vn. This isolates the inputs, preventing
cross-talk between the various signal sources.

Let us apply Kirchhoff’s Current Law (KCL) at the summing node (Node A). The sum of currents entering the
node must equal the sum of currents leaving the node. Since no current can enter the op-amp’s inverting terminal, all
the input currents must combine and flow entirely through the feedback resistor, Rf .

Let the currents through R1, R2, . . . , Rn be I1, I2, . . . , In, and the current through the feedback resistor be If .

I1 + I2 + · · ·+ In = If (5.29)

Expressing these currents in terms of voltage and resistance using Ohm’s Law (and remembering VA = 0V):

V1 − 0
R1

+ V2 − 0
R2

+ · · ·+ Vn − 0
Rn

= 0− Vout

Rf
(5.30)

Rearranging this equation to solve for the output voltage Vout:

−Vout

Rf
= V1

R1
+ V2

R2
+ · · ·+ Vn

Rn
(5.31)

Vout = −Rf

(
V1
R1

+ V2
R2

+ · · ·+ Vn

Rn

)
(5.32)

This is the general equation for an inverting summing amplifier, also known as a Scaling Amplifier. Each input
voltage is multiplied by a distinct scaling factor or weight (Rf /Ri).

Special Cases

By carefully selecting the resistor values, we can configure the summing amplifier for different specific mathematical
operations:

1. Direct Summing Amplifier: If we choose all input resistors and the feedback resistor to be equal in value
(R1 = R2 = · · · = Rn = Rf = R), the equation radically simplifies to:

Vout = −(V1 + V2 + · · ·+ Vn) (5.33)

Here, the circuit simply adds all input voltages together and inverts the final sign.
2. Averaging Amplifier: If we set all input resistors equal to each other (R1 = R2 = · · · = Rn = R), but we make

the feedback resistor equal to R divided by the number of inputs n (Rf = R/n), the output becomes the mathematical
average (mean) of all inputs:

Vout = −
(

V1 + V2 + · · ·+ Vn

n

)
(5.34)

Designing a 3-Channel Audio Mixer

Problem: An audio engineer needs a circuit to mix three separate audio signals: a lead vocal (V1), a background
vocal (V2), and a guitar track (V3). The lead vocal should pass through with a gain of 1, the background vocal
should be attenuated to a gain of 0.5, and the guitar track needs a gain of 2. Design an inverting summing
amplifier to achieve this using a feedback resistor Rf = 10kΩ.
Solution: We use the general summing equation: Vout = −

(
Rf

R1
V1 + Rf

R2
V2 + Rf

R3
V3
)
.

• Lead Vocal (V1): Required gain = 1 =⇒ Rf

R1
= 1 =⇒ R1 = 10kΩ.

• Background Vocal (V2): Required gain = 0.5 =⇒ Rf

R2
= 0.5 =⇒ R2 = 10kΩ

0.5 = 20kΩ.

• Guitar Track (V3): Required gain = 2 =⇒ Rf

R3
= 2 =⇒ R3 = 10kΩ

2 = 5kΩ.

By choosing these resistor values, the op-amp will output a precisely scaled mix of the three audio sources.
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Practical Limitation: Op-Amp Saturation

When designing summing amplifiers, it is crucial to remember that the output voltage cannot exceed the power
supply rails of the op-amp (±VCC). If a direct summing amplifier with a ±15V supply receives V1 = +6V,
V2 = +5V, and V3 = +8V, the ideal mathematical output would be −19V. However, the op-amp will saturate
and "clip" the output voltage near −14V, resulting in severe distortion. Always ensure the sum of the maximum
expected input peaks multiplied by their gains stays within the linear operating range.

5.36.2 The Differential Amplifier (Subtractor)

While the summing amplifier adds signals, the differential amplifier performs mathematical subtraction. However,
its importance goes far beyond mere arithmetic. In noisy electrical environments, signals are often transported over
long wire pairs where both wires pick up the identical electromagnetic noise. The differential amplifier allows us to
amplify only the meaningful difference between the two wires while completely ignoring the shared noise.

Definition

Box[Differential Amplifier] A differential amplifier is an analog circuit that amplifies the voltage difference between
two input signals (V2 − V1) while rejecting any voltage that is common to both inputs. This capability is vital for
reading delicate sensor data (like from a wheatstone bridge) in the presence of strong interference.

Circuit Configuration and Analysis

The basic op-amp differential amplifier requires four precisely matched resistors. It combines the topologies of both the
inverting and non-inverting amplifiers into a single stage.

−

+

VA

V1

R1

Rf

VoutVB
V2

R2

Rg

Figure 5.100: Schematic diagram of an Op-Amp Differential Amplifier (Subtractor).

To derive the transfer function for this circuit, the most robust method is to use the Superposition Theorem.
We calculate the output voltage contribution from each input independently (by grounding the other input), and then
algebraically sum the two results.

Step 1: Determine the output due to V1 (V2 grounded) If we ground V2 (V2 = 0V), the non-inverting
terminal VB is effectively pulled to ground through the parallel combination of R2 and Rg. Since no current flows into
the op-amp, VB = 0V. Due to the virtual short concept, VA also equals 0V. Under this condition, the circuit perfectly
resembles a standard inverting amplifier driven by V1. The output contribution from V1, let’s call it Vout1, is:

Vout1 = −
(

Rf

R1

)
V1 (5.35)

Step 2: Determine the output due to V2 (V1 grounded) If we ground V1 (V1 = 0V), the circuit resembles a
non-inverting amplifier. The input voltage is applied to the non-inverting terminal, but it first passes through a voltage
divider composed of R2 and Rg. The voltage actually appearing at the non-inverting terminal, VB, is determined by
the voltage divider rule:

VB = V2

(
Rg

R2 + Rg

)
(5.36)
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Because the circuit acts as a non-inverting amplifier with respect to VB, we multiply VB by the standard non-inverting
gain formula (1 + Rf

R1
). Let’s call this output contribution Vout2:

Vout2 = VB

(
1 + Rf

R1

)
= V2

(
Rg

R2 + Rg

)(
R1 + Rf

R1

)
(5.37)

Step 3: Combine by Superposition The total output voltage Vout is the sum of Vout1 and Vout2:

Vout = Vout2 + Vout1 = V2

(
Rg

R2 + Rg

)(
R1 + Rf

R1

)
− V1

(
Rf

R1

)
(5.38)

This general equation is complex. To make the circuit behave as an ideal subtractor with equal gain for both inputs,
we must enforce a specific ratio matching condition among the resistors. We set the ratio of the non-inverting side
resistors equal to the ratio of the inverting side resistors:

Rg

R2
= Rf

R1
=⇒ Rg = R2

(
Rf

R1

)
(5.39)

If this ratio matching is achieved (most commonly by simply setting R1 = R2 and Rf = Rg), the massive equation
algebraically collapses to a beautiful, symmetrical form:

Vout = Rf

R1
(V2 − V1) (5.40)

If we further restrict R1 = R2 = Rf = Rg, the circuit becomes a Unity Gain Subtractor, where Vout = V2 − V1.

Key Concept

Concept Common-Mode Rejection Ratio (CMRR): If a noise voltage Vnoise is induced equally on both V1
and V2 lines (such that V1 = Vsignal1 + Vnoise and V2 = Vsignal2 + Vnoise), the difference mathematically cancels
out the noise: (Vsignal2 + Vnoise)− (Vsignal1 + Vnoise) = Vsignal2 − Vsignal1. The amplifier completely ignores the
"common" noise. The ability of a real-world differential amplifier to reject this common signal is measured by its
CMRR.

The Resistor Matching Dilemma

While the theory is elegant, the practical differential amplifier is highly sensitive to resistor tolerances. If R1, R2, Rf ,
and Rg are not perfectly matched (e.g., using cheap 5% tolerance resistors), the common-mode rejection ratio
(CMRR) will be severely degraded. A common-mode noise signal will produce an unequal voltage at the op-amp
terminals and be amplified at the output. For precision applications, monolithic Instrumentation Amplifiers (which
contain laser-trimmed, perfectly matched resistors on a single silicon chip) are preferred over discrete differential
amplifiers.

5.36.3 The Integrator

Moving away from pure algebraic arithmetic (addition and subtraction), operational amplifiers can also perform
continuous calculus. The op-amp integrator performs the mathematical operation of integration with respect to
time. It is a fundamental component in waveform generators, analog-to-digital converters (like dual-slope ADCs), and
PID (Proportional-Integral-Derivative) controllers.

Definition

Box[Integrator Circuit] An op-amp integrator is a circuit whose output voltage is proportional to the time integral
of the input voltage. If a constant DC voltage is applied to the input, the output voltage will ramp up or down
linearly over time.

The Ideal Integrator Circuit

The circuit structure of an ideal integrator is identical to an inverting amplifier, but with a critical substitution: the
feedback resistor (Rf ) is replaced by a capacitor (Cf ).
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−

+

VA

Vin

Rin

Cf

Vout

Figure 5.101: Schematic diagram of an Ideal Op-Amp Integrator.

To understand how this circuit performs calculus, we must analyze it in the time domain using the fundamental
current-voltage relationship of a capacitor: Ic = C dVc

dt .
Once again, assuming an ideal op-amp, the non-inverting terminal is tied to ground, creating a virtual ground at

the inverting terminal (VA = 0V). Because no current enters the op-amp, the input current Iin flowing through the
resistor Rin must exactly equal the feedback current If flowing into the capacitor Cf .

Iin = If (5.41)

The input current is governed by Ohm’s Law:

Iin = Vin − 0
Rin

= Vin

Rin
(5.42)

The feedback current flows through the capacitor. The voltage across the capacitor is VA − Vout = 0− Vout = −Vout.
Thus:

If = Cf
d(0− Vout)

dt
= −Cf

dVout

dt
(5.43)

Equating the two currents:
Vin

Rin
= −Cf

dVout

dt
(5.44)

Rearranging to solve for the rate of change of the output voltage:

dVout

dt
= − 1

RinCf
Vin (5.45)

To find the actual output voltage Vout as a function of time, we must integrate both sides with respect to time (dt)
from an initial time 0 to an arbitrary time t:

Vout(t) = − 1
RinCf

∫ t

0
Vin(τ)dτ + Vout(0) (5.46)

Where Vout(0) represents any initial voltage or charge stored in the capacitor at t = 0. The constant multiplier 1
RinCf

is
known as the scale factor or gain of the integrator, and the negative sign indicates signal inversion.

Waveform Shaping: Square to Triangle

One of the most common applications of an integrator is waveform generation. If the input Vin is a constant DC
voltage (V ), the integral of a constant is a linearly increasing variable (V × t). Because of the inverting nature of
the circuit, a positive DC input yields a linearly falling negative ramp at the output. If we feed a square wave
(which constantly alternates between positive DC and negative DC) into an integrator, the output will alternate
between a falling ramp and a rising ramp. Thus, an integrator beautifully converts a square wave input into a
triangular wave output.

The Practical Integrator (Lossy Integrator)

While the math above is perfect, the ideal integrator is fundamentally flawed when constructed with real components.

Textbook for 4341105 Milav Dabgar

https://milav.in


Linear Applications of Op-Amps: Summing, Differential, and Integrator Circuits 215

The DC Error and Saturation Problem

Real op-amps have tiny imperfections known as input bias currents and input offset voltages. Even if you short the
input of an ideal integrator to ground (Vin = 0), the tiny constant error currents will slowly flow into the feedback
capacitor. Integrating a constant error current produces a steadily ramping voltage. Eventually, the output will
ramp all the way up until it hits the power supply rail (saturation), rendering the op-amp completely useless for
AC signals. Furthermore, at very low frequencies (or DC), the capacitor acts as an open circuit (Zc =∞), leaving
the op-amp operating in open-loop mode with effectively infinite gain.

To solve the saturation problem and stabilize the circuit at DC, we must provide a DC feedback path. We do this
by placing a large-value resistor, Rf , in parallel with the feedback capacitor Cf . This circuit is known as a Practical
Integrator or a Lossy Integrator.

The parallel resistor Rf limits the maximum low-frequency (DC) gain to a finite value: Av = −Rf /Rin. It prevents
the op-amp from acting as an open loop at DC, stopping the inevitable drift into saturation.

However, adding this resistor changes the frequency response. It introduces a low-frequency cutoff point (fa =
1

2πRf Cf
).

• At frequencies well below fa, the circuit behaves like a simple inverting amplifier with gain −Rf /Rin.

• At frequencies well above fa, the impedance of the capacitor becomes much smaller than Rf , bypassing it, and
the circuit acts as an ideal mathematical integrator.

5.36.4 Summary of Linear Op-Amp Applications

To consolidate these concepts, the table below summarizes the key attributes of the three circuits discussed.

Circuit Transfer Function Equation Primary Application

Inverting Summing Amplifier Vout = −Rf

(
V1
R1

+ V2
R2

+ . . .
)

Audio mixing, digital-to-analog
conversion, combining offset
voltages.

Differential Amplifier Vout = Rf

R1
(V2 − V1) (assuming

balanced resistor ratios)
Reading sensor bridges, rejecting
common-mode noise on long
transmission lines.

Integrator (Ideal) Vout(t) = − 1
RinCf

∫
Vin(t)dt Waveform generation (square to

triangle), low-pass filtering, analog
control systems (PID).

Table 5.20: Comparison of common linear operational amplifier circuits.

Understanding these three foundational topologies is crucial. By mastering the application of Kirchhoff’s laws at
the virtual ground node, you can analyze and design virtually any linear operational amplifier circuit.

[scale=0.9, transform shape] (0,0) node[op amp] (opamp) ; (opamp.-) to[R, l=R1] (-3, 0.5) to[short, -o] (-3.5, 0.5)
node[left] Vin; (opamp.+) node[ground] ; (opamp.out) to[short, -o] (2,0) node[right] Vout; (opamp.-) – (0, 2) to[R,

l=Rf ] (2, 2) -| (opamp.out);

Figure 5.102: Inverting Amplifier Configuration 35
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5.37 Timer Circuits

5.38 Basic Operation of IC 555
The 555 Timer IC is widely regarded as one of the most popular, versatile, and enduring integrated circuits ever
manufactured. Introduced to the electronics market in 1971 by Signetics Corporation (which was later acquired by
NXP Semiconductors), this monumental component was designed by the brilliant Swiss engineer Hans R. Camenzind.
Despite the advent of microcontrollers and modern digital processors, the 555 timer remains a fundamental building
block in contemporary analog and digital electronics. Its enduring popularity stems from its incredible adaptability, low
cost, robust design, and its primary capability: to serve as a highly stable controller that produces accurately timed
delays or continuous, adjustable oscillations. In this section, we will thoroughly explore the internal architecture of the
IC 555, break down its core components, and dissect its step-by-step operational mechanics.

5.38.1 Internal Architecture of the 555 Timer

To comprehensively understand the basic operation of the IC 555, we must first peak under the hood and look inside
the chip. Despite its vast operational capabilities, the internal structure is elegantly simple and brilliantly engineered,
comprising approximately 25 transistors, 2 diodes, and 15 resistors. These miniature components are intricately
arranged to form several distinct and essential functional blocks:

1. Voltage Divider Network: The most defining feature of the 555 timer is an internal voltage divider consisting
of three equal-value resistors connected in series between the primary supply voltage (VCC) and ground. Typically,
these are precision 5 kΩ resistors, which famously gives the IC its legendary "555" designation. This resistor
ladder network establishes two critical reference voltages internally:

• Two-thirds of the supply voltage (2
3VCC)

• One-third of the supply voltage (1
3VCC)

2. Two Voltage Comparators: A comparator is a specialized circuit that evaluates two analog input voltages and
outputs a digital signal indicating which input is larger. The 555 timer employs two such comparators, which
form the decision-making core of the IC:

• Upper Comparator (Threshold Comparator): This comparator checks the voltage at the Threshold pin (Pin
6) against the internally generated 2

3VCC reference.
• Lower Comparator (Trigger Comparator): This comparator checks the voltage at the Trigger pin (Pin 2)

against the internally generated 1
3VCC reference.

3. RS Flip-Flop: The digital outputs generated by the two comparators are fed directly into an internal RS
(Reset-Set) flip-flop. The flip-flop acts as a vital digital memory element that holds the current output state of the
timer. The output of the Upper Comparator is connected to the Reset (R) input, while the Lower Comparator’s
output is connected to the Set (S) input.

4. Discharge Transistor: Inside the IC, an NPN bipolar junction transistor operates as an electronic switch. Its
base is driven by the inverted output (Q) of the flip-flop. The collector of this transistor goes directly to the
Discharge pin (Pin 7), while its emitter is tied to ground. Whenever the flip-flop is placed into its Reset state,
this transistor turns ON (saturates), providing an immediate low-resistance path to ground, specifically designed
to quickly discharge any external timing capacitor.

5. Output Driver Stage: The final stage is a high-current push-pull power amplifier connected to the main
Output pin (Pin 3). It buffers the primary output (Q) of the flip-flop and is remarkably powerful for an IC of its
size—capable of sourcing or sinking substantial electrical currents (up to 200mA). This high current capability
allows the 555 timer to directly drive external loads such as indicator LEDs, small relays, piezoelectric buzzers,
and miniature DC motors without requiring an external amplification transistor.

Definition

Box[Voltage Comparator] A voltage comparator is an essential analog electronic circuit that compares two applied
voltages across its input terminals. If the voltage applied to the non-inverting input (+) is greater than the voltage
at the inverting input (-), the comparator’s output strongly swings to a logical HIGH state. Conversely, if the
inverting input voltage is strictly greater, the output goes into a logical LOW state.
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Figure 5.104: Simplified Internal Block Diagram of the IC 555 Timer illustrating comparators, resistor ladder, memory,
and output.

5.38.2 Step-by-Step Operational Dynamics

To truly synthesize how these individual components seamlessly interact, we can analyze the circuit’s operation under
varying input conditions applied to the Trigger and Threshold pins. In most typical practical applications, these two
input pins are wired externally to monitor the charging and discharging voltage continuously developing across an
external timing capacitor.

Step 1: The Initial Triggering Phase

• At the onset, when the voltage present at the Trigger pin inevitably drops below the lower reference of 1
3VCC ,

the Lower Comparator detects that its inverting input (-) is currently lower than its non-inverting input (+)
(which is fixed to the 1

3VCC reference).

• In response, the Lower Comparator’s output vigorously swings to a HIGH logic state.

• This newly generated HIGH signal is applied squarely to the Set (S) input of the RS flip-flop.

• A Set signal forces the internal memory of the flip-flop to activate, setting its main output (Q) to HIGH, and
consequently forcing its inverted output (Q) to LOW.

• The output buffer actively amplifies this HIGH signal, making the main Pin 3 Output HIGH.

• Concurrently, because Q is now LOW, the base terminal of the internal Discharge Transistor receives absolutely
zero bias voltage. The transistor acts as an open switch and remains firmly OFF. This critical isolation securely
allows any external capacitor (connected to Pin 7) to continuously charge up from the main supply voltage
undisturbed.

Step 2: The Monitored Charging Phase

• As the external capacitor continues to charge up through external resistors, the voltage steadily rises simultaneously
at both the Trigger and Threshold input pins.

• The moment the climbing voltage crosses just above the 1
3VCC boundary, the Lower Comparator is no longer

triggered, and its output quickly falls back down to a LOW logic state.

• Crucially, however, because the RS flip-flop is fundamentally a memory element, it faithfully retains its previously
"Set" logic state even though the input signal has vanished. The main output permanently remains HIGH.

• This exact state persistently continues unchecked as long as the capacitor’s voltage drifts continuously between
the margins of 1

3VCC and 2
3VCC .

Step 3: The Resetting and Active Discharge Phase

• The external capacitor stubbornly continues its charging journey until the voltage seen by the Threshold pin
finally breaks the upper barrier, exceeding 2

3VCC .
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• At this exact precise moment, the Upper Comparator quickly determines that its non-inverting input (+) voltage
is now strictly higher than its fixed inverting input (-) tied to the 2

3VCC reference.

• Consequently, the Upper Comparator fires, outputting a logic HIGH signal.

• This HIGH signal is aggressively fed right into the Reset (R) input port of the RS flip-flop.

• The flip-flop immediately resets its internal memory, drastically throwing its main output (Q) to LOW, and
sending its inverted output (Q) back up to HIGH.

• Predictably, the final output at Pin 3 is thrown LOW.

• Meanwhile, the new HIGH signal resting on Q delivers a solid voltage to the base of the Discharge Transistor.
The transistor saturates and activates into its ON state (becoming a closed switch tightly shorted to ground).

• Instantly, the external capacitor securely connected to Pin 7 dumps all its stored charge rapidly through the
saturated transistor down to the ground plane. The stored voltage falls dramatically until it smashes into the
1
3VCC floor again, completely resetting the conditions, readying the circuit to repeat the sequence indefinitely if
appropriately wired in an astable configuration.

Handling Simultaneous and Override Inputs

It is important to emphasize that if both the Reset (R) and Set (S) inputs of the internal RS flip-flop are triggered
at the exact same time, a theoretically unpredictable state could occur based on fundamental logic design rules.
To expertly mitigate this, the internal IC 555 circuitry is prioritized such that the Trigger input typically forcibly
overrides the Threshold input. Furthermore, a dedicated overarching Reset pin (Pin 4) is built-in. Actively
pulling Pin 4 to ground will immediately override all comparators and unequivocally force the output LOW,
completely regardless of the capacitor’s current charge state.

5.38.3 Real-World Analogy: The Automated Water Reservoir System

To more intuitively conceptualize the somewhat abstract electronic operation of the IC 555, we can easily imagine a
highly automated water reservoir system designed to efficiently maintain precise water levels using an industrial pump
and drain mechanism.

• The Reservoir Tank: Directly represents the external timing capacitor. The sheer amount of physical water
currently in the tank mimics the actual stored voltage across the capacitor.

• Lower Water Level Sensor (1
3VCC): Acts precisely as the Lower Trigger comparator. When the water level

completely falls down below 33% capacity, this physical sensor triggers a signal to the central control unit,
demanding it to flip on the water pump.

• Upper Water Level Sensor (2
3VCC): Mirrors the Upper Threshold comparator perfectly. Once the water

successfully rises and crests the 66% capacity mark, this upper sensor urgently signals the control unit to cut
power to the pump and drastically open the drain valve to avoid spilling.

• Central Control Unit (RS Flip-Flop): The logical "brain" that remembers what action is currently authorized.
If the tank is actively filling, it simply ignores the lower sensor completely once the water climbs past 33%,
"remembering" to steadfastly keep filling until the upper sensor is finally hit.

• Water Pump (Main Output Pin): The heavy-duty device being actively powered during the flip-flop’s Set
state.

• Drain Valve (Discharge Transistor): The aggressive mechanical release system that aggressively empties the
tank back downwards when deliberately activated by the flip-flop’s Reset state.

By thoughtfully relying on specifically distanced upper and lower physical bounds rather than constantly checking a
single arbitrary point, this mechanical system heavily exhibits hysteresis. This deliberate design ensures the pump isn’t
constantly or neurotically switching on and off in a chaotic flutter at a single water level.

Key Concept

Concept The core undeniable genius of the ubiquitous IC 555 lies solely in its beautiful integration of a purely
analog voltage divider and analog comparators merged seamlessly with digital boolean memory (the flip-flop).
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This brilliant hybridization creates a highly predictable, incredibly stable thresholding system that makes the
generation of accurate, repeatable timing delays essentially immune against random fluctuations in the main power
supply voltage. If the supply voltage (VCC) abruptly shifts up or down, the 1

3 and 2
3 divider reference voltages

mathematically scale proportionally, remarkably keeping the absolute timing intervals almost entirely constant.

5.38.4 Influence of the Control Voltage Pin

The Control Voltage pin (Pin 5) provides a designer with direct physical access to the 2
3VCC reference junction

embedded deep within the internal resistor voltage divider. Under normal, typical operation, this specialized pin
is safely bypassed externally to ground via a tiny ceramic capacitor (usually 0.01 µF) entirely to prevent ambient
high-frequency electromagnetic noise from corrupting the delicate internal reference voltages.

However, an ambitious designer can intentionally inject a distinct external DC or AC varying voltage onto Pin 5.
This successfully overrides the internal resistor voltage ladder, brutally shifting the upper threshold voltage boundary
(and consequentially forcefully moving the lower trigger voltage boundary as well, which fundamentally remains
constrained strictly to half of the threshold voltage due to the internal bottom resistor divider). By manipulating this
core reference point dynamically, a user can unlock complex functional behaviors:

• Pulse Width Modulation (PWM): Actively applying a continuously variable control voltage cleanly shifts the
upper threshold boundary back and forth, smoothly changing the width of the generated output pulses without
noticeably altering their base frequency.

• Pulse Position Modulation (PPM): Deliberately modulating the control voltage pin continuously alters the precise
time signature at which the threshold line is crossed, drastically varying the relative position of the output pulse
within a fixed timeframe.

Calculating Charging Thresholds Dynamically

Consider a standard IC 555 timer powered comfortably by a 9V DC battery.

1. The fixed internal resistor voltage divider naturally establishes the Upper Threshold mark rigidly at
2
3 × 9V = 6V.

2. Consequently, the Lower Trigger point is reliably established down at 1
3 × 9V = 3V.

When an external timing capacitor’s voltage falls slowly below 3V, the main IC output is switched HIGH. The
output securely remains HIGH while the capacitor charges diligently from 3V all the way up to 6V. The specific
moment the capacitor successfully hits 6V, the output aggressively switches LOW and the rapid discharge cycle
immediately begins.
However, if a user were to forcefully apply exactly 7.5V externally to the Control Voltage pin (Pin 5), the Upper
Threshold instantly becomes the new 7.5V, and the Lower Trigger point subsequently becomes exactly half of
that, which equates to 3.75V, fundamentally altering the core timing characteristics without ever requiring the
designer to replace any external passive timing components.

5.38.5 Conclusion

To summarize, the internal architectural configuration of the legendary IC 555 beautifully forms a highly logical,
closed-loop feedback control system. By seamlessly bridging the messy analog world (via resistive dividers and precise
voltage comparators) together with the deterministic digital world (via the robust RS flip-flop and output drivers),
the 555 timer guarantees relentlessly reliable and highly predictable timing logic under extremely harsh conditions.
Fully understanding this core fundamental operational framework is paramount for any engineer, as these identical
basic governing principles precisely dictate how the entire chip behaves and operates across all of its classic operational
modes—whether acting as a precision one-shot delay timer (Monostable Mode), a continuous free-running oscillator
(Astable Mode), or as a simple debounced toggle switch (Bistable Mode).

5.39 Pin Description of IC 555
The 555 timer IC is one of the most versatile and widely used integrated circuits in the history of electronics. Introduced
by Signetics in 1971, it has become a fundamental building block in both analog and digital circuit design. The 555
timer is primarily utilized to generate precise time delays or continuous oscillations. In this section, we will explore
the physical pin configuration and delve into the functional description of each pin. Understanding the precise role of
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every pin is crucial for effectively integrating the 555 timer into various applications, such as monostable, astable, and
bistable multivibrators.

Definition

Box[IC 555 Timer] The IC 555 timer is a highly stable integrated circuit capable of producing accurate timing
pulses and oscillations. It derives its name from the three internal 5 kΩ resistors connected in series, which act as
a voltage divider network to set the reference voltages for its internal comparators.

The standard 555 timer is most commonly available in an 8-pin Dual In-line Package (DIP), though surface-mount
packages like SOIC are also prevalent. Below is a visual representation of the pinout configuration. The pins are
numbered counterclockwise, starting from the pin closest to the notch or dot indicator on the top surface of the IC
package.

1Ground (GND)

2Trigger (TRIG)

3Output (OUT)

4Reset (RST) 5 Control Voltage (CV)

6 Threshold (THR)

7 Discharge (DIS)

8 Supply (VCC)

NE555

Figure 5.105: Pinout Diagram of the 8-Pin IC 555 Timer

5.39.1 Detailed Functional Description of Each Pin

Let us examine the specific function, internal connection, and operational significance of each of the eight pins. The
internal architecture of the 555 timer consists of two voltage comparators, a flip-flop, a discharge transistor, and a
resistor voltage divider. The pins act as the crucial interfaces between these internal components and the external
circuitry.

Pin 1: Ground (GND)

Pin 1 is the common ground reference for the entire integrated circuit. All voltages measured across the IC are taken
with respect to this terminal. In practical circuit design, this pin is directly connected to the negative terminal of
the power supply. A solid, low-impedance connection to ground is essential for the stable operation of the internal
comparators and flip-flop. The current flowing back from the load through the chip (if sinking current) will exit through
this pin.

Grounding Issues

Improper grounding or high-resistance connections at Pin 1 can cause the internal voltage divider reference points
to shift, leading to inaccurate timing and erratic behavior of the oscillator circuit. Always ensure a clean and
short path to the system ground, avoiding ground loops.

Pin 2: Trigger (TRIG)

The Trigger pin is an active-low input responsible for initiating the timing cycle of the 555 timer. It is directly connected
to the inverting input of the lower internal comparator. The internal voltage divider sets the non-inverting input of this
comparator to 1/3 of the supply voltage (VCC). When the external voltage applied to Pin 2 falls below this 1/3 VCC

threshold, the lower comparator outputs a high signal. This sets the internal RS flip-flop, driving the output (Pin 3) to
a HIGH state and turning off the internal discharge transistor, which allows an external timing capacitor to begin
charging.
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Key Concept

Concept The Trigger pin is sensitive to negative-going pulses. The applied trigger voltage must drop below the
1/3 VCC threshold and return to a higher level quickly; otherwise, the timer’s output will remain high indefinitely
if the trigger pulse is longer than the desired output pulse width. In such cases, external differentiation circuits
(using a capacitor and resistor) are often added to narrow the trigger pulse.

Pin 3: Output (OUT)

Pin 3 is the primary output terminal of the IC. The output stage of the standard bipolar 555 timer features a robust
totem-pole (push-pull) configuration, enabling it to both source and sink significant amounts of current—typically up
to 200 mA. This high current capability is one of the reasons the 555 is so popular, as it can directly drive external
loads such as Light Emitting Diodes (LEDs), small DC motors, relays, or piezoelectric buzzers without needing an
external amplifying transistor.

It is worth noting that the maximum output voltage is typically about 1.5 V below the supply voltage VCC when
sourcing current, and slightly above ground when sinking current, due to the internal transistor voltage drops.

Driving a Load

Consider an application where the 555 timer is used to blink an LED. Because Pin 3 can both source and sink
current, the LED can be connected in two ways:

• Sourcing Current: The anode of the LED is connected to Pin 3 (via a current-limiting resistor), and the
cathode is connected to ground. The LED turns ON when the output is HIGH.

• Sinking Current: The cathode of the LED is connected to Pin 3 (via a resistor), and the anode is connected
to VCC . The LED turns ON when the output is LOW.

Pin 4: Reset (RST)

The Reset pin provides a mechanism to override all other inputs and force the output to a LOW state, terminating any
active timing cycle regardless of the state of the Trigger or Threshold pins. It is an active-low input. When the voltage
at Pin 4 is brought below approximately 0.7 V, it resets the internal flip-flop. This immediately brings the output (Pin
3) low and turns on the internal discharge transistor (Pin 7), discharging any external timing capacitor.

To prevent false triggering or unintended resets due to electrical noise in the environment, this pin should always be
tied directly to the positive supply voltage (VCC) when the reset function is not actively utilized.

Pin 5: Control Voltage (CV)

Pin 5 provides direct access to the internal 2/3 VCC reference voltage point established by the upper resistor in the
internal voltage divider. By applying an external DC voltage to this pin, the user can override the internal voltage
divider, effectively modifying both the threshold and trigger levels. This permits the timing characteristics to be
modulated without changing the external RC (Resistor-Capacitor) network. This feature is heavily used in Frequency
Modulation (FM) and Pulse Width Modulation (PWM) applications.

When the control voltage feature is not used, it is standard engineering practice to connect a small bypass capacitor
(typically 0.01 µF or 10 nF) between Pin 5 and ground. This capacitor acts to filter out high-frequency noise and ripple
from the power supply, stabilizing the internal reference voltages and preventing false triggering of the comparators.

Pin 6: Threshold (THR)

The Threshold pin monitors the voltage across the external timing capacitor. It is connected to the non-inverting
input of the upper internal comparator. The inverting input of this comparator is tied to the 2/3 VCC reference point.
During a timing cycle, the external capacitor charges, causing the voltage at Pin 6 to rise. When the voltage at Pin
6 exceeds the 2/3 of the supply voltage (VCC) threshold, the upper comparator triggers and outputs a high signal.
This action resets the internal RS flip-flop, forcing the output (Pin 3) to a LOW state and activating the discharge
transistor to quickly drain the capacitor, ending the timing interval.

Pin 7: Discharge (DIS)

Pin 7 is connected to the open collector of an internal NPN bipolar junction transistor. The emitter of this transistor is
internally tied to ground. The state of this discharge transistor is controlled directly by the internal flip-flop.
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• When the timer output (Pin 3) is LOW, the internal transistor turns ON, driven into saturation. This creates a
low-resistance path to ground. This action rapidly discharges the external timing capacitor connected to Pin 7,
effectively resetting the timing network.

• When the timer output (Pin 3) is HIGH, the transistor turns OFF (acting as an open circuit or high impedance),
which allows the external capacitor to charge through the external timing resistors without interference.

Pin 8: Supply Voltage (VCC)

Pin 8 is the positive power supply terminal for the integrated circuit. The standard bipolar NE555 timer is designed
to operate reliably over a remarkably wide range of supply voltages, typically from 4.5 V to 15 V DC. The absolute
maximum ratings generally specify an upper limit of 18 V. This broad operational range makes the 555 timer highly
versatile and compatible with various logic families, including standard 5V TTL (Transistor-Transistor Logic), as well
as 12V automotive environments or battery-operated systems.

It is important to note that the timing interval (in basic RC configurations) is largely independent of the supply
voltage variations, since the threshold and trigger levels track the supply voltage directly. However, modern CMOS
variants of the 555 (such as the LMC555, TLC555, or ICM7555) can operate at much lower voltages, often down to
1.5 V or 2 V, and consume significantly less quiescent current compared to their bipolar counterparts.

5.39.2 Summary of Pin Functions

For quick reference during circuit design, breadboarding, or troubleshooting, the functions of the 8 pins are summarized
in the comprehensive table below.

Table 5.21: Summary of IC 555 Pin Descriptions

Pin No. Pin Name Brief Functional Description
1 Ground (GND) The common negative reference point for the power supply and all internal

circuitry.
2 Trigger (TRIG) Active-low input. Initiates the timing cycle when the applied voltage drops

below 1/3 VCC . Sets the output to a HIGH state.
3 Output (OUT) Push-pull output stage capable of sourcing or sinking up to 200 mA, sufficient

to drive external loads directly.
4 Reset (RST) Active-low input. Overrides all other functions to interrupt the timing cycle and

force the output LOW. Must be tied to VCC if unused.
5 Control Voltage (CV) Allows external modulation of the internal 2/3 VCC reference. Typically bypassed

to ground with a 10 nF capacitor for noise immunity.
6 Threshold (THR) Monitors the timing capacitor. When the voltage exceeds 2/3 VCC , it ends the

timing cycle and sets the output to a LOW state.
7 Discharge (DIS) Connected to an internal NPN transistor that provides a discharge path for the

external timing capacitor when the output is LOW.
8 Supply (VCC) Positive supply voltage input. Operating range is typically 4.5 V to 15 V for

standard bipolar models.

Understanding the distinct role and operational bounds of each pin on the 555 timer is an indispensable skill for
any electronics engineer or technician. Whether configuring the IC to flash a warning beacon, debounce a mechanical
switch, or generate a high-frequency clock signal for a digital system, the relationship between these pins and external
passive components ultimately dictates the precise behavior of the complete integrated circuit.

5.40 Applications of IC 555 Timer
The 555 timer IC is arguably one of the most versatile and ubiquitous integrated circuits ever produced in the field of
electronics. Introduced in 1971 by Signetics, its highly robust design allows it to operate over a wide range of supply
voltages (typically from 4.5 V to 18 V) and produce highly stable, accurate, and repeatable timing pulses. The core of
its versatility lies in its internal architecture, consisting of a voltage divider network, two voltage comparators, an SR
flip-flop, an output buffer, and a discharge transistor.

Depending on the external resistor and capacitor (RC) network connected to its pins, the 555 timer can be
configured to operate in three primary functional modes: Astable, Monostable, and Bistable. Furthermore, by
combining multiple 555 timers, engineers can construct complex, multi-stage timing systems such as the Sequential
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Timer. In this comprehensive section, we will delve into the structural configuration, working principles, mathematical
formulations, and practical design considerations for each of these primary applications.

5.40.1 Astable Multivibrator (Free-Running Mode)

An astable multivibrator, often referred to as a free-running oscillator or clock generator, is a circuit that continuously
alternates between two distinct voltage states (HIGH and LOW) without requiring any external triggering or intervention.
In this operational mode, the 555 timer functions as a continuous rectangular wave generator, making it ideal for LED
flashers, pulse-width modulation (PWM) signals, clock pulse generation for digital logic circuits, and tone generation.

Definition

Astable Multivibrator A fundamental timing circuit that inherently possesses no stable states. It continuously and
autonomously toggles back and forth between its two quasi-stable states, thereby generating a continuous train of
square or rectangular pulses at a specific frequency and duty cycle.

Circuit Configuration

To configure the standard 555 timer as an astable multivibrator, a specific external wiring arrangement is necessary:
• The Trigger (Pin 2) and Threshold (Pin 6) are physically tied together. This self-triggering mechanism allows

the circuit to automatically retrigger itself every time the capacitor voltage drops below a certain threshold.

• An external timing capacitor (C) is connected between Pin 6 and ground.

• Two precision timing resistors, RA and RB, are employed to control the charging and discharging rates. Resistor
RA is connected between the supply voltage VCC (Pin 8) and the Discharge pin (Pin 7). Resistor RB is placed
between Pin 7 and Pin 6.

Working Principle

When power is initially applied to the circuit, the external timing capacitor C is fully uncharged (0V).
1. Charging Phase: Because the voltage across the capacitor is 0V (which is well below the internal lower

comparator threshold of 1
3VCC), the lower comparator outputs a HIGH signal to the SR flip-flop. This sets the

flip-flop, driving the final output (Pin 3) to a HIGH state. Simultaneously, the internal discharge transistor
(connected to Pin 7) turns OFF, acting as an open circuit. The capacitor C now begins to charge exponentially
toward VCC through the series combination of resistors RA and RB.

2. Discharging Phase: As the capacitor charges, its voltage eventually reaches and slightly exceeds the upper
threshold of 2

3VCC . At this exact moment, the upper internal comparator triggers and sends a HIGH signal to
the RESET pin of the SR flip-flop. The flip-flop state flips, pulling the output (Pin 3) to a LOW state. The
discharge transistor turns ON, plunging into saturation and providing a nearly zero-resistance path to ground for
Pin 7. The capacitor C now begins discharging to ground, but it must do so solely through resistor RB.

3. Retriggering Phase: The capacitor continues to discharge until the voltage across it falls just below 1
3VCC .

The lower comparator triggers once more, setting the flip-flop, turning OFF the discharge transistor, and forcing
the output HIGH again. The cycle repeats continuously, yielding a steady train of rectangular pulses.

Key Concept

Frequency and Duty Cycle Equations The mathematics governing the astable multivibrator relies on standard RC
charging and discharging equations. The charging time (THIGH) and discharging time (TLOW ) of the capacitor
are defined as:

THIGH = ln(2)× (RA + RB)× C ≈ 0.693× (RA + RB)× C

TLOW = ln(2)×RB × C ≈ 0.693×RB × C

The total time period (T ) of the complete output waveform is the sum of the high and low times:

T = THIGH + TLOW = 0.693× (RA + 2RB)× C

The frequency of oscillation (f), representing pulses per second, is the reciprocal of the total time period:

f = 1
T

= 1.44
(RA + 2RB)× C
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The duty cycle (D), defining the percentage of the time the output remains HIGH during one complete cycle, is:

D(%) = THIGH

T
× 100% = RA + RB

RA + 2RB
× 100%

Important / Warning

Duty Cycle Limitation of < 50% In the standard astable configuration, THIGH will always be strictly greater
than TLOW because RA + RB is mathematically larger than RB. Consequently, the duty cycle will always exceed
50%. To achieve a duty cycle of exactly 50% or less, a generic bypass diode (like 1N4148) must be placed in
parallel with RB. During the charging phase, the diode becomes forward-biased, effectively bypassing RB. The
capacitor therefore charges only through RA. During discharge, the diode is reverse-biased, forcing the capacitor
to discharge through RB. With this modification, THIGH = 0.693RAC and TLOW = 0.693RBC.

Example

Astable Multivibrator Frequency Calculation Problem: Calculate the oscillation frequency and duty cycle of
an astable multivibrator constructed using a 555 timer with RA = 2.2 kΩ, RB = 3.9 kΩ, and a timing capacitor
C = 0.1µF.
Solution: First, calculate the frequency:

f = 1.44
(2.2 kΩ + 2(3.9 kΩ))× 0.1µF

= 1.44
(2.2 k + 7.8 k)× 10−7 F

= 1.44
(10 kΩ)× 10−7 F

= 1.44
10−3 = 1.44 kHz

Next, compute the duty cycle:

D = 2.2 + 3.9
2.2 + 2(3.9) × 100%

= 6.1
10 × 100% = 61%

The resulting waveform will have an output frequency of 1.44 kHz and the output pin will be held HIGH for 61%
of the period.

5.40.2 Monostable Multivibrator (One-Shot Mode)

A monostable multivibrator, unlike its astable counterpart, has exactly one stable state. It sits idle in this steady state
indefinitely until an external trigger pulse forcibly disturbs it, driving it into a temporary quasi-stable state. It remains
in this quasi-stable state for a rigorously predetermined period governed by the RC network before automatically
recovering to its original stable condition.

Definition

Monostable Multivibrator Often termed a "one-shot" timer, it is a pulse generator that produces a single,
meticulously timed output pulse of a specific duration only when stimulated by an appropriate external, negative-
going trigger pulse. Typical applications include pulse widening, delay timers, and switch debouncing.

Circuit Configuration

To wire the 555 timer for monostable operation:

• A single external timing resistor R is connected between the supply voltage VCC and the Discharge pin (Pin 7).

• The Threshold pin (Pin 6) is directly short-circuited to Pin 7.
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• An external timing capacitor C is inserted between the common junction of Pin 6/7 and ground.

• The external triggering signal is routed directly into the Trigger input (Pin 2). A pull-up resistor is often used to
hold Pin 2 HIGH during idle times.

Working Principle

1. Stable State (Idle): In the absence of a trigger signal, Pin 2 is held HIGH. The internal flip-flop sits in its
RESET condition, holding the main output (Pin 3) solidly LOW. Consequently, the internal discharge transistor
is saturated (turned ON), maintaining a short circuit to ground across capacitor C. The capacitor voltage is
clamped at 0V, defining the circuit’s stable state.

2. Triggering the Quasi-Stable State: The sequence initiates when a negative-going transient pulse drops the
voltage at Pin 2 below 1

3VCC . The lower comparator instantaneously senses this drop and fires a SET signal to
the flip-flop. The main output (Pin 3) forcefully snaps to the HIGH state. Critically, the discharge transistor
shuts OFF (acts as an open circuit). The clamp across the capacitor is removed.

3. Timing Cycle: Capacitor C is now free to accumulate charge toward VCC via resistor R. The voltage across the
capacitor rises following a standard exponential charging curve.

4. Recovery: When the capacitor voltage slowly crosses the 2
3VCC threshold, the upper comparator detects it

and sends a RESET pulse to the flip-flop. The output (Pin 3) abruptly crashes back to LOW. The discharge
transistor turns back ON, rapidly dumping the capacitor’s accumulated charge to ground. The timing cycle is
terminated, and the circuit awaits the next external trigger.

Key Concept

Pulse Width Equation The length of time the output remains HIGH, commonly called the pulse width (TW ),
corresponds directly to the time required for the capacitor to charge from 0V to 2

3VCC through resistor R. The
derivation results in the simplified formula:

TW = 1.1×R× C

Where TW is expressed in seconds, R in Ohms (Ω), and C in Farads (F). This linear relationship makes predicting
the output duration extremely straightforward.

Example

Monostable Delay Timer Design Problem: Design an electronic delay circuit using a monostable multivibrator
that generates a precise 5 ms delay upon receiving a trigger pulse. Assume a standard capacitor C = 0.1µF is
available in the laboratory.
Solution: We utilize the pulse width formula: TW = 1.1 × R × C. Rearranging the formula to solve for the
unknown resistance R:

R = TW

1.1× C

R = 5× 10−3

1.1× 0.1× 10−6

R = 5× 10−3

1.1× 10−7 ≈ 45454.5 Ω ≈ 45.45 kΩ

To implement this practically, an engineer might use a standard 47 kΩ resistor for an approximate delay, or
construct a network combining a 43 kΩ fixed resistor with a 5 kΩ precision potentiometer to finely tune the delay
to exactly 5 ms.

5.40.3 Bistable Multivibrator (Flip-Flop Mode)

The bistable multivibrator represents the most rudimentary use of the 555 timer. In this mode, the IC is essentially
stripped of its analogue timing responsibilities and is utilized purely as a logic element. It has two completely stable
states (HIGH and LOW) and will remain locked in its current state indefinitely until an external command explicitly
forces it to toggle.
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Definition

Bistable Multivibrator A memory-like circuit possessing two stable equilibrium states. It operates fundamentally
as an asynchronous Set-Reset (SR) latch, altering its state exclusively in response to explicit, momentary SET
and RESET external pulses.

Circuit Configuration

To operate the 555 timer as a bistable flip-flop, the characteristic RC timing network is completely omitted:

• The Trigger pin (Pin 2) is repurposed as the active-low SET input. It is typically pulled HIGH via a 10 kΩ
resistor.

• The Reset pin (Pin 4) is repurposed as the active-low RESET input, also normally pulled HIGH.

• The Threshold pin (Pin 6) is rigidly grounded (0V) to permanently disable the upper comparator.

• The Discharge pin (Pin 7) is left floating (unconnected) as it serves no purpose in this mode.

Working Principle

The functionality depends entirely on manipulating the states of the internal comparators directly.

1. Setting the Output: To drive the output HIGH, a user momentarily drops the SET input (Pin 2) to ground
(e.g., by pressing a tactile pushbutton). The voltage falls below 1

3VCC , firing the lower comparator. The internal
flip-flop is SET, and Pin 3 outputs a steady HIGH. When the button is released, Pin 2 goes back HIGH, but the
flip-flop remembers its state; the output stays HIGH.

2. Resetting the Output: To pull the output LOW, the user momentarily grounds the RESET input (Pin 4). Pin
4 bypasses all comparators and is wired directly into the asynchronous reset line of the internal flip-flop. Pulling
it LOW instantly clears the flip-flop, driving Pin 3 LOW.

Important / Warning

Handling Simultaneous Inputs Digital logic dictates that a standard SR latch enters an unpredictable or "race"
condition if both SET and RESET are triggered simultaneously. In the specific case of the 555 timer, the
architecture heavily prioritizes Pin 4. If Pin 2 and Pin 4 are both pulled LOW, the RESET command forcefully
overrides, and the output will remain LOW. However, deliberately applying simultaneous signals is considered
poor circuit design practice.

5.40.4 Sequential Timer

In modern industrial control, automation, and robotics, tasks rarely occur in isolation. Instead, multiple electro-
mechanical operations must happen in a strictly orchestrated, timed sequence. For example, a plastic injection molding
machine requires the heater to engage, followed by a time delay, then the hydraulic ram to inject the plastic, followed
by a cooling delay, and finally an ejector pin to release the mold. Rather than utilizing a complex microprocessor, a
highly robust and purely hardware-based Sequential Timer can be built by cascading multiple 555 timers.

Definition

Sequential Timer An interconnected network consisting of two or more timing circuits where the conclusion of the
timing cycle of the preceding timer automatically and reliably triggers the commencement of the timing cycle for
the subsequent timer in the sequence.

Circuit Configuration and Edge Triggering

Consider a multi-stage sequential timer system utilizing several 555 timers, each configured identically as a monostable
multivibrator. The core engineering challenge lies in coupling the timers. The output of Timer 1 cannot be directly fed
into the trigger of Timer 2. Why? Because Timer 2 triggers when its input falls LOW. If Timer 1’s output stays LOW
indefinitely after its cycle, Timer 2 would remain perpetually triggered.

To resolve this, an RC differentiator network (a series capacitor Cd followed by a resistor Rd tied to VCC) is
placed between the output of Timer 1 and the trigger of Timer 2.
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Operational Sequence

1. Stage 1 Initiation: A manual pushbutton or external pulse drops the trigger of Timer 1 LOW. Timer 1’s output
(Pin 3) swings HIGH for its calculated duration T1 = 1.1R1C1. This might engage a relay controlling "Motor A".

2. Differentiator Action: As Timer 1’s cycle concludes, its output abruptly collapses from HIGH to LOW. The
series coupling capacitor Cd cannot change its voltage instantaneously. This sudden voltage drop produces a
sharp, transient negative voltage spike across the resistor Rd.

3. Stage 2 Triggering: This negative spike is fed directly into the Trigger pin of Timer 2. It briefly drops below
1
3VCC , perfectly satisfying the criteria to trigger Timer 2 without keeping it pinned LOW permanently.

4. Stage 2 Execution: Timer 2 awakens, its output swinging HIGH for duration T2 = 1.1R2C2, activating "Motor
B". This daisy-chaining process can be extended indefinitely across N number of timers.

Example

Sequential Timer in Process Automation Imagine an automated industrial chemical mixing vat system governed
by a three-stage sequential 555 timer circuit:

• Stage 1 (Filling Phase): The operator hits "Start". Timer 1 fires, opening a solenoid valve for exactly 45
seconds to fill the vat with water.

• Stage 2 (Mixing Phase): As Timer 1 turns off the valve, its falling edge triggers Timer 2. Timer 2
engages the motorized agitator blades for 120 seconds to blend the chemical dye.

• Stage 3 (Draining Phase): When the agitator stops, Timer 2’s falling edge triggers Timer 3. Timer 3
opens a bottom drainage valve for 60 seconds to empty the mixed fluid into packaging containers.

Through simple resistor-capacitor tuning, a complex electro-mechanical sequence is reliably executed.
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