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Preface

The true power of the internet is not in connecting computers, but in connecting the physical world around wus.

About this Book
This textbook is meticulously designed to align with the GTU Diploma Syllabus (4353201) for Wireless Sensor
Networks and IoT. It provides a robust, intuitive, and comprehensive foundation in the rapidly evolving fields of sensor
technologies, embedded systems, and the Internet of Things. Bridging the gap between theoretical network protocols
and practical hardware implementations, this book decodes complex architectures into accessible, real-world analogies
and engaging visual diagrams.

Target Audience
This book is specifically crafted for Diploma engineering students in the Information and Communication Technology
(ICT) branch, as well as allied fields. It serves as an essential guide to demystifying the complexities of hardware-software
integration, empowering students to build and understand the next generation of smart infrastructure.

Scope and Coverage
The coverage is strategically divided into the five core units of the official syllabus:

e Unit 1: Introduction to WSN — Exploring the fundamental building blocks of sensor nodes, network topologies,
and the critical design principles prioritizing energy efficiency.

e Unit 2: MAC and Routing Protocols — Navigating the intricate layers of communication, addressing collision
avoidance, duty cycling, and intelligent geographic data routing.

e Unit 3: Overview of IoT — Understanding the conceptual framework, reference architectures, and the
foundational technologies (RFID, Big Data, Cloud) driving the IoT revolution.

e Unit 4: Architecture and Implementation of IoT — A deep dive into practical implementation, covering
sensor integration, standard protocols (MQTT, CoAP), prototyping boards (NodeMCU, Raspberry Pi), and
crucial security challenges.

e Unit 5: IoT Applications — Exploring transformative real-world use cases, from Smart Parking and Healthcare
monitoring to Smart City infrastructure.

Milav Dabgar
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CHAPTER 1

Fundamentals of Electrical Circuits (D.C.
A.C.) and Network Theorems

1.1 Basic Electrical Parameters

1.1.1 Introduction to Electrical Parameters and the Atomic Model

The study of electrical engineering and basic electronics begins with a fundamental understanding of the core electrical
parameters. These parameters govern the behavior of circuits, dictate how electrical energy is generated, transmitted,
and consumed, and form the basis of all electrical analysis and design. To truly comprehend these macroscopic
quantities, one must first look at the microscopic world—specifically, the atomic structure of matter.

All matter is composed of atoms. According to the Bohr model, an atom consists of a central, dense, positively
charged nucleus containing protons and neutrons. Surrounding the nucleus are negatively charged electrons orbiting
in defined energy levels or shells. The protons carry a positive charge, the electrons carry a negative charge of equal
magnitude, and neutrons are electrically neutral. In a neutral atom, the number of protons equals the number of
electrons.

The electrons in the outermost shell are called valence electrons. In certain materials, particularly metals (like
copper, aluminum, and silver), these valence electrons are loosely bound to the nucleus. At room temperature, thermal
energy is sufficient to break these weak bonds, freeing the electrons from their parent atoms. These freed electrons,
known as "free electrons," move randomly throughout the crystalline lattice of the metal. The presence and mobility of
these free electrons are what make a material a good electrical conductor. Conversely, in insulators (like rubber, glass,
and wood), the valence electrons are tightly bound, resulting in very few free electrons, thus preventing the easy flow of
electricity.

1.1.2 Electric Charge

Electric charge is a fundamental, intrinsic property of matter that causes it to experience a force when placed in an
electromagnetic field. As established, there are two types of electric charges: positive and negative. The fundamental
law of electrostatics states that like charges repel each other, whereas opposite charges attract each other.

Properties of Electric Charge

1. Quantization of Charge: Charge is always found in integral multiples of a basic elementary charge, which
is the charge of an electron (e). Mathematically, ) = ne, where n is an integer (positive or negative) and
e~ 1.602 x 10719 C.

2. Conservation of Charge: The algebraic sum of all electric charges in any closed system is constant. Charge
can neither be created nor destroyed; it can only be transferred from one body to another.

3. Additivity: The total charge on a system is the algebraic sum of all individual charges located in the system.

Unit of Charge

The SI unit of electric charge is the Coulomb, denoted by the symbol C'. One Coulomb is formally defined in terms of
the Ampere: it is the amount of charge transported by a constant current of one Ampere in one second.

Q=1xt (1.1)



where @ is the charge in Coulombs, I is the current in Amperes, and ¢ is the time in seconds. Given the charge of a
single electron is —1.602 x 10~ C, one Coulomb of negative charge corresponds to an immense number of electrons:
Q 1C

e ~ 6.242 x 10" elect L9
T e T 1602x 1071 C/electron % clectrons (1.2)

Example 1: A metallic sphere has a deficit of 10'® electrons. What is the net charge on the sphere? Solution: A
deficit of electrons implies a net positive charge. Q = n x e = 10'% x (1.602 x 107! C) = +1.602 x 10~* C or +160.2 uC.

Al IMAGE PLACEHOLDER
Descriptive Al Image illustrating the concept of quantization of charge: showing
charge as discrete packets (electrons) transferring between two distinct bodies (e.g.,
glass rod and silk cloth) resulting in net positive and negative charges.

1.1.3 Electric Current

Electric current is the directed rate of flow of electric charge past a specific point or through a cross-sectional area.
While free electrons move randomly in a conductor under normal conditions at high speeds (thermal velocity), there is
no net transfer of charge in any direction, and hence, no current. However, when an external electric field (voltage) is
applied, these free electrons experience a force and acquire a slow, net drift in a specific direction against the electric
field. This directed motion constitutes the electric current.

The SI unit of electric current is the Ampere (A), defined as one Coulomb of charge moving past a specific point in
one second:

_dQ

dt
where [ is the instantaneous current in Amperes, and d(@ is the infinitesimally small charge passing through a
cross-section in time dt.

By convention, the direction of electric current is taken as the direction of flow of positive charge. This is known as
conventional current. In metallic conductors, the actual charge carriers are negatively charged electrons flowing
in the opposite direction. Therefore, conventional current flows from the positive terminal of a voltage source to the
negative terminal, while electron flow is from negative to positive.

I (1.3)

Drift Velocity and Current

Let us establish the relationship between current and the microscopic motion of electrons. Consider a conductor of
length [ and uniform cross-sectional area A. Let n be the number density of free electrons (number of free electrons
per unit volume). The total number of free electrons in the conductor is N =n x (A x ). The total charge @ in the
conductor is Q = N x e = nAle.

When a potential difference V' is applied across the conductor, an electric field E = V/[ is established. Electrons
drift with an average velocity called the drift velocity (vg). The time ¢ taken for these electrons to pass through the
length [ is t = [/vg. Therefore, the current I is:

Q nAle
== —
t l/vg
This crucial equation links the macroscopic current I to the microscopic drift velocity vg.

Example 2: A copper wire of cross-sectional area 3.0 x 107% m? carries a current of 10 A. Assuming copper has
8.5 x 1028 free electrons per cubic meter, calculate the drift velocity of electrons. Solution: I = nAevy = vg = ﬁ
Vg = 10 0=T9y Vd R 2.45 x 1074 m/s or 0.245 mm/s. Notice how incredibly slow the drift velocity

(8.5x1028) % (3.0x10-%)x (1.6x1
is, despite electrical signals propagating at nearly the speed of light!

= nAevy (1.4)

Types of Current: AC and DC

o Direct Current (DC): The flow of electric charge is unidirectional. The magnitude may vary, but the direction
remains constant. Batteries, fuel cells, and solar cells produce DC.
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o Alternating Current (AC): The magnitude and direction of the current vary cyclically with time. The standard
waveform for AC is a sine wave. AC is generated by alternators and is the standard form of power distribution to
homes and industries because it can be easily transformed to high voltages for efficient long-distance transmission.

Current (/) Current (1)
T Steady DC i, T Sinusoidal AC
peak [~
Pulsating DGime (t) > Time (t)
_Ipeak ******

1.1.4 Potential, Potential Difference, and Voltage

To move electric charge from one point to another, work must be done against the electrostatic forces. The concepts of
potential and potential difference quantify this work.

Electric Potential (V'): The absolute electric potential at a point in an electric field is the amount of work done
by an external agent in bringing a unit positive charge from infinity (a point of zero potential) to that specific point
without any acceleration.

V= w (1.5)
Q
where V' is the electric potential, W is the work done (in Joules), and @ is the charge (in Coulombs). The unit of
electric potential is the Volt (V), named after Alessandro Volta. 1 V=1 J/C.
Potential Difference (Voltage): In practical circuit analysis, we are rarely concerned with absolute potential,
instead, we focus on the difference in potential between two points in a circuit. Potential difference, often simply called

voltage, is the work done in moving a unit positive charge from one point (B) to another point (A).

WA—>B
o (1.6)

Voltage acts as the "electrical pressure" or driving force that pushes electrons through a conductor.

Vap=Va—-Vp=

Al IMAGE PLACEHOLDER
Descriptive Al Image of the classic water analogy: Two water tanks at different
heights connected by a pipe with a valve. The difference in water level represents
potential difference (voltage), the flow of water represents current, and the valve’s
restriction represents resistance.

1.1.5 Electromotive Force (EMF)

Electromotive Force (EMF), denoted by E or &, is closely related to potential difference but has a distinct definition.
EMF is the energy supplied by a source (like a battery or generator) per unit charge passing through it. It is the
"pump" that maintains the potential difference. Despite the word "force," EMF is an energy-per-unit-charge quantity,

and its unit is the Volt.
EMF is essentially the maximum potential difference across the terminals of a voltage source when it is not connected

to any external circuit (i.e., in an open-circuit state, drawing zero current).

EMF vs. Terminal Potential Difference

When a load is connected across a source and current I flows, the potential difference measured across the terminals
(Terminal Voltage, V') is always less than the EMF of the source. This drop is due to the source’s own internal resistance
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(r). As current flows through the internal resistance, there is a voltage drop internally (Ir).
V=FE-Ir (1.7)

Where: V' = Terminal potential difference (Volts) E = Electromotive Force (Volts) I = Current drawn from the source
(Amperes) r = Internal resistance of the source (Ohms)

Example 3: A battery has an EMF of 12 V and an internal resistance of 0.5 . If it is connected to a load
resistor of 5.5 0, calculate the current in the circuit and the terminal voltage of the battery. Solution: Total
resistance in the circuit R = Rioaa +7 = 5.5+ 0.5 = 6.0Q. Current I = RE =12 — 2 A, Terminal Voltage

total 6

V=E-Ir=12—(2x0.5)=12—1=11 V. Alternatively, V=1 X Rjpqq =2 x 5.5 =11 V.

External Load R

L r T
o1 P

Terminal RBysigel Battery 1

1.1.6 Power and Energy

Electrical Power (P): Power is the rate at which work is done or the rate at which electrical energy is transferred,
consumed, or dissipated by a circuit element. The ST unit of power is the Watt (W), equivalent to one Joule per second
(I1W=11J/s).

By definition, Power = Work / Time (P = dW/dt). Since Voltage V = dW/dQ, we have dW = Vd(Q. Therefore,
P = %. Since Current I = dQ/dt, we arrive at the fundamental power equation:

P=VxI (1.8)

For resistive circuits, using Ohm’s law (V' = I'R), we can express power in two other forms, known as Joule’s Law of
Heating:

P=1I(IR)=I°R (1.9)
2
P:V<;>:2 (1.10)

These equations show that power dissipated as heat in a resistor is proportional to the square of the current or the
square of the voltage.

Electrical Energy (E or W): Electrical energy is the total capacity to do work over a period of time. It is the
product of power and time.

E:/Pﬁ (1.11)

For constant power over a time ¢, E = P xt = VIt = I?Rt = -

The SI unit of energy is the Joule (J) or Watt-second. However, a Joule is a very small amount of energy. For
practical and commercial purposes, such as electricity billing, the Board of Trade (BOT) unit is used, which is the
Kilowatt-hour (kWh). One Kilowatt-hour is the energy consumed by a device of 1 Kilowatt (1000 W) operating for
1 hour (3600 seconds). 1 kWh = 1000 W x 3600 s = 3.6 x 105 Joules = 3.6 MJ.

Example 4: An electric heater is rated at 220 V, 2 kW. Calculate (a) the current drawn, (b) the resistance of the
heater element, and (c) the cost of operating the heater for 5 hours if the electricity rate is $0.15 per kWh. Solution:
(a) Current I = £ = 2200W ~ 909 A. (b) Resistance R = V2 220° _ 48400 _ 9y 9 () (c) Energy consumed in kWh

1% 220 V P T 2000 — 2000
= Power in kW X time in hours = 2 kW x 5 h = 10 kWh. Cost = Energy x Rate = 10 x 0.15 = $1.50.

1.1.7 Electrical Resistance and its Unit

Electrical resistance (R) is the property of a material by virtue of which it opposes the flow of electric current through it.
In a mechanical analogy, it is akin to friction. When a voltage is applied, free electrons accelerate, but they constantly
collide with the massive, vibrating, positive lattice ions of the conductor. These inelastic collisions cause the electrons
to lose their kinetic energy, which manifests as heat (Joule heating). This persistent hindrance to the smooth flow of
electrons is macroscopically observed as resistance.
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The SI unit of electrical resistance is the Ohm, denoted by the Greek letter Omega (€2). A conductor is said to have
a resistance of one Ohm if a potential difference of one Volt applied across its ends causes a current of exactly one
Ampere to flow through it.
1V
T 1A
The reciprocal of resistance is called Conductance (G), which measures how easily a material allows current to
flow. Its unit is the Siemens (S) or historically, the mho (U).

10 (1.12)

G= (1.13)

1
R
1.1.8 Ohm’s Law: Applications and Limitations

Formulated by the German physicist Georg Simon Ohm in 1827, Ohm’s law is a foundational empirical principle in
electrical engineering. It states that the current (I) flowing through a metallic conductor is directly proportional to the
potential difference (V') applied across its ends, provided that all physical conditions (like temperature, pressure, and
mechanical strain) remain constant.

VoI (1.14)

V=IxR or I:% (1.15)

Where R, the constant of proportionality, is the resistance of the conductor.

Microscopic Form of Ohm’s Law

While V = IR is the macroscopic form, Ohm’s law can also be expressed in terms of microscopic quantities: current
density (J, current per unit area), electric field (E), and conductivity (¢). We know I = nAevy and vg = eff,
where 7 is the relaxation time (average time between collisions) and m is the mass of an electron. Therefore,

I =nAe (eff) = (%27) AFE. Current density J = % = (%{ZT) E. The term ("fnﬁ) is the electrical conductivity o.

Thus, J = oF. This is the microscopic point-form of Ohm’s Law.

-®-

Resistor R

lCurrent I

W®

Voltage Source V

Applications of Ohm’s Law

1. Basic Circuit Analysis: It is the primary tool to find voltage, current, or resistance in any DC linear circuit.

2. Component Selection: Used to determine the appropriate rating of components. For example, selecting a
resistor to drop a specific voltage or limit current to a safe level for a sensitive component like an LED.

3. Power Calculations: Used in conjunction with power formulas to determine power dissipation and appropriately
size heat sinks and wattage ratings for resistors.

4. Instrumentation: The design of ammeters (using shunt resistors) and voltmeters (using multiplier resistors)
relies fundamentally on Ohm’s law.
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Limitations of Ohm’s Law

Ohm'’s law is not a universal law of nature; it is an empirical relationship that holds for a specific class of materials
called "ohmic" or "linear" conductors under strict conditions. Devices that do not follow Ohm’s law are "non-ohmic."

1. Non-linear Elements: It fails for components where the V-I characteristic is not a straight line passing through
the origin. Examples include semiconductor diodes, transistors, vacuum tubes, and thyristors. In a diode, current
increases exponentially with voltage.

2. Unilateral Devices: Ohm'’s law assumes the resistance is identical regardless of voltage polarity. Unilateral
devices like diodes offer very low resistance in forward bias and extremely high resistance in reverse bias.

3. Changing Temperature conditions: If current flowing through a resistor generates enough Joule heating to
raise its temperature, its resistance will change. A classic example is the tungsten filament of an incandescent
bulb. As voltage increases, current increases, temperature shoots up, resistance increases, causing the V-I curve
to bend away from the current axis.

4. Non-metallic Conductors: It is generally invalid for electrolytes and gases, where complex ionization processes
govern current flow.

5. High-Frequency AC: At very high frequencies, the "skin effect" changes the effective resistance of a conductor,
complicating the simple V = I R relationship.

1 1 I
|4 A |4
(a) Ohmic Conductor (b) Light Bulb Filament (c) Semiconductor Diode
(R is constant) (Resistance increases) (Non-linear, Unilateral)

1.1.9 Parameters Affecting Resistance

The electrical resistance R of a conductor of uniform cross-section depends on four main parameters:

1. Length (1): Resistance is directly proportional to the length of the conductor. R o l. A longer wire means
electrons have to travel a greater distance and undergo more collisions with the lattice, increasing the total
opposition.

2. Cross-sectional Area (A): Resistance is inversely proportional to the cross-sectional area. R o %. A wire with
a larger cross-section provides a wider path, allowing more electrons to flow simultaneously, thus reducing the
overall resistance.

3. Nature of the Material: Different materials have different internal atomic structures, varying number densities
of free electrons (n), and different collision probabilities. For instance, copper has lower resistance than iron of
the exact same dimensions.

4. Temperature (7): As temperature changes, the resistance of the material changes due to altered lattice
vibrations.

Combining the dependencies on physical dimensions at a constant temperature:

l
Rox o (1.16)
R=pl (1.17)
_pA .

Where p (rho) is a constant of proportionality that depends strictly on the nature of the material and its temperature.
It is known as the Specific Resistance or Resistivity.
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1.1.10 Specific Resistance (Resistivity) and its Unit

Specific resistance, or electrical resistivity (p), is defined as the inherent property of a material that quantifies how
strongly it resists or conducts electric current, independent of its physical dimensions (length and area).

Rearranging the resistance formula, we get:
Rx A
p=-— (1.18)

Definition: If / = 1 m and A = 1 m?, then p = R. Therefore, specific resistance is defined as the resistance offered by
a conductor of unit length and unit cross-sectional area. Visually, it is the resistance measured across the opposite

faces of a 1-meter by 1-meter solid cube of the material.
Unit of Specific Resistance: Substituting the SI units into the formula:

Ohm(€) x Meter?(m?)

Meter(m) = Ohm - Meter (2-m) (1.19)

Unit of p =

From microscopic theory, we derived J = oE. Since 0 = 1/p, and E = V/I, J = I/A, we can trace back to
R = pl/A. Microscopically, resistivity is given by:

m

P= o (1.20)
This profound equation shows that resistivity is inversely proportional to the free electron density (n) and the relaxation
time (7). Good conductors (metals) have a very high n, hence very low p. Insulators have an extremely low n, hence
enormous p.

Example 5: Calculate the resistance of a 2 km long aluminum transmission cable with a cross-sectional area
of 100 mm?. The resistivity of aluminum is 2.8 x 1078 Q - m. Solution: | = 2km = 2000 m A = 100 mm? =

100 x 107° m? =107 m? R = p4 = (2.8 x 107%) x 299 =28 x 1078 x 2 x 107 = 0.56 2.

Al IMAGE PLACEHOLDER
Descriptive Al Image featuring a spectrum or chart visualizing the vast range of
resistivity values spanning from superconductors and highly conductive metals
(silver, copper) on one end, through semiconductors (silicon) in the middle, to
robust insulators (glass, PTFE) on the far end.

1.1.11 Effect of Temperature on Resistance

The electrical resistance of different materials responds differently to variations in temperature. This behavior is

fundamentally linked to the p = 75— relation.

e2r

1. Pure Metals (Conductors): The resistance of pure metals increases almost linearly with an increase in
temperature over a normal operating range. Reason: In metals, the number density of free electrons (n) is
essentially constant and independent of temperature. However, as temperature rises, the thermal kinetic energy of
the positive lattice ions increases, causing them to vibrate with larger amplitudes. This increases the cross-section
for collisions, meaning electrons collide more frequently. The relaxation time (7) decreases. Since R « 1/7, a
decrease in 7 leads to an increase in resistance. Metals are said to have a Positive Temperature Coefficient

(PTC).

2. Alloys: Alloys like manganin, constantan, and nichrome also have a positive temperature coefficient, but its
value is exceptionally small compared to pure metals. Their resistance remains nearly constant over a wide range
of temperatures. This stability makes them the preferred materials for manufacturing standard precision resistors
and measuring instruments.

3. Semiconductors and Insulators: The resistance of semiconductors (silicon, germanium) and insulators
dramatically decreases with an increase in temperature. Reason: In these materials, at absolute zero, there are
virtually no free electrons; they are perfect insulators. As temperature rises, thermal energy breaks covalent
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bonds, liberating electrons and creating holes. The number density of charge carriers (n) increases exponentially
with temperature. While the collision rate also increases (decreasing 7), the massive increase in n completely
dominates. Since R o 1/n, the enormous increase in n causes a sharp decrease in resistance. These materials
have a Negative Temperature Coefficient (NTC). This property is utilized in components like thermistors.

R R R
—
et Temperature{F} Temperature+F} Temperature (7")
Pure Metals Alloys (e.g., Manganin) Semiconductors
(Positive Coeft.) (Near Zero Coeft.) (Negative Coeft.)

1.1.12 Temperature Co-efficient of Resistance

To mathematically quantify the effect of temperature on resistance, we define a parameter called the temperature
coefficient of resistance, denoted by « (alpha).

Let a conductor have a resistance Ry at a reference temperature of 0°C. Let its resistance be R; when heated to a
temperature of t°C. The change in resistance is AR = R; — Ry.

Experimental observations on pure metals show that for moderate temperature ranges, this increase in resistance
(AR) is: 1. Directly proportional to the initial resistance Ry (AR o« Ry). 2. Directly proportional to the rise in
temperature ¢t (AR o t).

Combining these observations:

AR x Ry x t (1.21)

Rt - R() = OéoRot (1.22)

Where «g is the constant of proportionality, known as the Temperature Coefficient of Resistance at 0°C.
Rearranging to solve for the final resistance R;:

R; = Ro(l + Ozot) (1.23)

From the proportional equation, we can define g as:

Ry — Ry AR
= = 1.24
Ryt RoAt ( )

@

Definition: The temperature coefficient of resistance at 0°C is defined as the fractional change in resistance per degree
Celsius change in temperature. Alternatively, it is the increase in resistance per ohm of original resistance at 0°C per
°C rise in temperature.

Unit: The unit of « is % = % which is written as °C~! or per degree Celsius. In SI units, it is K.

Temperature Coefficient at any Initial Temperature

The value of the temperature coefficient « is not an absolute constant; it varies slightly with the initial reference
temperature. If o is the temperature coefficient at temperature ¢1, and asg is the coefficient at to, they are related by:

a1

- 1+ ai(te —t1) (1.25)

a2

More practically, if the resistance of a material is known at some temperature ¢; (let’s say Ry) and we need to find its
resistance Ry at temperature to, we use the formula:

Ry = Ri[1+ ai(ta — t1)] (1.26)

Where «; is the temperature coefficient evaluated at temperature ¢;.

Example 6: The resistance of the field coil of a DC motor is 50 2 at 20°C. After running for several hours, the
resistance increases to 58 {2. Calculate the final temperature of the coil if the temperature coefficient of copper at 20°C
is 0.00393°C~L. Solution: Ry = 509, t; = 20°C, ag = 0.00393°C~! Ry = 58, ty =? Using Ry = Ri[1 + ay(ta — t1)]:
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58 = 50[1 4 0.00393 x (t — 20)] 3B = 1+ 0.00393(t — 20) 1.16 — 1 = 0.00393(t2 — 20) 0.16 = 0.00393(t2 — 20)

to — 20 = % ~ 40.71 t5 = 40.71 + 20 = 60.71°C. The final temperature of the coil is approximately 60.71°C.
For very large temperature ranges, the linear approximation R; = Ro(1 4 at) becomes inaccurate, and a polynomial

relationship must be used:
Ri=Ro(1+at+Bt* +4t3 +...) (1.27)

Where 3,7, etc., are higher-order temperature coefficients, which are usually very small but become significant at
high temperatures. However, for most basic electrical engineering applications, the linear first-order approximation is
sufficiently accurate.

1.2 Electrical Materials

1.2.1 Introduction to Electrical Materials and Band Theory

The vast array of materials available in nature and through synthetic processes can be broadly classified into three
categories based on their ability to conduct electric current: conductors, insulators, and semiconductors. The most
robust way to understand the stark differences in the electrical properties of these materials is through the quantum
mechanical Band Theory of Solids.

In an isolated atom, electrons occupy discrete energy levels. However, when atoms are brought close together
to form a solid crystalline structure, their outer electron orbitals overlap and interact. Due to the Pauli Exclusion
Principle, which states that no two electrons in a system can have the exact same quantum state, the discrete energy
levels split into numerous closely spaced levels, forming continuous "energy bands."

The electrical behavior of a solid is determined by the electron population in two specific outermost bands and the
gap between them:

1. Valence Band: This is the highest energy band that is completely or partially filled with electrons at absolute
zero (0 K). These are the valence electrons, which are involved in chemical bonding. They are somewhat bound
to the atom and cannot freely conduct electricity.

2. Conduction Band: This is the next higher energy band above the valence band. It may be empty or partially
filled. When electrons gain enough energy to jump into this band, they become "free electrons." These electrons
are not bound to any specific atom and can move freely throughout the crystal lattice, thus participating in
electrical conduction.

3. Forbidden Energy Gap (E,): Also known as the bandgap, this is the energy region between the valence band
and the conduction band where no electron energy states can exist. An electron must acquire an amount of
energy at least equal to Ej; to jump from the valence band to the conduction band.

Conduction Band

Conduction Band Conduction Band
Ey > 3eV
IEQ ~ leV Overlap
Valence Band Valence Band Valence Band
Insulator Semiconductor Conductor

1.2.2 Conductors

Conductors are materials that allow electric current to flow through them easily with minimal opposition (resistance).
Band Theory Perspective: In conductors (mostly metals), the valence band and the conduction band overlap.

This means there is no forbidden energy gap (E, = 0). Even at absolute zero, some valence electrons are in the

conduction band. At room temperature, a vast sea of free electrons is available for conduction. The application of even

a minuscule electric field (voltage) will cause these electrons to drift, resulting in a substantial electric current.
Properties of Conductors:

« Low Resistivity: Conductors have very low electrical resistivity, typically in the range of 1078 to 1079 - m.
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o High Conductivity: The reciprocal of resistivity, conductivity (o), is extremely high.

¢ Positive Temperature Coefficient: The resistance of conductors increases with an increase in temperature.
As the lattice ions vibrate more vigorously at higher temperatures, the mean free path of electrons decreases,
increasing resistance.

o Malleability and Ductility: Most metallic conductors can be easily drawn into thin wires (ductility) or beaten
into sheets (malleability).

Common Examples and Applications:

1. Silver (Ag): The best known conductor of electricity. However, due to its high cost, it is generally used only in
specialized equipment, high-end audio cables, and precision contacts where zero corrosion and absolute minimum
resistance are required.

2. Copper (Cu): The most widely used conductor in electrical engineering. It has excellent conductivity (second
only to silver), is highly ductile, and is relatively affordable. It is used in house wiring, motor windings, printed
circuit board (PCB) traces, and power cables.

3. Aluminum (Al): Lighter and cheaper than copper, though with slightly higher resistivity. It is heavily utilized
in overhead high-voltage power transmission lines where weight is a critical factor.

4. Gold (Au): While not as good a conductor as copper or silver, gold does not tarnish or oxidize. It is used
extensively in microscopic electronic contacts, CPU pins, and high-quality connectors to ensure long-term
reliability.

1.2.3 Insulators

Insulators, also known as dielectrics, are materials that practically completely block the flow of electric current.
Band Theory Perspective: In insulators, the valence band is completely full, and the conduction band is
completely empty. Crucially, the forbidden energy gap between them is very large (typically E, > 3 eV, and often up
to 6 — 10 eV). At normal temperatures, thermal energy is wildly insufficient to excite an electron from the valence
band across this massive gap into the conduction band. Thus, there are virtually no free charge carriers available for
conduction.
Properties of Insulators:

« Extremely High Resistivity: Resistivity values typically range from 10'° to 10?° 2 - m.

o Dielectric Strength: This is a critical property for insulators. It is the maximum electric field (voltage per
unit thickness) that an insulating material can withstand before it breaks down and becomes conductive. It is
measured in kV/mm. If the applied voltage exceeds the dielectric strength, a massive surge of electrons is forced
across the bandgap, destroying the insulating property (dielectric breakdown), often accompanied by a spark or
arc.

o Negative Temperature Coefficient: At extremely high temperatures, some electrons might gain enough
energy to cross the bandgap, slightly lowering the resistance.

Common Examples and Applications:

1. Glass and Ceramics: Used on high-voltage power line towers to suspend the heavy conducting cables while
isolating them from the grounded steel tower.

2. Rubber and Plastics (PVC, Teflon): Extensively used as the coating around electrical wires to protect users
from electric shock and prevent short circuits between adjacent wires.

3. Mica: Used in capacitors due to its excellent dielectric properties and ability to withstand high temperatures.

4. Air and Vacuum: Pure air is a good insulator, which is why overhead power lines don’t constantly arc to the
ground. Vacuum is theoretically a perfect insulator.
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Al IMAGE PLACEHOLDER
Descriptive Al Image showing a cross-section of a high-voltage submarine power
cable, clearly detailing the central copper conductor surrounded by multiple thick
layers of specific insulating materials like cross-linked polyethylene (XLPE) and
protective armoring.

1.2.4 Semiconductors

Semiconductors are materials whose electrical conductivity lies between that of a conductor and an insulator. They are
the foundation of modern electronics, enabling the creation of transistors, diodes, microprocessors, and memory chips.

Band Theory Perspective: In semiconductors, the valence band is almost full, and the conduction band is
almost empty. The forbidden energy gap is relatively small (typically E, ~ 1 eV). For Silicon, E; = 1.1 eV, and for
Germanium, E, = 0.67 eV. At absolute zero (0 K), they behave exactly like perfect insulators because no electrons
have the energy to cross the gap. However, at room temperature (approx 300 K), the thermal energy (k7" ~ 0.026 eV)
is sufficient to excite a small, but significant, fraction of electrons from the valence band across the narrow gap into the
conduction band.

When an electron jumps to the conduction band, it leaves behind an empty state or "hole" in the valence band. This
hole acts as a positive charge carrier. Thus, in semiconductors, conduction occurs via two mechanisms simultaneously:
the movement of negatively charged electrons in the conduction band, and the movement of positively charged holes in
the valence band.

Intrinsic vs. Extrinsic Semiconductors

o Intrinsic Semiconductors: These are pure semiconductors (like pure silicon crystal) without any impurities.
In an intrinsic semiconductor, the number of thermally generated electrons (n) exactly equals the number of
holes (p). n = p = n;, where n; is the intrinsic carrier concentration. Their conductivity is generally too low for
practical electronic devices.

o Extrinsic Semiconductors (Doping): To make semiconductors highly useful, we intentionally add tiny,
controlled amounts of specific impurity atoms to the pure crystal lattice. This process is called doping. Doping
drastically increases the conductivity and allows us to control whether the material conducts mostly by electrons
or mostly by holes.

Extrinsic semiconductors are divided into two types:

1. N-Type Semiconductor: Formed by doping pure silicon (Group 14, 4 valence electrons) with a pentavalent
impurity (Group 15, e.g., Phosphorus, Arsenic, Antimony). Four valence electrons of the impurity form covalent
bonds with adjacent silicon atoms. The fifth electron is weakly bound and easily becomes a free electron in
the conduction band. In N-type materials, electrons are the majority charge carriers, and holes (thermally
generated) are the minority charge carriers.

2. P-Type Semiconductor: Formed by doping pure silicon with a trivalent impurity (Group 13, e.g., Boron,
Aluminum, Gallium). The trivalent atom has only three valence electrons, so one covalent bond with an adjacent
silicon atom is incomplete, leaving a vacancy or a hole. This hole easily accepts an electron from a neighboring
bond, effectively causing the hole to move. In P-type materials, holes are the majority charge carriers, and
electrons are the minority charge carriers.
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N-Type (Phosphorus Doped) P-Type (Boron Doped)

,® Free Electron (5™ eq.)

Si (P Si gi HHole O B Si
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By bringing P-type and N-type semiconductors together, a PN junction is formed, which is the basis of diodes
(allowing current one way) and transistors (amplifying or switching signals).

1.2.5 Energy Storing Passive Components: Capacitors and Inductors

While resistors (made from conductors/alloys) dissipate electrical energy as heat, capacitors and inductors are passive
electrical components that store energy. Capacitors store energy in an electric field, and inductors store energy in a
magnetic field.

1.2.6 Capacitors

A capacitor is a passive two-terminal electronic component that stores electrical energy in an electric field. The effect
of a capacitor is known as capacitance.

Principle and Construction

The fundamental construction of a capacitor consists of two electrical conductors (often plates or foils) separated by a
dielectric (insulator). When a voltage V' is applied across the conductors, an electric field develops across the dielectric.
This causes positive charge +Q to collect on one plate and negative charge —(Q to collect on the other plate. The
dielectric prevents the charge from flowing directly between the plates, effectively "storing" the charge.

Capacitance (C)

Capacitance is the ratio of the change in an electric charge in a system to the corresponding change in its electrical
potential. In simpler terms, it is a measure of the amount of electrical energy stored (or charge separated) for a given
electric potential.

C=5 (1.28)

Where: C'is the capacitance in Farads (F) @ is the magnitude of charge on one plate in Coulombs (C) V is the voltage
across the plates in Volts (V)

A Farad is a very large unit. Therefore, practical capacitors are measured in microfarads (uF = 1075 F), nanofarads
(nF = 107Y F), or picofarads (pF = 1072 F).

Parallel Plate Capacitor

The most common and easiest-to-analyze form of a capacitor is the parallel plate capacitor. For two flat parallel plates
of area A, separated by a distance d, with a dielectric material filling the space between them:
_eA gogrA

- d d

C (1.29)

Where: g ~ 8.854 x 107!2 F/m is the permittivity of free space. e, (or k) is the relative permittivity or dielectric
constant of the insulating material between the plates (e.g., air ~ 1, paper ~ 3, ceramic ~ 1000). A is the overlapping
area of the plates in m?. d is the separation distance in m.

To increase capacitance, one can: 1. Increase the surface area A of the plates. 2. Decrease the distance d between
the plates. 3. Use a dielectric material with a higher relative permittivity e,.

Example 7: A parallel plate capacitor has plates of area 0.05 m? separated by a 0.2 mm thick sheet of paper

(8.854x10~12)x3.5%0.05 ~ T 75%10-9 F =

(e, = 3.5). Calculate its capacitance. Solution: d = 0.2 mm = 0.2x1073 m. C' = 09%T0=7

7.75 nF.



https://milav.in

Energy Stored in a Capacitor

The work done by a battery to transfer charge d@ onto the plates against the existing potential difference V' = ¢/C is
stored as electrostatic potential energy U in the electric field between the plates. dU = VdQ = (%) dQ Integrating

from g =0to qg=Q: )
U= / 2 g _;g (1.30)

Using @Q = C'V, this can be written in more common forms:

U= %CV2 (1.31)
1
U=5QV (1.32)

This energy is measured in Joules (J).

Electric Field

Distance d

Capacitors in Series and Parallel

1. Capacitors in Series: When capacitors are connected in series, the same charge @ is deposited on all capacitors
because the charge has only one path to flow. The total voltage V is divided among the capacitors. Vipar = Vi + Vo + V3
Since V = Q/C, we have: % = 66‘21 + CQQ + g Dividing by Q:

e e (1.33)

Connecting capacitors in series decreases the total equivalent capacitance.

2. Capacitors in Parallel: When capacitors are connected in parallel, the same voltage V is applied across
all capacitors. The total charge Qotq; provided by the source is the sum of the charges on individual capacitors.
Qtotal = Q1 + Q2 + Q3 Since Q = CV, we have: CqV = C1V + CoV + C3V Dividing by V:

Coq=C1+Co+C3+---+C), (1.34)

Connecting capacitors in parallel increases the total equivalent capacitance, effectively increasing the total plate area.

1.2.7 Inductors

An inductor, also called a coil, choke, or reactor, is a passive two-terminal electrical component that stores energy in a
magnetic field when electric current flows through it.

Principle: Electromagnetic Induction

Inductors operate on the principles of electromagnetism, specifically Faraday’s Law of Induction and Lenz’s Law. When
a current I flows through a wire, it generates a magnetic field around it. If the wire is coiled into a helix (solenoid), the
magnetic field lines bundle together inside the coil, creating a strong magnetic flux (®). If the current flowing through
the coil changes with time, the magnetic flux associated with the coil also changes. According to Faraday’s Law, a
changing magnetic flux induces an Electromotive Force (EMF, or voltage) across the coil. According to Lenz’s Law,
the direction of this induced EMF is such that it opposes the change in current that created it. This is why inductors
resist changes in current.
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Inductance (L)

Inductance is a measure of an inductor’s ability to store magnetic energy for a given current, or its ability to oppose
changes in current. It is defined as the ratio of the induced voltage to the rate of change of current causing it.

V=L (1.35)
Where: V7, is the induced voltage across the inductor in Volts. L is the inductance in Henrys (H). di/dt is the rate of
change of current in Amperes per second.

The SI unit of inductance is the Henry (H). One Henry is the inductance of a closed circuit in which an EMF of one
volt is produced when the electric current in the circuit varies uniformly at a rate of one ampere per second. Practical
units are often millihenrys (mH) or microhenrys (uH).

For an ideal solenoid (a long straight coil), the inductance L can be calculated based on its physical geometry:

_ N?A  poprN?A

L l l

(1.36)

Where: jug =~ 47 x 1077 H/m is the permeability of free space. ju, is the relative permeability of the core material (e.g.,
air ~ 1, iron ~ 1000). N is the total number of turns in the coil. A is the cross-sectional area of the core. [ is the
length of the coil.

To increase inductance, one can: 1. Increase the number of turns N. 2. Use a core material with high magnetic
permeability (like iron or ferrite) instead of an air core. 3. Increase the cross-sectional area A.

Energy Stored in an Inductor

When an inductor is connected to a power source, the source must do work against the induced EMF to establish a
current. This work is stored as magnetic potential energy in the inductor’s magnetic field. Power P =V} x i = (L%) 1
Work done dU = Pdt = Li di Integrating from ¢ =0 to ¢ = I:

I 1
U :/ Lidi = 5LI2 (1.37)
0

This energy is measured in Joules (J) and depends on the square of the current.

Magnetic Flux (®)

Induced Voltage ¥ = L

Inductors in Series and Parallel

Assuming no mutual inductance (magnetic coupling) between the individual inductors, they add just like resistors.
1. Inductors in Series: When inductors are in series, the same current I (and thus di/dt) flows through all of
them. The total induced voltage is the sum of the individual voltages. Vipter = Vi + Vo + V3 Leq% = Ll% + Lz% + Lg%

Leg=L1+Ly+Lg+---+ Ly, (1.38)

Series connection increases the total inductance.

2. Inductors in Parallel: When inductors are in parallel, the voltage V' across them is the same. The total rate
of change of current is the sum of the rates through each inductor. is,q; = i1 + 2 + i3 % = % + %2 + %3 Since

; — .V _V \% |4
dZ/dt—V/L E_E+E+fd
1—1+1+1+ +1 (1.39)
Leq Ll L2 L3 Ln .

Parallel connection decreases the total equivalent inductance.

Example 8: Two inductors of 4 mH and 6 mH are connected in series. What is the total inductance? If they are
connected in parallel, what is the equivalent inductance? Solution: In series: Loy = L1 + Lo =4+ 6 = 10 mH. In

.1t 1 _ 1,1 _ 3,2 __5 — 12 _
parallel: Tes = L t,=iTs= 1zt 13= 13 Leg =% =2.4mH.
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Al IMAGE PLACEHOLDER
Descriptive Al Image showing a comparison table or infographic of Resistors,
Capacitors, and Inductors, highlighting their symbols, primary function (dissipate
heat vs store electric field vs store magnetic field), and their behavior in DC and
AC circuits.

1.3 Work, Power, and Energy

1.3.1 Introduction

The concepts of work, power, and energy are arguably the most fundamental and universally applicable ideas in all of
physics and engineering. Whether we are analyzing a massive hydro-electric dam, a small electric motor, a chemical
battery, or a simple resistor, these three quantities provide a complete framework for understanding how the system
behaves, how efficient it is, and what it is capable of achieving. Because electrical engineering frequently deals with the
conversion of electrical energy into mechanical energy (motors) and vice versa (generators), it is absolutely crucial to
have a rock-solid understanding of these concepts in both their mechanical and electrical contexts.

1.3.2 Work
In everyday language, "work" means any physical or mental effort. However, in physics and engineering, "Work" has a
very precise mathematical definition involving a force causing a displacement.

Mechanical Work

Mechanical work is said to be done when a force acts upon a body and the body undergoes a displacement in the
direction of the applied force.

Mathematically, if a constant force F acts on an object, causing a displacement J; the work done W is the scalar
dot product of the force and displacement vectors:

W = F - d=|F||d] cos(6) (1.40)

Where: W is the mechanical work done. |F| is the magnitude of the applied force (in Newtons, N). |d] is the magnitude
of the displacement (in meters, m). 6 is the angle between the force vector and the displacement vector.

o If # = 0° (force and displacement are in the same direction), cos(0) = 1, and work is maximum and positive:
W = Fd.

o If 6 = 90° (force is perpendicular to displacement), cos(90) = 0, and work done is zero. (e.g., carrying a load
horizontally).

o If & = 180° (force is opposite to displacement, like friction), cos(180) = —1, and work done is negative: W = —Fd.

Unit of Mechanical Work: The SI unit of work is the Joule (J), named after the English physicist James Prescott
Joule.
1 Joule = 1 Newton x 1 meter (1 J=1N-m) (1.41)

One Joule is the amount of work done when a force of one Newton displaces a body by one meter in the direction of
the force.

Force

Mass m

Fcos@r

\

Displacement d
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Electrical Work

Electrical work is done when an electric charge is moved from one point to another in an electric field against an
electrostatic force, or when a voltage source pushes a current through a circuit.

By definition, the electric potential difference (Voltage, V') between two points is the work done (W) in moving a
unit positive charge (@) between those points. V = % Rearranging this gives the fundamental equation for electrical
work:

W=VxQ (1.42)

Where: W is the electrical work done in Joules (J). V' is the potential difference in Volts (V). @ is the charge moved in
Coulombs (C).
We know that current [ is the rate of flow of charge: I = % so @ = I x t. Substituting this into the work equation
yields:
W=VxIxt (1.43)

For a purely resistive circuit, we can use Ohm’s Law (V = I R) to express electrical work in terms of resistance: 1.
Substitute V = IR: W = (IR) x I x t = I?Rt 2. Substitute I = V/R: W =V x (§) x t = 12t
These formulas (W = I?Rt = V?t/R) specifically represent the electrical work converted into heat energy in a

resistor, famously known as Joule’s Law of Heating.
Unit of Electrical Work: The SI unit of electrical work is also the Joule (J).

1 Joule =1 Volt x 1 Coulomb =1 Volt x 1 Ampere x 1 second (1.44)

Al IMAGE PLACEHOLDER
Descriptive Al Image showing a split screen: On the left, a person mechanically
winding a winch to lift a heavy block (Mechanical Work). On the right, a battery
powering an electric motor winch to lift the exact same block (Electrical Work
converted to Mechanical Work).

1.3.3 Energy
Energy is defined as the capacity or ability of a body or system to do work. Work and energy are two sides of the

same coin; you cannot do work without expending energy, and doing work on a system transfers energy to that system.
Therefore, the unit of energy is the same as the unit of work: the Joule (J).

Mechanical Energy

Mechanical energy typically exists in two primary forms:

1. Kinetic Energy (KE): The energy possessed by a body by virtue of its motion.

KE = imvz (1.45)

Where m is the mass (kg) and v is the velocity (m/s).

2. Potential Energy (PE): The energy possessed by a body by virtue of its position, configuration, or state of
strain.

e Gravitational Potential Energy: PE = mgh, where h is the height above a reference point and g is the
acceleration due to gravity (9.81 m/s?).

o Elastic Potential Energy: PFE = %k::nQ, where k is the spring constant and z is the extension/compression.
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Electrical Energy

Electrical energy is the capacity of an electrical system to do work. As derived previously, the electrical energy (E or
W) consumed by a device over a time period ¢ is:

E=VxIxt (1.46)

Law of Conservation of Energy: Energy can neither be created nor destroyed; it can only be transformed from
one form to another. The total energy of an isolated system remains constant.
In electrical engineering, we constantly deal with energy transformations:

e Generator: Converts Mechanical Energy — Electrical Energy.

e« Motor: Converts Electrical Energy — Mechanical Energy.

o Battery (Discharging): Converts Chemical Energy — Electrical Energy.
o Light Bulb: Converts Electrical Energy — Light + Heat Energy.

o Heater: Converts Electrical Energy — Thermal (Heat) Energy.

Commercial Unit of Electrical Energy: While the Joule is the standard SI unit, it is unpractically small for
everyday electrical consumption. Therefore, the commercial unit of electrical energy is the Kilowatt-hour (kWh),
also known as a Board of Trade (BOT) unit. 1 kWh is the amount of electrical energy consumed by a 1-Kilowatt (1000
Watt) appliance operating continuously for 1 hour.

1 kWh = 1000 Watts x 3600 seconds = 3.6 x 10° Joules = 3.6 MJ (1.47)

Example 9: An electric kettle is rated at 230 V, 10 A. It takes 5 minutes to boil a certain amount of water.
Calculate (a) the electrical energy consumed in Joules, and (b) the energy consumed in kWh. Solution: V =230 V,
I =10 A, t = 5 mins = 300 seconds. (a) Energy in Joules: E = VIt = 230 x 10 x 300 = 690,000 J = 690 kJ.
(b) Energy in kWh: Power P = VI = 2300 W = 2.3 kW. Time in hours ¢ = 5/60 = 1/12 hours. Energy in kWh
=P xt=23x (1/12) ~ 0.1917 kWh. Alternatively: 690,000 J/(3.6 x 106 J/kWh) ~ 0.1917 kWh.

Mechanical
Energy (Joules)

Motor
)8
Electrical (M

Energy (Joules) Heat
¢ er (I2p )

Th
ermoco uplo Thermal
Energy (Joules)

1.3.4 Power

Power is defined as the rate at which work is done or the rate at which energy is transferred or transformed. It tells us
how quickly energy is being used.

Mechanical Power

Mechanical power is the rate of doing mechanical work.

aw
Prech = — 1.4
. (1.48)
Since work W = F' - d (assuming force is parallel to displacement):
F-d d
Ppoh = ——=F. (S)=F. 1.4
mech dt (dt) v ( 9)

Therefore, mechanical power is also the product of force and velocity.
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Unit of Mechanical Power: The SI unit of power is the Watt (W), named after the Scottish inventor James
Watt.
1 Watt = 1 Joule per second (1 W =1 J/s) (1.50)

In many mechanical engineering applications, specifically relating to motors and engines, the older unit Horsepower
(hp) is still widely used. The relationship between electrical watts and mechanical horsepower is crucial:

1 metric Horsepower (hp) = 735.5 Watts (1.51)

1 imperial (electrical) Horsepower (hp) = 746 Watts (1.52)
(Note: In general electrical engineering problems unless specified otherwise, 1 hp = 746 W is the standard conversion
factor).
Electrical Power

Electrical power is the rate at which electrical energy is supplied to a circuit or consumed by a load.

dE
Pelec — E (153)
We derived electrical energy as £ = V It. Therefore:
VIt
Pelec: T :VXI (154)
This is the most general formula for electrical power: Power is the product of Voltage and Current.
For resistive loads, substituting Ohm’s law (V = IR or I = V/R):
P=1I°R (1.55)
VQ
P=— 1.56
- (1.56)

Example 10 (Electromechanical System): A water pump is driven by a 5 hp electric motor. The motor is 85%
efficient. The pump lifts water to a height of 20 meters. If the pump operates for 2 hours, calculate: (a) The electrical
power drawn from the mains, (b) The electrical energy consumed in kWh, and (c) The mass of water lifted (assuming
the pump is 100% efficient). Solution: (a) Mechanical output power of the motor P,,; =5 hp =5 x 746 W = 3730 W.
Efficiency (n) = Output Power / Input Power. Input electrical power P, = % = 3130 ~ 4388 W = 4.388 kW. This is
the power drawn from the electrical mains.

(b) Electrical energy consumed = Pj,(in kW) x #(in hours) = 4.388 kW x 2 h = 8.776 kWh.

(c) Useful mechanical work done by the pump = Output Energy of motor. Output Energy Wy, = Poy X t =
3730 W x (2 x 3600 s) = 26,856,000 J. The mechanical work done in lifting water is equal to the gain in its potential
energy (mgh). Wou = mgh 26,856,000 = m x 9.81 x 20 m = 26836000 136 880 kg. Therefore, the pump lifts

196.2
approximately 136,880 liters of water (since 1 kg of water ~ 1 Liter).

Al IMAGE PLACEHOLDER
Descriptive Al Image illustrating the water pump example. An electric motor
connected to the grid on one side, driving a mechanical pump that is actively
lifting water up a tall vertical pipe into a reservoir, visually linking electrical input
power to mechanical output work.
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1.3.5 Heat Equivalent of Electrical Energy

When electrical current flows through a purely resistive element (like a nichrome heater wire), all the electrical energy
is converted into thermal energy (heat). This is known as Joule heating. The electrical energy converted to heat is
W = I?Rt Joules.

In older literature and thermodynamics, heat is often measured in calories (cal) or kilocalories (kcal). The mechanical
equivalent of heat (Jpech) relates Joules to calories:

1 calorie = 4.184 Joules (or broadly, 4.2 J) (1.57)
Therefore, the heat (H) produced in calories can be calculated as:

I2Rt
4.184

H (in calories) = (1.58)

This principle is fundamentally used in designing electric water heaters, kettles, irons, and industrial furnaces,
where predicting the exact temperature rise of a substance (using Q = mcAT) based on electrical input is necessary.

1.4 Circuit Analysis Basics

1.4.1 Circuit States: Open, Closed, and Short Circuits

An electrical circuit is an interconnection of electrical components (such as batteries, resistors, inductors, capacitors)
that forms a continuous path for electric current to flow. Depending on the continuity and resistance of this path, a
circuit can exist in three primary states: closed, open, or shorted.

Closed Circuit

A closed circuit is a complete, unbroken path that allows electric current to flow from the source, through the load (the
device consuming power, like a bulb or motor), and back to the source. When a switch is turned "ON," it bridges the
gap in the wires, establishing a closed circuit. In this state, the circuit operates exactly as designed, drawing a normal,
predictable amount of current determined by Ohm’s Law (I = V/R).

Open Circuit

An open circuit occurs when there is a break or interruption in the conductive path, preventing the flow of electric
current. This can happen intentionally, such as when a switch is turned "OFF," or accidentally, such as a blown fuse, a
broken wire, or a loose connection. Key Characteristics of an Open Circuit:

« Infinite Resistance (R = 00): The gap in the circuit acts as an insulator with theoretically infinite resistance.
o Zero Current (I = 0): Because the resistance is infinite, no current can flow (I = V/oo = 0).

o Full Source Voltage Across the Break: If you measure the voltage across the open terminals (the break),
you will read the full electromotive force (EMF) of the power source. This is because there is no current, hence
no voltage drop across any other internal or external resistors in the circuit (Vgop =0 x R = 0).

Short Circuit

A short circuit is a highly undesirable and potentially dangerous state that occurs when a low-resistance path (effectively
R =~ 0) is accidentally formed, bypassing the intended load of the circuit. This often happens if the insulation on wires
melts or frays, allowing the positive and negative conductors to touch each other directly.

Key Characteristics of a Short Circuit:

o Zero (or Near-Zero) Resistance (R ~ 0): The load is bypassed.

o Massive Current (I — 00): According to Ohm’s Law, I = V/R. If R approaches zero, the current I shoots up
to an extremely high value, limited only by the small internal resistance of the battery and the wires.

o Zero Voltage Across the Short: The voltage across the shorted terminals is essentially zero (V =1 x 0 =0).

« Hazards: The massive current causes intense Joule heating (P = I?R) in the wires, which can melt insulation,
cause fires, damage the power supply, or cause a battery to explode. Fuses and circuit breakers are designed
specifically to detect short circuits and automatically open the circuit to prevent catastrophe.
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1.4.2 Network Terminology: Nodes, Branches, Loops, and Meshes

To systematically analyze complex electrical networks using formal laws, we must first define the topological terminology
of circuits.

1. Node: A node is any point in a circuit where two or more circuit elements (components) connect together. In
schematic diagrams, a continuous wire with no components on it represents a single, unbroken node, regardless of
how it is drawn or bent.

2. Principal Node (or Junction): A principal node is a specific type of node where three or more circuit
elements connect. This is a point where current can divide or combine. (In some textbooks, "node" implies
principal node, but it’s safer to distinguish them).

3. Branch: A branch is a single path in a network, containing one or more elements, which connects two nodes.
More rigorously, a principal branch connects two principal nodes and contains the same current throughout its
length.

4. Loop: A loop is any closed path in a circuit. Starting at any node, if you can trace a path through elements and
return to the starting node without passing through any node more than once, you have traced a loop.

5. Mesh: A mesh is a specific, restricted type of loop. A mesh is a loop that does not contain any other loops
inside it. Visually, meshes are the open "windows" of a planar circuit diagram. All meshes are loops, but not all
loops are meshes.

| R1 Node }B%Principal)
Node C (Simple)o— | ® | |

Vi1 |::| Mesh 1 :|R2 Mesh 2

—
=
w

In the diagram above: - Node A is a principal node because R1, R2, and R4 connect there. - Node C is a simple
node because only V1 and R1 connect there. - The path containing V1 and R1 is a Branch connecting Node B to
Node A. - Mesh 1 is the left inner loop. Mesh 2 is the right inner loop. - The large outer perimeter is a Loop, but it
is not a mesh because it contains Meshes 1 and 2 inside it.

1.4.3 Introduction to Kirchhoff’s Laws

While Ohm'’s law (V' = IR) is sufficient for analyzing simple series and parallel circuits, it falls short when dealing with
complex, multi-loop networks containing multiple voltage sources or interconnected branches (like bridge circuits). To
analyze such networks, in 1845, the German physicist Gustav Kirchhoff formulated two laws based on the fundamental
principles of conservation of charge and conservation of energy. These are known as Kirchhoff’s Current Law (KCL)
and Kirchhoff’s Voltage Law (KVL).
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1.4.4 Kirchhoff’s Current Law (KCL) - The Node Law

Statement: Kirchhoff’s Current Law states that the algebraic sum of all electric currents meeting at a node (or
junction) in a circuit is identically zero. Alternatively, it can be stated as: The total current entering a node is exactly
equal to the total current leaving the node.

Mathematical Representation:

N
> I,=0 (1.59)
n=1

Where N is the total number of branches connected to the node, and I, is the current in the n-th branch.
Sign Convention: To apply KCL, we must assign a sign to the direction of current flow. The standard convention
is:

o Currents entering a node are taken as positive (+).
o Currents leaving a node are taken as negative (—).

(Note: You can reverse this convention—entering negative, leaving positive—and the math will still work perfectly, as
long as you are consistent at that node).

Physical Basis: Conservation of Charge KCL is a direct consequence of the Law of Conservation of Charge. A
node is simply a junction of wires; it has no capacity to store or accumulate electric charge. Therefore, any charge that
flows into the node must immediately flow out of it. Charge cannot be created or destroyed at the junction.

I =5A
I3 =2A

Iy =7
ode !

I = 3A
Is = 1A

Example using KCL: In the diagram above, find the unknown current 1. Solution: Applying the sign convention
(entering = positive, leaving = negative): +I; +Ip —Is — 4, —Is =054+3-2—-1;,—-1=08-3—-1;, =0
5—14 =0 = I, =5 A. The positive result indicates that our assumed direction for I, (leaving) was correct.
Alternatively, Sum of entering = Sum of leaving: I1+1y = I3+ I4+15 — 5+3=2+14+1 — 8=3+1y — I, =5 A.

1.4.5 Kirchhoff’s Voltage Law (KVL) - The Loop Law

Statement: Kirchhoff’s Voltage Law states that the algebraic sum of all potential differences (voltages) around any
closed loop or mesh in a network is zero. Alternatively, the sum of all voltage rises equals the sum of all voltage drops
around a closed loop.

Mathematical Representation:

M
> V=0 (1.60)
m=1

Where M is the number of elements in the loop, and V,, is the voltage across the m-th element.
Sign Convention for KVL: To correctly sum the voltages, you must define a traversal direction around the loop
(usually clockwise) and stick strictly to a sign convention. We will use the following standard convention:

1. For Voltage Sources (Batteries): Look at the terminals you pass through as you trace the loop.

o If you go from the negative (—) terminal to the positive (+) terminal, it is a Voltage Rise. We assign it a
Positive (+) sign. (You are gaining potential).

o If you go from the positive (4) terminal to the negative (—) terminal, it is a Voltage Drop. We assign it a
Negative (—) sign. (You are losing potential).

2. For Resistors: The voltage across a resistor is V' = I R. The sign depends on your traversal direction relative to
the assumed current direction.

o Current always flows from higher potential to lower potential in a resistor.
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e If your loop traversal direction is the same as the assumed current direction, you are going from high to low
potential. This is a Voltage Drop. We assign it a Negative (—) sign: —IR.

e If your loop traversal direction is opposite to the assumed current direction, you are going from low to high
potential. This is a Voltage Rise. We assign it a Positive (+) sign: +IR.

Physical Basis: Conservation of Energy KVL is a manifestation of the Law of Conservation of Energy. The
electric potential at a specific point in a circuit is a unique, fixed value. If a charge starts at one point and travels
around a closed loop, gaining energy from sources and losing energy to resistors, it must return to its starting point
with exactly the same total energy it started with. Therefore, the net work done on the charge over a closed loop must
be zero.

Ry

+ Vr1 —

Loop\Direction

Applying KVL to the loop above: Let’s assume a clockwise current I and traverse the loop clockwise starting
from the bottom left corner. 1. Moving up through V;: We go from — to 4. This is a rise. = 4+V; 2. Moving right
through R;: We travel in the same direction as current I. This is a drop. = —1I - R; 3. Moving down through Ro: We
travel in the same direction as current I. This is a drop. = —I - Ry 4. Moving left through Va: We go from + to —.
This is a drop. = —Va2 5. We are back at the start. Set the sum to zero.

The KVL equation is:

+Vi—IR, — IRy — V5 =0 (1.61)

Al IMAGE PLACEHOLDER
Descriptive AI Image illustrating the topographical/mountain analogy of KVL. An
explorer hiking over a mountain range; starting at base camp (0V), climbing up a
cliff (+V battery), walking down a gentle slope (-IR resistor), down another slope,
and arriving back exactly at base camp elevation.

1.4.6 Circuit Analysis using Kirchhoff’s Laws (Mesh Analysis)

To solve complex circuits (finding all unknown currents and voltages), we systematically apply KVL and KCL. The
most common method based on KVL is Mesh Analysis.

Steps for Mesh Analysis: 1. Identify all independent meshes (the "windows"). 2. Assign a mesh current to each
mesh, usually in a clockwise direction (e.g., I, I3). 3. Apply KVL to each mesh. When a resistor is shared between
two meshes, the current through it is the algebraic sum of the two mesh currents (e.g., I — I if traversing mesh 1). 4.
Solve the resulting system of simultaneous linear equations to find the mesh currents.

Detailed Numerical Example

Find the currents I; and I in the circuit below.
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Step 1 2: We have identified Mesh 1 and Mesh 2 and assigned clockwise mesh currents I; and Is.

Step 3: Apply KVL to Mesh 1 Start at the bottom-left corner and go clockwise. 1. Up through V;: —
to + = 410 2. Right through R;: traversal is with I1 = —2(/;) 3. Down through Rs3: The total current flowing
downwards through Rj is (I3 downwards from mesh 1, and I upwards from mesh 2). Net downward current is (I; — I2).
Since we traverse downwards, it’s a drop: = —4([; — I3) Set the sum to zero:

10— 21 —4(I — ) =0 (1.62)
10 — 211 — ALy + 41, = 0 (1.63)
—61; + 41, = —10 (1.64)

3I; — 2I=5 — (Equation 1) (1.65)

Step 4: Apply KVL to Mesh 2 Start at the bottom of Rs and go clockwise. 1. Up through R3: Now we are in
Mesh 2. The net upward current is (Io — I1). Traversal is with this assumed net current, so it’s a drop: = —4(Iy — I;)
2. Right through Ra: traversal is with Iy = —1(I2) 3. Down through V5: going from — to + = +5 Set the sum to zero:

A~ L)~ 1 +5=0 (1.66)
—4ly +4I — I, = =5 (1.67)
41y — 5I,= -5 — (Equation 2) (1.68)

Step 5: Solve Simultaneous Equations Eq 1: 3[4 -2, =5 — Iy = 3117_5 = 1.511 — 2.5 Substitute into Eq 2:
41 — 5(1.511 — 2.5) = =5 4, — 7.5 + 12.5 = =5 —3.5[; = =5 —12.5 —3.5[1 = —17.5
17.5
LH=——=5A 1.69
1= 35 (1.69)
Now find Ip: I = 1.5(5) —25=75—-25=5A
Conclusion: The current I; in the left loop is 5 A clockwise. The current I3 in the right loop is 5 A clockwise. The
current through the middle resistor R3 is (I1 — I2) = (5 —5) = 0 A. (This is effectively a balanced bridge condition).

1.5 Network Analysis Methods

1.5.1 Introduction to Systematic Analysis

While directly applying Kirchhoff’s Voltage Law (KVL) and Kirchhoff’s Current Law (KCL) to every loop and node in a
complex circuit will eventually yield the correct answer, the process often results in an unwieldy number of simultaneous
equations. For a network with b branches and n nodes, the direct method requires solving b simultaneous equations
(n — 1 from KCL and b —n + 1 from KVL).

To streamline this process and drastically reduce the number of equations, electrical engineers use two powerful,
systematic methods: Mesh Analysis and Nodal Analysis.

e Mesh Analysis uses KVL to solve for unknown mesh currents. The number of equations is reduced to the
number of independent meshes (b —n + 1).

e« Nodal Analysis uses KCL to solve for unknown node voltages. The number of equations is reduced to the
number of non-reference principal nodes (n — 1).

1.5.2 Mesh Analysis

Mesh analysis is a technique used to find the currents circulating around the closed loops (meshes) of a planar circuit.
A planar circuit is one that can be drawn on a flat surface with no crossing branches. The beauty of mesh analysis is
that by defining "mesh currents" that circulate in complete loops, KCL is automatically satisfied at every node (because
whatever current flows into a node via a mesh current immediately flows out via the same mesh current). Therefore,
we only need to apply KVL.
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Procedure for Mesh Analysis
1. Identify Meshes: Identify all M independent meshes in the network.

2. Assign Mesh Currents: Assign a mesh current variable (e.g., I1,Ia,...,I5) to each mesh. By convention,
assign all mesh currents in the clockwise direction.

3. Apply KVL to each Mesh: Traverse each mesh in the direction of its assigned mesh current, writing the KVL
equation (> V =0).

e For a resistor R located only in Mesh x, the voltage drop is I, x R.

e For a resistor R shared between Mesh x and an adjacent Mesh y, the net current flowing in the direction of
traversal for Mesh « is (I, — I,)). Thus, the voltage drop is (I, — I))R.

4. Solve Equations: You will have M simultaneous linear equations with M unknown mesh currents. Solve them
using substitution, elimination, or matrix methods (Cramer’s Rule).

5. Find Branch Currents: Once mesh currents are known, any branch current can be found. If a branch is on
the outer edge, its current is just the mesh current. If it’s shared, its current is the algebraic sum of the adjacent
mesh currents.

Example 1: Standard Mesh Analysis

Find the currents flowing through all resistors in the circuit below using Mesh Analysis.

642 4Q
% %
+ JR — 4 —
42V I 39 % I 10V
-1 —_ +

Solution: We have two meshes. We assign clockwise currents I; and I>. Apply KVL to Mesh 1: Start at the
bottom-left, move clockwise: +42 — 61y — 3([1 — Is) =042 — 61; — 311 + 31, = 0 —91; + 31, = —42 Divide by —3:

3]1 - _[2 =14 — (Eq 1) (170)

Apply KVL to Mesh 2: Start at the bottom-middle, move clockwise: —3(Io —I7) — 41— 10 = 0 (Note: traversing
the 10V source from + to — is a drop, so —10) —3Iy + 31 — 41 = 10

3 — 7, =10 — (Eq2) (1.71)

Solve: Subtract Eq 2 from Eq 1: (31 —I3) — (311 —7l2) =14 —-106I, =4 — I, =4/6 = 0.667 A

Substitute I3 into Eq 1: 3[1 — 0.667 = 14 3I; = 14.667 — [} = 14.667/3 = 4.889 A

Branch Currents: Current through 62 resistor = I; = 4.889 A (Left to Right) Current through 42 resistor =
I, = 0.667 A (Left to Right) Current through 3 resistor (downwards) = I} — Io = 4.889 — 0.667 = 4.222 A

Mesh Analysis with Current Sources: The Supermesh

If a network contains a current source, mesh analysis requires a slight modification.

o Case A (Current source on outer branch): If the current source is located on a branch that belongs to only
one mesh, that mesh current is immediately known! You don’t need a KVL equation for that mesh; it’s a known
constant.

o Case B (Current source shared by two meshes): If the current source is on a branch shared by two meshes,
we create a Supermesh. A supermesh is formed by temporarily removing the branch containing the current
source (and any resistor in series with it) and writing a single KVL equation around the enlarged loop that
encompasses both original meshes. We then write a KCL-like constraint equation relating the two mesh currents
to the current source value.
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Example 2: Supermesh Find I; and I5 in the circuit below.

202 40
2% 2%

+ J
20V I A I % 109

Solution: The 6A current source is shared between Mesh 1 and Mesh 2. We form a Supermesh by ignoring the
middle branch for the KVL equation. Supermesh KVL (outer loop): +20—2I; — 45 — 10/2 = 0 Note: even though
we trace the outer loop, the current through the 22 resistor is still mathematically I;, and through the 4 and 101 is
Ir. 20—-211 — 141, =0

201 + 141, =20 = L1+ 7, =10 — (Eq 1) (1.72)

Constraint Equation: Look at the middle branch. The mesh current I flows upwards through it, while I; flows
downwards. The actual current source is 6A flowing upwards. Therefore, the net upward current must equal 6A:

Ih—1I1=6 = I1=1,—6 7(Eq2) (173)

Solve: Substitute Eq 2 into Eq 1: (I —6)+7[e =108l —6=10 — 8, =16 — I3 =2A 1 =2-6 —
I = —4 A (The negative sign means I; actually flows counter-clockwise).

1.5.3 Nodal Analysis (Node-Voltage Method)

Nodal analysis is based on KCL. Instead of finding loop currents, we solve for the voltages at the principal nodes of the
circuit with respect to a designated reference node. Once the node voltages are known, any branch current can be
calculated using Ohm’s Law.

Procedure for Nodal Analysis

1. Identify Principal Nodes: Find all nodes where three or more branches connect. Let there be n such nodes.

2. Select Reference Node (Ground): Choose one principal node (usually the bottom one with the most
connections) as the reference node and assign it a voltage of 0V. You now have (n — 1) non-reference nodes.

3. Assign Node Voltages: Assign voltage variables (e.g., V1, V2) to the (n — 1) non-reference nodes. These voltages
are relative to the ground node.

4. Apply KCL to each Non-Reference Node: At each node, assume that all unknown branch currents are
leaving the node. (This makes the algebra easier: sum of leaving currents = 0).

« Express the leaving current through a resistor R connected between Node A and Node B as: ljcqving 4 =
Va—Vi
AR B X
Va—0 _ Va

o If the other side of R is ground, the current leaving A is [ = “4— = 4

5. Solve Equations: Solve the resulting (n — 1) simultaneous linear equations for the unknown node voltages.

Example 3: Standard Nodal Analysis

Find the node voltages Vi and V5 in the circuit below.

Node V120 10ONode V5
% %

(D 0 o

Ref Node (0V
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Note on diagram: Node V7 is the entire top-left junction between the 3A source, 22 and 4€) resistors. Node V5 is the
entire top-right junction. Let’s redraw mentally so the 22 is between Vi and V. Wait, looking at the drawing, the top
wire connects the 3A source to the 4€) resistor, and the 2 resistor is in series? No, let’s assume standard topology:
V1 is at the top of the middle branch (452), the 3A source feeds into Vi through a 2(2 resistor? No, let’s clarify the
standard layout. Let’s assume: Node 1 (V1) is on the left, connected to the 3A source, a 2€) resistor to ground, and a
4() resistor connecting to Node 2. Let me re-write the equations for a clearer standard circuit.

Let’s use a slightly different topology for the example to be crystal clear. Node 1 (V;): Connected to 3A source
(entering), 22 resistor to ground, and a 1€ resistor connecting to Node 2. Node 2 (V3): Connected to the other side of
1) resistor, a 4€ resistor to ground, and a 2A source (leaving).

Applying KCL at Node 1 (V7): Assume all unknown resistive currents leave the node. Current leaving through
2€) to ground = @ Current leaving through 1€ to Node 2 = @ Current from 3A source is ENTERING, so it is
—3 (as a leaving current). Sum of leaving currents = 0:

i Vi—VW,
PR
Multiply by 2 to clear fractions: V; +2(V3 — Vo) =6 = Vi +2V; — 2V =6

~3=0 (1.74)

3Vi—2Vy=6 — (Eq1) (1.75)

Applying KCL at Node 2 (12): Current leaving through 49 to ground = % Current leaving through 19 back
to Node 1 = @ Current from 2A source is LEAVING, so it is +2. Sum of leaving currents = 0:

Vo Va- Vi
4+ 1

Multiply by 4 to clear fractions: Vo +4(Vo — V1) +8 =0 Vo +4Vs — 4V) = -8

+2=0 (1.76)

—4V;1 +5Vy=—8 — (Eq2) (1.77)

Solve: From Eq 1: Vi = S22 = 2.40.667V4 Substitute into Eq 2: —4(2+0.667V5) +5V5 = —8 —8—2.667Va+5V5 =
—82333V,=0 = Vy=0VIfV,=0,then3V; —0=6 = V;=2V.

Nodal Analysis with Voltage Sources: The Supernode
If a network contains a voltage source, Nodal Analysis requires modification.

o Case A (Voltage source between a non-reference node and ground): This is the easiest scenario. The
node voltage is immediately known! It is simply the value of the voltage source. You don’t write a KCL equation
for this node.

o Case B (Voltage source between two non-reference nodes): We form a Supernode. A supernode is
formed by enclosing the voltage source and its two connecting nodes inside a "bubble." We write one massive
KCL equation for all currents leaving the bubble. Then, we write a constraint equation relating the two node
voltages inside the bubble to the voltage source.

Example 4: Supernode Consider a circuit with: - Node 1 (V}) connected to a 4A source (entering) and a 252
resistor to ground. - Node 2 (V%) connected to a 4f) resistor to ground. - A 12V voltage source connected directly
between Node 1 and Node 2 (positive terminal at Node 1).

Solution: Because the 12V source is between Vi and Vs, we form a Supernode encompassing both nodes.

Supernode KCL: Sum all currents leaving the Supernode bubble. Current leaving V; to ground: V;/2 Current
entering V; from source: —4 (so —4 leaving) Current leaving V5 to ground: V5/4

Vi Va
— —44 — = 1.78
5 —4t =0 (1.78)
Multiply by 4:
2V + Vo =16 — (Eq 1) (1.79)

Constraint Equation: Inside the supernode, the voltage source defines the potential difference between the nodes.
Since the positive terminal is at V7: Vi — Vo = 12

Vi=Ve+12 — (Eq2) (1.80)

Solve: Substitute Eq 2 into Eq 1: 2(Va+12)+ V5 =16 2V +244+V5 =163V, =16—-24 = -8 = V3 =—-2.667 V
Vi = —-2.667+12=9.333 V.
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1.5.4 Comparison: Mesh vs Nodal Analysis

Both methods are universally applicable and will yield the same final results (currents and voltages) for any linear
circuit. The choice of which method to use depends entirely on the topology of the circuit to minimize the mathematical
effort.

e Use Mesh Analysis when:

— The circuit has many more nodes than meshes (n —1>b—n +1).
— The circuit contains primarily Voltage Sources.

— You specifically need to find branch currents.
e Use Nodal Analysis when:

— The circuit has many more meshes than non-reference nodes (b—n+1>n —1).
— The circuit contains primarily Current Sources.
— You specifically need to find node voltages or power dissipation in components.

— The circuit is non-planar (Mesh analysis cannot be applied to 3D non-planar circuits without complex
topological adjustments, whereas Nodal analysis works flawlessly).

Al IMAGE PLACEHOLDER
Descriptive Al Image showing a flowchart or decision tree helping an engineer
decide whether to use Mesh Analysis or Nodal analysis based on the number of
nodes, meshes, and types of sources in a given circuit schematic.

1.6 Circuit Classifications

1.6.1 Introduction to Circuit Classification

Electrical networks can range from a simple flashlight circuit to the mind-bogglingly complex integrated circuits inside a
microprocessor. To systematically study, analyze, and predict the behavior of any electrical network, engineers classify
them based on the fundamental properties of the components they contain.

Classifying a circuit is not merely an academic exercise; it dictates entirely which mathematical tools and theorems
can be safely applied to solve it. For example, powerful techniques like the Superposition Theorem or Laplace Transforms
can only be applied to a specific class of circuits. Applying them to the wrong type of circuit will yield fundamentally
incorrect results.

The two most critical classifications in basic electrical engineering are: 1. Linear vs. Nonlinear Networks 2. Active
vs. Passive Networks

1.6.2 Linear and Nonlinear Circuits

The distinction between linear and nonlinear circuits is based on how the circuit’s parameters (Resistance R, Inductance
L, Capacitance C') behave when subjected to changing voltages or currents.

Linear Elements and Linear Circuits

A Linear Element is an electrical component whose parameters (resistance, inductance, capacitance) remain strictly
constant, regardless of the magnitude, direction, or rate of change of the voltage applied across it or the current flowing
through it. Because the parameter is constant, the relationship between the excitation (input, e.g., voltage) and the
response (output, e.g., current) is strictly linear.

For an element to be mathematically linear, its Voltage-Current (V-I) characteristic curve must satisfy two strict
conditions:
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1. It must be a straight line.
2. It must pass exactly through the origin (0,0).
Furthermore, a linear system must satisfy two fundamental mathematical properties:

o Homogeneity (Scaling Principle): If an input z(¢) produces a response y(t), then an input k - 2(t) must
produce a response k- y(t), where k is any constant scalar. (If you double the voltage, the current exactly doubles).

o Additivity (Superposition Principle): If input x;(t) produces response y;(t), and input z2(t) produces
response y2(t), then the simultaneous input z1(t) + x2(t) must produce the combined response y1(t) + y2(t).

Examples of Linear Elements:

o Ideal Resistors: Ohm’s law (V' = IR) is the epitome of a linear relationship. The graph of V' vs [ is a straight
line with a constant slope equal to R.

do(t)
dt

o Ideal Capacitors: The relationship i(t) = C is a linear differential equation.

di(t)
dt

o Ideal Inductors: The relationship v(t) = L is a linear differential equation.

A Linear Circuit or Linear Network is defined as a circuit that contains only linear elements (and independent /de-
pendent power sources). The entire circuit’s behavior can be described by a set of linear algebraic or linear differential
equations.

Nonlinear Elements and Nonlinear Circuits

A Nonlinear Element is a component whose electrical parameters change depending on the applied voltage, current,
or time. Consequently, the relationship between voltage and current is not a straight line, or it does not pass through
the origin.
In nonlinear elements, Ohm’s law is invalid because the resistance is not a constant; it is a function of voltage or
current (R = f(V) or R = f(I)). The principles of homogeneity and superposition do absolutely not apply.
Examples of Nonlinear Elements:

o Semiconductor Diodes: A diode allows current to flow easily in one direction (forward bias) but blocks it in
the other (reverse bias). Its V-I curve is exponential, not linear.

o Transistors (BJT, MOSFET): The current through a transistor has a highly complex, nonlinear dependency
on multiple terminal voltages.

e Incandescent Light Bulb: As voltage increases, current increases, which heats the tungsten filament. The
rising temperature significantly increases the filament’s resistance. Therefore, doubling the voltage does not
exactly double the current.

e Iron Core Inductors: Due to the magnetic saturation and hysteresis of the iron core, the inductance L changes
depending on the magnitude of the current, making it a nonlinear element.

A Nonlinear Circuit is defined as a circuit that contains at least one nonlinear element. The presence of even a
single diode in a vast network of resistors makes the entire mathematical model of the circuit nonlinear.

I I I
2L |- - -
Il 77777 | 3
\/"1 2\‘/1 v 4 4
Linear Element Nonlinear Element Nonlinear Element
(e.g., Ideal Resistor) (e.g., Semiconductor Diode) (e.g., Incandescent Bulb)

Straight line through origin Exponential curve Curve, varying slope
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1.6.3 Active and Passive Networks

This classification is fundamentally based on the capability of a component or a network to supply energy to the rest of
the circuit or provide signal amplification.

Active Elements and Active Networks

An Active Element is a device that is capable of delivering electrical energy to the circuit continuously (for an
extended period), or it is capable of providing power gain (amplification) to an electrical signal. Active elements are
the "engines" of electrical circuits; they inject power into the system.

Examples of Active Elements:

e Independent Voltage and Current Sources: Batteries, DC generators, Alternators, Solar cells. They convert
chemical, mechanical, or solar energy into electrical energy and deliver it to the circuit.

o Dependent (Controlled) Sources: Their output voltage or current is controlled by a voltage or current
elsewhere in the circuit. They represent the active behavior of amplifying devices.

o Transistors (BJT, FET) and Operational Amplifiers: While they don’t "create" energy (they rely on a
DC power supply), they can take a weak input signal and deliver a much stronger output signal to a load, thus
providing power gain. In network analysis, they are modeled using dependent sources, classifying them as active
elements.

An Active Network is a circuit that contains at least one active element. Because it contains a source of energy,
an active network can generate currents and voltages on its own, even if no external excitation is applied.

Passive Elements and Passive Networks

A Passive Element is an electrical component that cannot generate or deliver net electrical energy to a circuit
indefinitely, nor can it amplify an electrical signal (it cannot provide power gain greater than 1). Passive elements can
only perform three functions regarding electrical energy: 1. Dissipate it as heat (Resistors). 2. Store it in an electric
field (Capacitors). 3. Store it in a magnetic field (Inductors).

While capacitors and inductors can release their stored energy back into the circuit, they can only return exactly
what they previously absorbed. They cannot deliver a continuous net output of energy over time, hence they are
strictly passive.

Examples of Passive Elements:

» Resistors (R)
o Capacitors (C)
o Inductors (L)

o Transformers (Though they step up voltage, they step down current proportionately, resulting in zero power gain,
making them passive).

A Passive Network is a circuit that contains only passive elements. A passive network has no internal source of
EMEF. If you connect a voltmeter across any two nodes of an isolated passive network, it will always read exactly zero
volts. It requires an external active element to drive current through it.

Al IMAGE PLACEHOLDER
Descriptive Al Image visually contrasting active and passive components. On the
left (Active), a glowing battery, a solar panel, and a transistor. On the right
(Passive), a resistor dissipating heat, a capacitor holding static charges, and an
inductor with magnetic field lines.
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Quadrant Analysis for Active vs. Passive Classification

A rigorous mathematical way to determine if an arbitrary two-terminal element is active or passive is by examining its
V-I characteristic curve on a Cartesian coordinate system, specifically looking at which quadrants the curve occupies.
By convention, power P =V x I.

o If P > 0 (positive), the element is absorbing or dissipating power from the rest of the circuit.
o If P <0 (negative), the element is delivering or supplying power to the rest of the circuit.
Let’s look at the four quadrants of the V-I plane:

o 1st Quadrant (+V,+1): Power P = (+)(+) = +P. Element absorbs energy.

e 3rd Quadrant (—V,—I): Power P = (—)(—) = +P. Element absorbs energy.

e 2nd Quadrant (—V,+I): Power P = (—)(4) = —P. Element delivers energy.

e 4th Quadrant (+V,—I): Power P = (+)(—) = —P. Element delivers energy.
Conclusion from Quadrant Analysis:

o If the V-I characteristic curve of an element lies strictly in the 1st and 3rd quadrants, the element always absorbs
energy. Therefore, it is a Passive Element (e.g., a resistor).

e If any portion of the V-I characteristic curve lies in the 2nd or 4th quadrants, there are operating conditions
under which the element supplies net power to the circuit. Therefore, it is an Active Element (e.g., a battery

discharging).
I
Q2: P <0 Ql: P >0
(Delivers) (Absorbs)
assive (Resistor)
Active (Battery)
14
Q3: P>0 Q4: P <0
(Absorbs) (Delivers)

1.6.4 Unilateral and Bilateral Networks (Bonus Classification)

While Linear/Nonlinear and Active/Passive are the primary classifications, components are also frequently classified
based on directionality.

« Bilateral Element: A component whose electrical properties and V-I characteristics are exactly the same
regardless of the direction of current flow. If you reverse the polarity of the applied voltage, the current reverses
direction but its magnitude remains identical. Examples: Resistors, Inductors, non-polarized Capacitors. If you
take a resistor out of a circuit, flip it 180 degrees, and put it back, the circuit behaves exactly the same.

e Unilateral Element: A component whose electrical properties depend heavily on the direction of current
flow. The V-I characteristic in the 1st quadrant is totally different from the 3rd quadrant. Examples: Diodes,
Transistors, Electrolytic (polarized) capacitors. If you flip a diode in a circuit, it changes from a near-perfect
conductor to a near-perfect insulator, drastically altering the circuit’s behavior.

An electrical network consisting entirely of bilateral elements is called a Bilateral Network.
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1.7 Network Theorems

1.7.1 Introduction

While Kirchhoff’s Laws and general Mesh/Nodal analysis are powerful enough to solve any linear circuit, they often
result in cumbersome and mathematically intense calculations, especially for large networks. Furthermore, if we are
only interested in the behavior of a single specific component (like a variable load resistor) connected to a massive
network, recalculating the entire mesh system every time the load changes is incredibly inefficient.

To overcome these challenges, engineers developed several fundamental Network Theorems. These theorems allow
us to: 1. Break down complex networks into simpler, manageable sub-problems (Superposition). 2. Replace entire
massive networks with incredibly simple equivalent circuits (Thevenin and Norton). 3. Determine optimal operating
conditions for specific goals (Maximum Power Transfer).

Crucial Prerequisite: The theorems discussed in this section (except where noted) apply only to Linear,
Bilateral Networks. They cannot be used if the circuit contains non-linear elements like diodes or transistors
operating in non-linear regions.

1.7.2 Superposition Theorem

The Superposition Theorem is a direct consequence of the additivity property of linear systems. It is immensely useful
when a circuit contains multiple independent power sources.

Statement: In any linear, bilateral network containing two or more independent sources (voltage or current), the
current flowing through (or voltage across) any element is the algebraic sum of the currents (or voltages) produced by
each independent source acting alone, with all other independent sources deactivated.

How to "Deactivate" (Kill) a Source: To find the contribution of just one source, the others must be turned
off, leaving only their internal resistance in the circuit.

» Ideal Voltage Sources: Deactivated by replacing them with a Short Circuit (V' = 0).
o Ideal Current Sources: Deactivated by replacing them with an Open Circuit (I = 0).

Important Limitation: The Superposition Theorem applies only to voltage and current. It does not apply
to Power. This is because power is a non-linear quantity (P = IR or P = V2/R). The total power dissipated in a
resistor is not the sum of the powers dissipated by each source acting alone.

Example: Superposition Theorem

Find the current I flowing down through the 42 resistor using Superposition.

2Q 62
AN AN

112 40
o ! Y

Step 1: Consider only the 12V source. Deactivate the 6V source by short-circuiting it. Let the current through
the 49 resistor be I’. The circuit now has the 12V source feeding the 2Q resistor, which is in series with the parallel

combination of the 4Q2 and 6 resistors (since the 6V source is shorted to ground, the 6£2 resistor connects from the

middle node to ground, exactly like the 4€2). Equivalent resistance of parallel pair: R, = % = % = 2.4Q). Total circuit

resistance Req1 = 2 + 2.4 = 4.40). Total current from 12V source: Ijpiai1 = ﬁ = 2.727A. Using the current divider rule

to find I’ (current down through 4Q): I' = Ijpq11 X % = 2.727 x ﬁ = 2.727 x 0.6 = 1.636A (downwards).

Step 2: Consider only the 6V source. Deactivate the 12V source by short-circuiting it. Let the current
through the 4 resistor be I”. Now, the 6V source feeds the 6§ resistor, which is in series with the parallel combination
of 402 and 2() resistors. Equivalent resistance of parallel pair: R, = % = % = 1.333€2. Total circuit resistance
Regp = 6 4 1.333 = 7.333Q). Total current from 6V source: Iiyq12 = % = 0.818A. Using the current divider rule to
find I” (current down through 4Q): I" = Liyqo X ﬁ =0.818 x % = 0.818 x 0.333 = 0.273A(downwards).

Step 3: Algebraic Sum. Total current I = I’+ 1" (since both flow downwards, we add them). I = 1.636+0.273 =

1.909A (downwards).
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1.7.3 Thevenin’s Theorem

Named after French telegraph engineer Léon Charles Thévenin, this is perhaps the most widely used theorem in
electronics. It allows us to vastly simplify the analysis of power delivery to a specific load.

Statement: Any two-terminal, linear, bilateral DC network containing independent and/or dependent voltage and
current sources can be replaced by an equivalent circuit consisting of a single voltage source (V;;) in series with a single
resistor (Ryp).

Ry,
—N\WW\——0 A

Complex Linear Theveni 4+ L
—? Vi
Active Network th _

Definitions and Procedure:

1. Identify the Load: Identify the specific load resistor (Rz) connected across terminals A and B that you are
analyzing. Remove it from the circuit entirely. You now have an open circuit across A-B.

2. Find V};, (Thevenin Voltage): Calculate the open-circuit voltage across the terminals A and B. This is V.
You can use any method (Mesh, Nodal, KVL, etc.) to find this. Vi, = Vap(open)

3. Find Ry, (Thevenin Resistance): Calculate the equivalent resistance of the network looking back into the
open terminals A and B, with all independent sources deactivated (Voltage sources shorted, Current sources

Opened). Rth = RAB(sources dead)

4. Draw Equivalent Circuit: Draw the new circuit with V}, in series with Ry}, and reconnect the load resistor
R; across terminals A and B.

5. Solve for Load Current: The current through the load is easily calculated using Ohm’s law:

Vin

P L— 1.81
Ry, + Rp, ( )

Iy,

Example: Thevenin’s Theorem

Find the current through the 102 resistor using Thevenin’s theorem.

40

AN 2 A
B 120 T Ry =100
B

24V T

Step 1: Remove R;. Disconnect the 102 resistor to leave terminals A and B open.
Step 2: Find Vy,. With A-B open, no current flows past the 122 resistor towards terminal A. The entire
circuit is just a single series loop consisting of the 24V source, the 4€) resistor, and the 12() resistor. Current in

this loop I = % = % = 1.5A. The open circuit voltage Vap is exactly the voltage across the 122 resistor.

Vin = Viog = I x 12 = 1.5 x 12 = 18V. (Alternatively, use Voltage Divider Rule: V;, = 24 x % = 18V).
Step 3: Find Ry,. Deactivate the 24V source by replacing it with a short circuit. Now, look back into
terminals A and B. You will see the 42 resistor and the 122 resistor connected in parallel relative to nodes A and B.

Ry = 4x12 _ 48 _ 30
th = 4112 = 16 :
Step 4: Thevenin Equivalent Circuit Load Current. The equivalent circuit is an 18V source in series with a

3Q2 resistor, connected to the 10€) load. I}, = Rt;Yj:LRL = % = }—g ~ 1.385A.
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1.7.4 Norton’s Theorem

Formulated independently by E.L. Norton and Hans Ferdinand Mayer, this theorem is the exact dual of Thevenin’s
theorem.

Statement: Any two-terminal, linear, bilateral DC network can be replaced by an equivalent circuit consisting of a
single current source (Iy) in parallel with a single resistor (Ry ).

Definitions and Procedure:

1. Identify the Load: Remove the load resistor R, across terminals A and B.

2. Find Iy (Norton Current): Place a solid short circuit (a bare wire) directly across terminals A and B.
Calculate the current flowing through this short circuit. This is In. IN = IsB(short)

3. Find Ry (Norton Resistance): The procedure is identical to finding Ry,. Deactivate all independent sources
and find the equivalent resistance looking into the open terminals A and B. Therefore, Ry = Ryp-

4. Solve for Load Current: Connect R; back in parallel with I and Ry. Use the Current Divider Rule:

Ry
I =In X ————— 1.82
L N Ry + Ry, ( )
Source Transformation (Thevenin-Norton Equivalence): Because both theorems model the exact same
linear network, you can freely convert a Thevenin equivalent circuit to a Norton equivalent circuit, and vice versa,
using Ohm’s law:
Vi
Vih=Iy x Ry and Iy = Rﬂ and Ry = Ry, (1.83)
th

This mathematical duality allows engineers to swap between voltage-source models (Thevenin) and current-source

models (Norton) whenever it simplifies the math.

Rup
—— A9 A °A
4+ =
Vink — Iy C) Ry
*B *B
Thevenin Equivalent Norton Equivalent

1.7.5 Maximum Power Transfer Theorem

In electronics and communications (e.g., driving a speaker with an amplifier, or receiving an antenna signal), the
primary goal is often not to transfer voltage or current efficiently, but to transfer the absolute maximum power from a
source to a load.

Statement: A resistive load will draw maximum power from a linear DC network when the load resistance (Ry,) is
exactly equal to the Thevenin equivalent resistance (Ry) of the network as viewed from the load terminals.

Rr, = Ry, (1.84)

Mathematical Proof: Consider the Thevenin equivalent circuit driving a load Ry;. The current through the
2
load is I = Rt}‘b/f:RL. The power dissipated by the load is P, = I’R;, = ( Rﬂ‘ffRL) Ry. To find the value of Ry, that
maximizes Pr, we take the derivative of P;, with respect to Ry and set it to zero:

(Ren + Rp)*(1) — R - 2(Ryp + RL)] —0

T v (1.85)

(Ren + RL)4

For the numerator to be zero: (Rth+RL)2—2RL(Rth+RL) =0 (Rth—l—RL)[(Rth—l-RL)—QRL] =0 (Rth—l-RL)(Rth—RL) =0
Since resistance cannot be negative, Ry, + Ry # 0. Therefore:

Ry, — R, =0 = RL = Rth (1.86)

2
Calculation of Maximum Power: Substitute R; = Ry, back into the power equation: Py,q. = ( R“ﬁ’hth) Ry, =

2 2
Vin _ Vi
(gRth) Run = ggs-Ton

V2
Pmaa: = th
4Ry,

(1.87)
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Efficiency at Maximum Power Transfer: When R; = Ry, the voltage drops equally across the internal source
resistance Ry, and the load Rjy. Therefore, exactly half of the total power generated by the source is dissipated as

useless heat within the source itself (I?Ry,), and half is delivered to the load. Efficiency n = F;g_“t = % =
7 ffkth = % = 50%. This low efficiency is why this theorem is rarely used in high-power electrical distribution (like

the power grid, where efficiency is paramount), but it is universally used in low-power electronics and signal processing
(like impedance matching in RF circuits) where extracting the maximum signal power is the overriding priority.

Py,

Power Curve
Poogz [-----= aks at R,

Ry,

RL - RLh

1.7.6 Reciprocity Theorem

The Reciprocity theorem highlights a fascinating symmetry present in all linear, bilateral, passive networks.

Statement: In any linear bilateral network, if a single voltage source V located in branch A’ produces a current [
in branch ’B’, then if the voltage source V is moved to branch ’B’,; it will produce the exact same current I in branch
A’

In simpler terms, the ratio of excitation (voltage) to response (current) is constant even if the positions of the
excitation source and the response ammeter are completely interchanged.

Conditions: 1. The network must be linear and bilateral. 2. The network must not contain any dependent
(controlled) sources. 3. Only a single independent source can be active during the test.

Example application: If you have a complex resistor network, and applying 10V at the input terminals causes
2A to flow through the output terminals, you are guaranteed that applying 10V to the output terminals will cause
exactly 2A to flow through a short circuit placed across the input terminals. The "transfer resistance" (Vi,,/Iout) is
identical in both directions.

Al IMAGE PLACEHOLDER
Descriptive Al Image showing a two-panel schematic illustrating reciprocity. Panel
1: A battery on the left, an ammeter on the right. Panel 2: The exact same circuit
but the battery and ammeter have physically swapped places, yet the ammeter’s
digital display shows the exact same numerical value.

1.8 AC Fundamentals

1.8.1 Introduction

While Direct Current (DC) is extremely useful for electronics, batteries, and specific industrial processes, the modern
world is overwhelmingly powered by Alternating Current (AC). AC is an electrical current that periodically reverses its
direction and smoothly changes its magnitude over time. The fundamental reasons for the global dominance of AC
power systems are three-fold: 1. AC can be generated at high voltages much more easily and safely than DC. 2. AC
voltages can be easily and efficiently stepped up (for long-distance transmission) or stepped down (for safe home use)
using static devices called Transformers, minimizing I?R transmission losses. 3. AC inherently provides a rotating
magnetic field, which allows for the construction of simple, rugged, and highly efficient induction motors.
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1.8.2 Principle of Generating an Alternating Voltage

An alternating voltage is generated based on Faraday’s Law of Electromagnetic Induction, which states that an
electromotive force (EMF) is induced in a conductor whenever it experiences a changing magnetic flux.

To generate a continuous alternating voltage, a coil of wire is mechanically rotated at a constant speed within a
uniform magnetic field. This basic machine is called an AC generator or an alternator.

Mathematical Derivation of the AC Waveform

Consider a rectangular coil of N turns, each of area A m?, rotating at a constant angular velocity of w radians per
second in a uniform magnetic field of flux density B Tesla.

Let the coil start rotating from a position where its plane is perpendicular to the magnetic field (the position of
maximum flux linkage). At any time ¢, the angle rotated by the coil is § = wt. The magnetic flux ® linking the coil at
this instant is the component of the magnetic field perpendicular to the coil area:

® = B x Acos(f) = BA cos(wt) (1.88)

The maximum flux linkage ®,,,4, occurs when cos(wt) = 1, s0 @4, = BA. Therefore, & = ®,,,4, cos(wt).
According to Faraday’s law, the instantaneous induced EMF (e) in the N-turn coil is equal to the negative rate of
change of flux linkage:

dd

=—-N— 1.89
e 7 (1.89)
Substituting the expression for ®:
d
e= —Nﬁ[émm cos(wt)] (1.90)
e=—N®,4,[—wsin(wt)] (1.91)
e = Nw®,,q, sin(wt) (1.92)

The induced EMF e will be maximum (E,,,, or E,,) when sin(wt) = 1 (i.e., at 90° and 270°). Therefore,
E = Nw®,q,. Substituting F,, back into the instantaneous equation gives the fundamental equation of an alternating
voltage:

e = Ep, sin(wt) = Ey, sin(6) (1.93)

This derivation proves that a coil rotating at a constant speed in a uniform magnetic field inherently produces a
sinusoidal voltage waveform. If this voltage is applied to a closed linear circuit, it will drive a sinusoidal alternating
current ¢ = I, sin(wt).

Al IMAGE PLACEHOLDER
Descriptive Al Image showing the mechanical setup of a simple AC alternator: A
rectangular wire loop located between the North and South poles of a permanent
magnet, attached to slip rings and brushes, with an axis of rotation clearly marked.

1.8.3 Fundamental Terminology of AC Waveforms

To analyze AC circuits, we must strictly define the parameters that characterize a sinusoidal waveform.
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Voltage / Current

A

Instantaneouyfe

‘ ‘ » Angle 6 = wt (rad)

Dne Complete Cycle (Time Period T)

\
4

. Waveform: The shape of the curve obtained by plotting the instantaneous values of voltage or current against
time (or angle wt). The standard AC waveform is a sine wave.

. Instantaneous Value (e or i): The magnitude of an alternating quantity at any specific fraction of a second.
It is constantly changing.

. Peak Value or Amplitude (E,, or [,;): The maximum absolute value (positive or negative) reached by the
alternating quantity during a cycle. It is the height of the wave crest.

. Cycle: One complete set of positive and negative values of an alternating quantity. A cycle is generated when
the rotating coil passes through 360° or 27 electrical radians.

. Time Period (7T'): The time taken in seconds to complete one full cycle.

. Frequency (f): The number of complete cycles occurring in one second. The unit is cycles per second, or Hertz
(Hz). There is a direct inverse relationship between Frequency and Time Period:

1 1
(For example, standard wall power in Europe and Asia is 50 Hz, meaning it completes 50 full cycles every second.
The time period is 1/50 = 0.02 seconds or 20 milliseconds. In North America, it is 60 Hz).

. Angular Frequency / Angular Velocity (w): The rate of change of the electrical angle, measured in radians
per second (rad/s). Since one cycle is 27 radians and takes time 7"

2
w = % = onf (1.95)

Phase and Phase Difference

In AC circuits containing capacitors and inductors, the voltage and current waveforms rarely peak at the exact same
time. The concept of "phase" describes this timing relationship.

Phase: The phase of an alternating quantity at any instant is the fractional part of the time period (or angle)

through which the quantity has advanced from a chosen zero reference point.

Phase Difference (¢): When two alternating quantities (e.g., voltage and current) of the same frequency do not

pass through zero and peak at the same instant, they are said to have a phase difference. It is measured in degrees or
radians.

e In-Phase: The two waveforms cross zero and reach their positive peaks at exactly the same time. The phase

difference is zero (¢ = 0°). This happens in purely resistive circuits.

e Leading: A waveform that reaches its maximum value earlier in time than the reference waveform is said to be

leading.

o Lagging: A waveform that reaches its maximum value later in time than the reference waveform is said to be

lagging.
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i = Iy sin(wt + ¢)

v = Vp, sin(wt)
> wt

%\/\

Current (7) is leading Voltage (v) by angle ¢

1.8.4 Average and R.M.S. Values

An AC waveform is continuously changing, and its algebraic average over a full cycle is exactly zero (the positive half
perfectly cancels the negative half). So, if we say the wall outlet provides "230 Volts AC," what does 230V actually
mean? It refers to the R.M.S value. To understand this, we must define the Average and RMS values mathematically.

Average Value

The average value of an alternating quantity is the arithmetic mean of all instantaneous values over one half-cycle. (We
use a half-cycle because a full-cycle average is zero). Alternatively, it is defined on a charge-transfer basis: The average
value of an AC current is that steady DC current which transfers the exact same amount of electrical charge across a
circuit in the same time (7'/2).

Mathematical Derivation of Average Value: Let i = I,,, sin(f). We integrate over the positive half-cycle (from
0 to m):

1 T |
Iavg = m/{) idf = ;‘/0 _[m SID(Q) do (196)
Im m Im
Iovg = ?[— cos(0)]g = 7[— cos(m) — (—cos(0))] (1.97)
I 21,
lavg = 7[_(—1) +1] = — (1.98)
Tavg ~ 0.6371, (1.99)

Thus, the average value of a pure sine wave is 63.7% of its peak value.

R.M.S. (Root Mean Square) or Effective Value

The R.M.S. value is the most important measure of an AC quantity. It is defined on an energy /heating basis. Definition:
The R.M.S. value of an alternating current is equal to that steady Direct Current (DC) which, when flowing through a
given resistor for a given time, produces the exact same amount of heat as produced by the alternating current
flowing through the same resistor for the same time. Because it dictates the "effective" work done (heating), AC
voltmeters and ammeters are strictly calibrated to display RMS values. When a device is rated "230V, 5A AC", these
are RMS values.

Mathematical Derivation of R.M.S. Value: The instantaneous power dissipated as heat in a resistor R is p = i’R.
The average power dissipated over a full cycle (0 to 27) is the integral of instantaneous power: Py, = f02 2R df
By definition, the RMS current I,,,s produces this exact same average power as DC: P,y = I .R. Equatlng them:

12 R= [Z7i’Rdb
2w
Toms = ,/7/ 2 do (1.100)

ms
This formula gives the name: it is the Square Root of the Mean of the Squares of the instantaneous values.

Let’s evaluate it for a sine wave i = I, sin(9): 12, = 02 (I, sin )% df = m 0 "sin? § df Using the trigonometric
. . . 1 20 2, 2 12 26 2
identity sin?6 = % 12, = 32 Jo (1 — cos(20)) d0 I = 2 [9 - %}0 e =2[27m—0)—(0-0)] =
12 27

2
= % Taking the square root:

47
I
Iims = —= ~ 0.7071I,, (1.101)

V2
The effective (RMS) value of a pure sine wave is 70.7% of its peak value. (Note: For a 230V RMS domestic supply, the
actual peak voltage swings to 230 x /2 ~ 325V!).
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1.8.5 Form Factor and Peak Factor

To quickly characterize the "shape" of complex, non-sinusoidal AC waveforms (like square waves, triangular waves, or
rectified sine waves), engineers use two ratios based on the calculated RMS, Average, and Peak values.

Form Factor (K7y)

The Form Factor is the ratio of the R.M.S. value to the Average value of an alternating waveform.

R.M.S. Value
K= ——— — 1.102
f Average Value ( )
For a pure sinusoidal wave: Ky = gzgggﬁ = 1.11 The Form Factor indicates how "peaky" a wave is compared to its flat

average. A perfectly flat DC wave has a Form Factor of 1.0.

Peak Factor or Crest Factor (kK))

The Peak Factor is the ratio of the Maximum (Peak) value to the R.M.S. value of an alternating waveform.

K - Maximum Value
P R.M.S. Value

(1.103)

For a pure sinusoidal wave: K, = i Lon 5 = V/2 ~ 1.414 The Peak Factor is highly critical when designing electrical

insulation (which must withstand the maximum peak voltage) and measuring instruments.

1.8.6 Power Factor: An Introductory Note

While a deep dive into AC power is usually covered in subsequent units, the concept of Power Factor is inextricably linked
to phase difference. In a DC circuit, Power P =V x I. In an AC circuit with reactive elements (inductors/capacitors),
the current and voltage are out of phase by an angle ¢. Because they don’t peak simultaneously, the true useful power
is less than the simple product of RMS Voltage and RMS Current.

o Apparent Power (S): The simple product of RMS voltage and current (S = Vyps X Irms). Measured in
Volt-Amperes (VA).

o True Power (P): The actual power dissipated as heat or useful mechanical work. Measured in Watts (W).
The Power Factor (pf) is the ratio of True Power to Apparent Power.

True Power
P Factor = = 1.104
ower Factor Apparent Power cos(¢) ( )

Where ¢ is the phase angle difference between the voltage and current waveforms. A power factor of 1.0 (¢ = 0°)
is ideal (purely resistive), while a power factor of 0 (¢ = 90°) means zero useful work is being done despite current
sloshing back and forth (purely reactive).

1.9 AC Circuit Analysis

1.9.1 Introduction to Phasors

Analyzing AC circuits using pure trigonometric equations (like v(t) = V,, sin(wt + ¢)) for every component quickly
becomes mathematically exhausting. To simplify this, electrical engineers use Phasors. A phasor is a rotating vector
that represents a sinusoidally varying quantity. The length of the vector represents the magnitude (usually the RMS
value, sometimes the peak value), and its angle with respect to a reference axis (usually the positive x-axis) represents
the phase angle. Phasor diagrams allow us to convert complex trigonometric additions into simple vector geometry.

1.9.2 AC through a Purely Resistive Circuit

Consider a purely resistive circuit where an alternating voltage v = V,, sin(wt) is applied across a resistor of R ohms.
1. Expression for Current: According to Ohm’s Law, the instantaneous current 1 is:
v Vpsin(wt)

= 2 o Tm AW 1.105



https://milav.in

The value of current will be maximum (I,,) when sin(wt) = 1. So, I, = Vﬁm. Substituting this back, we get the

expression for instantaneous current:
i = I, sin(wt) (1.106)

2. Phase Relationship: Comparing the equations v = V;, sin(wt) and i = I, sin(wt), it is abundantly clear that
there is zero phase difference (¢ = 0°). The voltage and current are in phase. They reach their zero and maximum
values at exactly the same time.

3. Power in a Pure Resistive Circuit: The instantaneous power p is the product of instantaneous voltage and

current. p = v X i = [Vy, sin(wt)] X [I, sin(wt)] p = Vi1, sin?(wt) Using the trigonometric identity sin?(wt) = 1—%(2@):
Vind, Vind,
p=—7" — T cos(2uwt) (1.107)

2

The instantaneous power consists of two parts: 1. A constant part: % 2. A fluctuating part: —% cos(2wt) which

has twice the frequency of the voltage supply.
The average power (FPyy,q or simply P) over a complete cycle is the average of these two parts. The average of the

. : — Vinlm _ Vin o Iy
cosine term over a full cycle is zero. P h RN

P = Vs X Lrms (1.108)

In a purely resistive circuit, all electrical power is converted into heat (active power).

SN R
LA
(=)
—/
v = Vi, sin(wt) o
PN v :
i .
> wt----- ——>—>> Reference
\ / | I
Waveform (In Phase) Phasor Diagram

1.9.3 AC through a Purely Inductive Circuit

Consider a purely inductive circuit (an ideal coil with zero ohmic resistance) of inductance L Henrys, connected to an
alternating voltage v = Vp, sin(wt).

1. Expression for Current: Whenever alternating current flows through an inductor, a continuously changing
magnetic flux is set up, which induces a back-EMF according to Faraday’s law. By Lenz’s law, this back-EMF opposes
the applied voltage. To maintain the flow of current, the applied voltage v must be exactly equal and opposite to the
induced back-EMF (e = —L%). v=—e= L% Substituting v: V,,, sin(wt) = L% di = Y sin(wt)dt Integrating both
sides to find i i = [ Y2 sin(wt)dt = Y (_Cos(m)) i = —¥m cos(wt) Using trigonometry (— cos(#) = sin(6 — 90°)):

w

Vin
i= w—Lsin(wt—W/Z) (1.109)

The maximum value of current I, is Vj,,/(wL). Thus:
i = Iy sin(wt — 7/2) (1.110)

Inductive Reactance (X1): The term wL opposes the flow of AC current, much like resistance. It is called
Inductive Reactance, measured in Ohms (2). X = wL = 2w fL. Notice that X, is directly proportional to frequency.

2. Phase Relationship: Comparing v = V,, sin(wt) and ¢ = I, sin(wt — 7/2), we see that the current lags behind
the voltage by exactly 90° (or /2 radians).

3. Power in a Pure Inductive Circuit: p = v x i = [V, sin(wt)] X [—I, cos(wt)] p = =V Iy, sin(wt) cos(wt)
Using 2sin(#) cos(f) = sin(26):

mIm

p=— sin(2wt) (1.111)
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The power curve is a pure sine wave with twice the supply frequency. The average value of a pure sine wave over a

complete cycle is absolutely zero.
Py =0 (1.112)

A pure inductor consumes zero average active power. During one quarter-cycle it takes energy from the source to build
a magnetic field, and in the next quarter-cycle, it returns all that energy to the source as the field collapses.

!

/ w >»wt  ------- o0 -+ Reference
i (lags) T

Current Lags Voltage

1.9.4 AC through a Purely Capacitive Circuit

Consider a purely capacitive circuit of capacitance C' Farads, connected to an alternating voltage v = V,, sin(wt).
1. Expression for Current: The charge ¢ on the capacitor plates at any instant is ¢ = C' x v. The instantaneous
current ¢ is the rate of flow of charge: i = % = %(C X v) = C% Substituting v: @ = C%[Vm sin(wt)] i =

CViplw cos(wt)] = wC'V,, cos(wt) Using trigonometry (cos(f) = sin(6 + 90°)):
i = wCVp, sin(wt + 7/2) (1.113)

The term wCV,, is the maximum current I,,,. We can write I,,, = I /‘(/an)‘ Thus:

i = Ly sin(wt 4+ 7/2) (1.114)

Capacitive Reactance (X¢): The term i opposes the flow of AC current. It is called Capacitive Reactance,
measured in Ohms (Q). X¢o = i = 27rlfc. Notice that X¢ is inversely proportional to frequency. (A capacitor blocks
DC where f =0).

2. Phase Relationship: Comparing v = V,,, sin(wt) and i = I,, sin(wt + 7/2), we see that the current leads the
voltage by exactly 90° (or 7/2 radians).

3. Power in a Pure Capacitive Circuit: p = v x i = [V}, sin(wt)] X [[,, cos(wt)] p = % sin(2wt) Similar to
the inductor, this is a pure sine wave with double frequency. Its average value over a full cycle is zero.

Payg =0 (1.115)

A pure capacitor consumes zero average active power. It absorbs energy from the source to charge its plates, and
returns it perfectly when discharging.

A

7

o

(e}
[S)
1

8)
S/ %
\></ >wt  ------- ‘ -+ Reference
v

Current iLeads Voltage

1.9.5 Active, Reactive, and Apparent Power

In practical AC circuits, which are combinations of Resistors, Inductors, and Capacitors (RLC), the phase angle
difference (¢) between the total voltage and total current lies somewhere between 0° and 90°. Because they are out of
phase, we must categorize AC power into three distinct types, usually visualized using a right-angled Power Triangle.
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1. Apparent Power (S)

Apparent power is simply the product of the RMS voltage and the RMS current in the circuit, without taking the
phase angle into consideration. It is the total power that the source appears to be supplying.

S = Vims X Lrms (1.116)

The unit of apparent power is Volt-Amperes (VA) or Kilovolt-Amperes (kVA). Transformers and alternators are
rated in kVA because the manufacturer knows the maximum voltage and current the machine can handle, but they do
not know what phase angle the consumer’s load will have.

2. Active Power / True Power / Real Power (P)

This is the actual power that is consumed by the circuit and converted into useful work (like mechanical rotation in a
motor) or heat (in a resistor). It is the component of the apparent power that is completely in-phase with the voltage.

P = VipsIrms cos(¢) = S cos(¢) (1.117)

The unit of active power is Watts (W) or Kilowatts (kW).

3. Reactive Power (Q)

This is the power that constantly sloshes back and forth between the source and the reactive components (inductors
and capacitors) without doing any useful work. It is the component of the apparent power that is 90° out of phase
with the voltage. It is essential for sustaining the magnetic fields in motors and transformers.

Q = VimsIrms Sin(¢) = SSln(Qb) (1118)

The unit of reactive power is Volt-Amperes Reactive (VAR) or kVAR.

Apparent Power

(S = VI) [VA]

ReactisePolR? + Q2
(Q = bobgo E[VAR]

Active Power (P = VIcos ) [W]

1.9.6 Power Factor (cos¢)

The Power Factor is defined as the ratio of True Power to Apparent Power.

True P 1
Power Factor (p.f.) = tue Power (W) __ VIcos¢ = cos(¢) (1.119)

~ Apparent Power (VA) VI

Where ¢ is the phase angle by which the current lags or leads the voltage.
Power Factor States:

1. Lagging Power Factor: Occurs in inductive circuits (motors, transformers, coils). Current lags the voltage.
The reactive power () is considered positive. The vast majority of industrial loads are inductive, hence they
operate at a lagging power factor.

2. Leading Power Factor: Occurs in capacitive circuits. Current leads the voltage. The reactive power @ is
considered negative, effectively "canceling out" the lagging reactive power of inductors (which is the basis of
Power Factor Correction).

3. Unity Power Factor (p.f. = 1): Occurs in purely resistive circuits (heaters, incandescent bulbs) or in a
resonant RLC circuit. ¢ = 0° = cos(0) = 1. Here, True Power equals Apparent Power (P = S), and Reactive
Power is zero. This is the most highly efficient state for power transmission.
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Al IMAGE PLACEHOLDER
Descriptive Al Image using the famous beer glass analogy for power: The liquid
beer represents Active Power (W), the useless foam at the top represents Reactive
Power (VAR), and the entire volume of the glass (liquid + foam) represents the
Apparent Power (VA) that you had to pay for.
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CHAPTER 2

Semiconductor Theory




CHAPTER 3

Semiconductor Physics and Devices

3.1 Atomic Structure

3.1.1 Introduction to the Atomic Model

To deeply understand the behavior of semiconductors, which form the bedrock of modern electronics, one must first
delve into the microscopic world of atomic structure. The macroscopic electrical properties of any material—whether it
acts as a conductor, an insulator, or a semiconductor—are entirely dictated by the arrangement and behavior of the
subatomic particles within its atoms.

The most practical model for understanding basic semiconductor physics is the Bohr Model of the atom, proposed
by Niels Bohr in 1913. While quantum mechanics provides a more rigorously accurate picture using electron clouds
and probability density functions, the Bohr model’s planetary analogy is perfectly sufficient for grasping the concepts
of valence electrons, energy levels, and crystal bonding.

According to the Bohr model, an atom consists of two primary regions:

1. The Nucleus: A dense, massive center containing positively charged protons and electrically neutral neutrons.
The nucleus accounts for nearly all the mass of the atom but occupies a minuscule fraction of its volume.

2. Electron Orbits (Shells): Negatively charged electrons orbit the nucleus in specific, discrete circular paths,
much like planets orbiting the sun. The electrostatic force of attraction between the positive nucleus and the
negative electrons provides the centripetal force required to keep the electrons in their orbits.

In a neutral, un-ionized atom, the total number of protons exactly equals the total number of electrons, making the
atom electrically neutral overall. The number of protons is called the Atomic Number (7).

3.1.2 Energy Levels and Shells

Electrons cannot orbit the nucleus at arbitrary distances. They are restricted to specific, discrete orbits called shells or
energy levels. Each shell corresponds to a specific, quantized amount of energy.
These shells are designated by the letters K, L, M, N, O, P, Q... moving radially outward from the nucleus,
corresponding to the principal quantum number n =1,2,3,4,5,6,7...
The maximum number of electrons that can occupy a given shell is determined by the Pauli exclusion principle and
is given by the formula:
Maximum electrons per shell = 2n? (3.1)

Where n is the shell number.
e K shell (n =1): 2(1)? = 2 electrons max.
o L shell (n = 2): 2(2)? = 8 electrons max.
o M shell (n = 3): 2(3)? = 18 electrons max.
e N shell (n =4): 2(4)? = 32 electrons max.

Energy considerations: Electrons orbiting closer to the nucleus (e.g., in the K shell) are tightly bound by the
strong electrostatic force. They have the lowest potential energy (highest negative binding energy). Electrons in the
outermost shells are further away, experience a much weaker electrostatic pull (due to increased distance and shielding
by inner electrons), and consequently possess a higher energy level. To move an electron from an inner shell to an outer
shell, external energy must be supplied (excitation). Conversely, if an electron falls from an outer shell to an inner
shell, it emits energy (usually in the form of a photon).



3.1.3 Valence Electrons and Free Electrons

Valence Electrons

The electrons present in the outermost shell of an atom are called valence electrons, and the outermost shell itself is
called the valence shell. Valence electrons are of paramount importance in physics and chemistry because: 1. They
determine the chemical properties and reactivity of the element. 2. They dictate the electrical conductivity of the
material. 3. They are responsible for the formation of chemical bonds (like covalent or ionic bonds) when atoms join to

form molecules or crystals.
Because the valence shell is the furthest from the nucleus, valence electrons experience the weakest electrostatic

force of attraction from the nucleus.

Free Electrons

If sufficient external energy (in the form of heat, light, or a strong electric field) is supplied to an atom, a valence
electron may gain enough energy to completely overcome the nuclear attraction. It breaks its bond and detaches from
the parent atom. This detached electron is now called a free electron. It is free to wander randomly through the
empty spaces in the crystal lattice of the material.

When a voltage is applied across the material, it is these free electrons that drift in a specific direction to constitute
an electric current.

o Conductors (Metals): Have 1, 2, or 3 valence electrons that are extremely loosely bound. Even at absolute
zero, some are practically free. At room temperature, there is an immense sea of free electrons, making them
excellent conductors.

o Insulators: Have 5, 6, 7, or 8 valence electrons that are very tightly bound. Almost zero free electrons exist at
room temperature.

o Semiconductors: Typically have exactly 4 valence electrons. At absolute zero, they are tightly bound (perfect
insulators). At room temperature, thermal energy breaks a small number of bonds, creating a small but usable
number of free electrons.
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Bohr Model of a Silicon Atom (Z=14)

3.1.4 Structure of Tetravalent Materials (Intrinsic Semiconductors)

A tetravalent material is an element whose atoms possess exactly four valence electrons in their outermost shell. These
elements belong to Group 14 (formerly Group IVA) of the periodic table. The most prominent tetravalent elements
used in electronics are Silicon (Si) and Germanium (Ge). Carbon (in the form of diamond) is also tetravalent but
acts as an insulator due to its tightly packed structure.

1. Silicon (Si, Z=14): The atomic number of Silicon is 14. Its electronic configuration is:

o 1st shell (K): 2 electrons
 2nd shell (L): 8 electrons
o 3rd shell (M): 4 electrons (Valence shell)

2. Germanium (Ge, Z=32): The atomic number of Germanium is 32. Its electronic configuration is:
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1st shell (K): 2 electrons

2nd shell (L): 8 electrons

3rd shell (M): 18 electrons
o 4th shell (N): 4 electrons (Valence shell)

Covalent Bonding and Crystal Structure

In order to achieve chemical stability, an atom strives to have eight electrons in its outermost shell (the octet rule). A
tetravalent atom like Silicon, having only four, is highly unstable on its own. To achieve stability in a solid crystal,
each Silicon atom positions itself centrally between four neighboring Silicon atoms. It then shares one of its valence
electrons with each neighbor, and in return, each neighbor shares one of its valence electrons with the central atom.

This sharing of electron pairs forms a strong, stable chemical bond known as a covalent bond. Through this
arrangement, every Silicon atom is effectively surrounded by eight valence electrons (four of its own and four shared by
neighbors), completing its octet. This repetitive, highly ordered 3D geometric arrangement is called a crystal lattice
(specifically, a diamond cubic structure).

A pure semiconductor crystal consisting solely of tetravalent atoms is called an Intrinsic Semiconductor.

Al IMAGE PLACEHOLDER
Descriptive AI Image showing a 3D ball-and-stick model of the diamond cubic
crystal lattice structure of Silicon. Each grey silicon sphere is connected to four
adjacent spheres by rigid rods representing the covalent bonds.
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3.1.5 Structure of Trivalent Materials (Acceptor Impurities)

A trivalent material is an element whose atoms possess exactly three valence electrons in their outermost shell. These
belong to Group 13 (formerly Group IITA) of the periodic table. Common trivalent elements used in semiconductor
manufacturing include:

o Boron (B, Z=5): 2, 3

e Aluminum (Al, Z=13): 2, 8, 3

o Gallium (Ga, Z=31): 2, 8, 18, 3

« Indium (In, Z=49): 2, 8, 18, 18, 3
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Role in Semiconductors

Trivalent materials are rarely used by themselves to conduct electricity. Instead, they are deliberately added in trace
amounts (e.g., 1 part per million) to a pure intrinsic silicon or germanium crystal lattice. This process is called doping.

When a trivalent atom (like Boron) replaces a tetravalent Silicon atom in the crystal lattice, its three valence
electrons form covalent bonds with three of the four neighboring Silicon atoms. However, the fourth neighboring Silicon
atom has a valence electron ready to share, but the Boron atom has no fourth electron to offer.

This creates an incomplete covalent bond, leaving a vacancy or void in the crystal lattice. This missing electron
vacancy is called a Hole. Because a hole represents the absence of a negative electron, it behaves exactly like a positive
charge carrier. An electron from a neighboring bond can easily jump into this hole, effectively moving the hole to a
new location. Because the trivalent atom "accepts' an electron from the surrounding silicon to fill its hole, trivalent
impurities are called Acceptor Impurities. Doping silicon with a trivalent material creates a P-type (Positive-type)
Semiconductor, where holes are the majority charge carriers.

Trivalent (9 eValgiemy

O,

3.1.6 Structure of Pentavalent Materials (Donor Impurities)

A pentavalent material is an element whose atoms possess exactly five valence electrons in their outermost shell. These
belong to Group 15 (formerly Group VA) of the periodic table. Common pentavalent elements used in semiconductor
manufacturing include:

o Phosphorus (P, Z=15): 2,8, 5
o Arsenic (As, Z=33): 2,8, 18,5

o Antimony (Sb, Z=51): 2, 8,18, 18, 5

Role in Semiconductors

Like trivalent materials, pentavalent materials are used as doping agents. When a pentavalent atom (like Phosphorus)
is substituted for a Silicon atom in the lattice, four of its five valence electrons form perfectly stable covalent bonds
with the four neighboring Silicon atoms.

However, the fifth valence electron is left over. It is not part of any covalent bond. While it is still weakly attracted
to the parent Phosphorus nucleus, at room temperature, thermal energy is more than enough to break this weak
attachment. The fifth electron becomes a free electron, ready to wander through the crystal lattice and conduct
electricity. Because the pentavalent atom "donates" a free electron to the crystal, pentavalent impurities are called
Donor Impurities. Doping silicon with a pentavalent material creates an N-type (Negative-type) Semiconductor,
where electrons are the majority charge carriers.

o @ ® 5 Valence e~

Pentavale:® (e.g., &osphorus)

3.2 Energy Band Theory

3.2.1 Formation of Energy Bands in Solids

In the previous section, we analyzed the Bohr model of an isolated atom. In such an isolated atom, electrons orbit the
nucleus in strictly defined, discrete energy levels (shells). A graph of these energy levels would show sharp, distinct,
single lines.

However, electrical engineering does not deal with isolated atoms in a vacuum; it deals with solid materials (crystals)
containing billions of atoms packed tightly together. When isolated atoms are brought in close proximity to form a
solid crystalline lattice, they exert strong electrostatic forces on one another. The outer electron shells of adjacent
atoms overlap and interact intensely.
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According to quantum mechanics and the Pauli Exclusion Principle, no two electrons in an interacting system
can occupy the exact same quantum state (i.e., have the exact same energy). Because the billions of interacting valence
electrons in a solid crystal cannot all share the exact same discrete energy level they had in isolation, the original
discrete energy level "splits" into billions of incredibly closely spaced, slightly different energy levels.

These closely spaced levels merge into continuous ranges of allowed energies called Energy Bands. The inner shell
electrons (closer to the nucleus) are tightly bound and largely unaffected by neighboring atoms, so their energy levels
remain relatively discrete. However, the outermost valence electrons are profoundly affected, forming broad energy
bands.

3.2.2 Key Energy Bands and the Forbidden Gap

The electrical behavior of any solid material is entirely determined by the population of electrons in two specific
outermost bands and the energetic relationship between them.

1. The Valence Band (VB)

The Valence Band is the highest energy band that is completely or partially filled with electrons at absolute zero
temperature (0 K). It is formed by the splitting of the outermost (valence) shell energy levels of the constituent atoms.
Electrons residing in the valence band are attached to individual atoms and are actively participating in forming
covalent bonds with neighboring atoms to hold the crystal lattice together. Because they are tied up in chemical bonds,
valence band electrons cannot freely move through the material, and therefore, they do not contribute to electrical
conduction.

2. The Conduction Band (CB)

The Conduction Band is the next highest allowed energy band located strictly above the valence band. It represents
the lowest range of vacant (or partially vacant) energy states. If an electron gains sufficient energy to break its covalent
bond, it is elevated out of the valence band and into the conduction band. Once in the conduction band, the electron is
no longer bound to any specific parent atom. It becomes a free electron, capable of moving freely throughout the
entire crystal lattice under the influence of an applied electric field. Only electrons in the conduction band can
constitute an electric current.

3. The Forbidden Energy Gap (E;)

Between the top of the valence band and the bottom of the conduction band, there exists an energy region where
absolutely no allowed quantum electron states exist. This is the Forbidden Energy Gap or Bandgap, denoted by
E,. An electron cannot reside in this forbidden gap. It must either be in the valence band or the conduction band.
To cross this gap and become a free charge carrier, a valence electron must acquire an external packet of energy
exactly equal to or greater than the bandgap energy E,. This energy can be supplied in the form of thermal energy
(heat), optical energy (light/photons), or a very strong electric field. The size of this forbidden gap (measured in
electron-Volts, eV) is the sole determining factor in classifying a solid as a conductor, an insulator, or a semiconductor.

Al IMAGE PLACEHOLDER
Descriptive Al Image visually depicting the ’splitting’ of discrete atomic energy
levels into continuous energy bands as the interatomic distance decreases during
the formation of a solid crystal.

3.2.3 Energy Band Diagrams: Insulators, Semiconductors, and Conductors

By examining the energy band diagrams, we can clearly visualize why different materials exhibit vastly different
electrical conductivities.
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1. Insulators

Insulators are materials that heavily resist the flow of electric current. Examples include diamond, glass, rubber, and
ceramics.
Energy Band Characteristics of Insulators:

e Full Valence Band: At absolute zero, the valence band is completely full of electrons locked in tight covalent
bonds.

e Empty Conduction Band: The conduction band is completely empty. There are zero free electrons available
for conduction.

e Massive Forbidden Gap: The bandgap E, is extremely large, typically greater than 3 eV, and often ranging
from 5 eV to 10 eV. (For example, Diamond has E,; ~ 5.5 eV).

At normal room temperature (=~ 300 K), the available ambient thermal energy is roughly 0.026 eV. This is wildly
insufficient to excite any valence electrons across the massive 5 eV gap into the conduction band. Therefore, the
conduction band remains utterly empty, and the material acts as a perfect insulator. Only by applying extremely high
voltages (exceeding the dielectric breakdown strength) can electrons be violently forced across the gap, destroying the
insulator in the process.
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2. Semiconductors

Semiconductors have electrical conductivities falling right between insulators and conductors. The most critical
semiconductors are Silicon (Si) and Germanium (Ge).
Energy Band Characteristics of Semiconductors:

o Full Valence Band (at 0 K): At absolute zero, they are identical to insulators. The valence band is completely
full.

o Empty Conduction Band (at 0 K): The conduction band is completely empty. At 0 K, a pure semiconductor
is a perfect insulator.

e Narrow Forbidden Gap: The crucial difference lies in the bandgap. The forbidden energy gap is relatively
narrow, typically around 1 eV. (For Silicon, £, = 1.1 eV; for Germanium, E, = 0.67 eV at room temp).

Because the gap is narrow, the situation changes dramatically as temperature rises. At room temperature (300 K),
the ambient thermal energy (k7 ~ 0.026 V) is statistically distributed among all atoms. A small, but highly significant
fraction of valence electrons acquires enough thermal energy to jump across the narrow 1 eV gap into the conduction
band. When an electron jumps up, it leaves behind a vacancy in the valence band, known as a Hole. Thus, thermal
energy simultaneously creates a free electron in the CB and a hole in the VB (an electron-hole pair). This ability to
thermally or optically generate charge carriers across a narrow gap is the fundamental property that allows semiconductor
conductivity to be precisely controlled.
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3. Conductors (Metals)

Conductors are materials that allow current to flow effortlessly. Metals like Copper, Silver, Aluminum, and Gold are
excellent conductors.

Energy Band Characteristics of Conductors: In metallic conductors, the energy band structure is fundamentally
different from insulators and semiconductors. There are two possible scenarios that make a material a conductor:

1. Overlapping Bands: In many metals, the highest energy band containing electrons (the valence band) physically
overlaps with the lowest empty energy band (the conduction band). Because they overlap, there is absolutely
zero forbidden energy gap (£, = 0). Electrons can drift seamlessly between the valence and conduction
bands without requiring any extra energy.

2. Partially Filled Conduction Band: In some metals (like alkali metals), the valence band is completely full,
but the conduction band is exactly half-full at absolute zero. Because the band is partially empty, there are
abundant unoccupied adjacent energy states available.

In either case, because there is no bandgap to overcome, an immense sea of free electrons is readily available in the
conduction band even at absolute zero. When a tiny electric field (voltage) is applied, these free electrons immediately
shift into slightly higher available energy states within the conduction band, acquiring drift velocity and constituting a
massive electric current.
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3.2.4 Summary of Energy Band Theory

To summarize, the classification of a solid material as a conductor, semiconductor, or insulator is entirely determined
by the magnitude of its forbidden energy gap (E,):

 Insulators: E, > 3 e¢V. Electrons cannot cross the massive gap. High resistivity.

e Semiconductors: F, ~ 1 eV. A small number of electrons can cross the gap at room temperature via thermal
excitation. Moderate, temperature-dependent resistivity.



https://milav.in

« Conductors: E; =0 eV (Overlapping bands). Plentiful free electrons are always available in the conduction
band. Extremely low resistivity.

3.3 Semiconductor Types: Intrinsic, Extrinsic, and Doping

3.3.1 Intrinsic Semiconductors

An intrinsic semiconductor is an extremely pure semiconductor material—typically Silicon (Si) or Germanium
(Ge)—that has not been doped with any impurity atoms. In an intrinsic semiconductor, the electrical properties
are determined solely by the inherent nature of the pure material itself, not by any external additives. To be
considered intrinsic, the impurity level must be astonishingly low, typically less than one impurity atom per 10° to 10'°
semiconductor atoms.

Charge Carrier Generation in Intrinsic Semiconductors

As discussed in previous sections, at absolute zero temperature (0 K), all valence electrons are tightly bound in covalent
bonds. The valence band is full, the conduction band is empty, and the material is a perfect insulator.

As the temperature increases to room temperature (300 K), the thermal energy (kT") of the crystal lattice increases.
This thermal vibration provides enough energy to a small fraction of the valence electrons to break their covalent
bonds and jump across the forbidden energy gap (E,) into the conduction band. When an electron makes this jump,
two things happen simultaneously: 1. A free electron is created in the conduction band, carrying a negative charge
(—q). 2. A vacancy is left behind in the valence band. This vacancy is called a hole, and it acts mathematically and
physically as a positive charge carrier (4q).

This simultaneous creation is called Electron-Hole Pair (EHP) Generation. Because every free electron must
leave exactly one hole behind, it is a fundamental law of intrinsic semiconductors that the number of free electrons (n)
exactly equals the number of holes (p).

n=p=mn; (3.2)

Where n; is the intrinsic carrier concentration. For Silicon at room temperature, n; ~ 1.5 x 10'° carriers/ cm®.
While this seems like a large number, given that there are about 5 x 10?2 Silicon atoms per cm?, only about one in a
trillion atoms contributes a free electron. Therefore, the overall electrical conductivity of an intrinsic semiconductor is
extremely low, rendering it practically useless for building electronic components like transistors.

Mass Action Law: Under thermal equilibrium, the product of the free electron concentration (n) and the hole
concentration (p) is a constant, independent of the amount of doping, and depends only on temperature and the
material’s bandgap.

nxp=n? (3.3)

Al IMAGE PLACEHOLDER
Descriptive Al Image showing the intrinsic generation process: A photon or
thermal vibration hitting a Silicon lattice, breaking a bond, and visually ejecting
an electron into the conduction space while leaving a glowing positive 'hole’ behind.

3.3.2 The Concept of Doping

Since intrinsic semiconductors have a conductivity too low for practical use, engineers must find a way to vastly increase
the number of charge carriers. They achieve this through a process called Doping.

Definition: Doping is the deliberate and highly controlled addition of specific foreign impurity atoms into a pure
(intrinsic) semiconductor crystal lattice to drastically alter its electrical properties, specifically its conductivity.

The added impurity atoms are called dopants. The doping concentration is usually very small—ranging from 1
impurity atom per 108 silicon atoms (light doping) to 1 impurity atom per 10% silicon atoms (heavy doping). Despite
this tiny ratio, doping has a monumental effect on conductivity. Adding just 1 part per million of a suitable dopant can
increase the conductivity of Silicon by a factor of 100,000!

An intrinsic semiconductor that has been doped with impurities is called an Extrinsic Semiconductor.
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3.3.3 Extrinsic Semiconductors

Depending on the type of impurity added, extrinsic semiconductors are classified into two broad categories: N-Type
and P-Type.

1. N-Type Semiconductor

An N-Type (Negative-Type) semiconductor is created by doping pure silicon or germanium with pentavalent impurity
atoms (atoms with five valence electrons, such as Phosphorus, Arsenic, or Antimony).

Mechanism: When a pentavalent atom (e.g., Phosphorus, P) is introduced into the silicon lattice, it displaces
a silicon atom. Four of the five valence electrons of the Phosphorus atom form strong covalent bonds with the four
surrounding silicon atoms. The fifth valence electron has no neighboring silicon electron to bond with. It remains
loosely attached to the parent Phosphorus nucleus. The ionization energy required to detach this fifth electron is
extremely small (about 0.05 eV for Si). At room temperature, the available thermal energy (0.026 €V) is easily enough
to detach almost all of these fifth electrons. Thus, every pentavalent impurity atom donates one free electron to the
conduction band without creating a corresponding hole in the valence band. Because they donate electrons, pentavalent
impurities are called Donor Impurities.

Charge Carrier Concentration: In an N-Type semiconductor, there are two sources of free electrons: 1. Millions
of electrons donated by the donor impurities (Np, where Np is the donor concentration). 2. A very small number of
thermally generated electron-hole pairs (n;). Therefore, electrons vastly outnumber holes.

o Electrons are the Majority Charge Carriers (n ~ Np).
e Holes are the Minority Charge Carriers.

Using the Mass Action Law (n - p = n?), we can find the minority hole concentration:

2 2
n; n;
p n Np (3.4)

Because Np > n;, the hole concentration in an N-type material is severely suppressed compared to the intrinsic state.

Energy Band Diagram of N-Type: The presence of donor atoms introduces a new, discrete allowed energy level
into the forbidden gap. This Donor Energy Level (Ep) is located just slightly below the bottom of the conduction
band (E¢). Because the distance (Ec — Ep) is so small, electrons easily jump from Fp into the conduction band at
room temperature.
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2. P-Type Semiconductor

A P-Type (Positive-Type) semiconductor is created by doping pure silicon or germanium with trivalent impurity
atoms (atoms with three valence electrons, such as Boron, Aluminum, or Gallium).

Mechanism: When a trivalent atom (e.g., Boron, B) is introduced into the silicon lattice, its three valence electrons
form covalent bonds with three surrounding silicon atoms. The fourth neighboring silicon atom has an electron ready to
share, but the Boron atom has no fourth electron available. This creates a vacancy or missing electron in the covalent
bond structure. This vacancy is a Hole. This hole easily accepts an electron from a neighboring silicon-silicon bond
(which requires very little energy, about 0.05 eV). When a neighboring electron moves to fill the hole, it leaves a new
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hole in its previous location. Thus, the hole appears to move through the crystal. Because every trivalent impurity
atom accepts an electron (thereby generating a mobile hole), trivalent impurities are called Acceptor Impurities.
Charge Carrier Concentration: In a P-Type semiconductor, holes vastly outnumber free electrons.

o Holes are the Majority Charge Carriers (p ~ N4, where N4 is the acceptor concentration).
e Electrons are the Minority Charge Carriers.

Using the Mass Action Law, the minority electron concentration is:

n? n?

n=-—-+tr~ -2 3.5
p Na (3:5)

Energy Band Diagram of P-Type: The presence of acceptor atoms introduces a new, discrete allowed energy
level called the Acceptor Energy Level (E4). This level is located just slightly above the top of the valence band
(Ev). At room temperature, electrons from the valence band easily jump up into the E4 level, leaving behind an
abundance of mobile holes in the valence band.

Energy (F)

A

Conduction Band, }(E€C)

norrt

2
--2-=-f-=2--+-- Acceptor Level (Ea)
6000
Yalence Band (Ey

==

P-Type Energy Band

3.3.4 Summary of Electrical Neutrality

It is a common misconception that N-type material is negatively charged and P-type material is positively charged.
This is entirely false. An N-type semiconductor is electrically neutral. While it has an excess of free electrons, the
parent pentavalent donor atoms (which lost those electrons) become fixed positive ions (+1) within the crystal lattice.
The total negative charge of the free electrons exactly balances the total positive charge of the donor ions and the
silicon nuclei. Similarly, a P-type semiconductor is completely neutral. The parent trivalent acceptor atoms (which
accepted an electron to fill their hole) become fixed negative ions (—1). The total positive charge of the holes exactly
balances the fixed negative ions. Extrinsic semiconductors are electrically neutral just like intrinsic semiconductors;
doping only changes the availability and type of mobile charge carriers.

3.4 Charge Carriers and Conductivity

3.4.1 The Dual Nature of Charge Carriers

In a standard metallic conductor (like copper wire), electrical current is exclusively the result of the flow of free,
negatively charged electrons. However, the unique and powerful nature of semiconductors arises from the fact that
electrical current is conducted by two distinct types of charge carriers simultaneously: 1. Free Electrons:
Negatively charged particles residing in the conduction band, wandering freely through the crystal lattice. 2. Holes:
Positively charged vacancies residing in the valence band. When an electron from an adjacent covalent bond moves to
fill a hole, the hole effectively "moves" in the opposite direction.

When a voltage (electric field) is applied across a semiconductor, the free electrons in the conduction band drift
towards the positive terminal. Simultaneously, the holes in the valence band drift towards the negative terminal.
Because they have opposite charges and move in opposite directions, their resulting electrical currents actually add
together in the same direction. Total Current = Electron Current + Hole Current (Liorq; = I, + Ip).
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3.4.2 Detailed Models of N-Type and P-Type Semiconductors

To analyze electronic components like diodes and transistors, it is highly beneficial to visualize doped semiconductors
not just as a sea of moving charges, but as a matrix containing both mobile charges and fixed, immovable ions.
N-Type Semiconductor Model

In an N-type material, pentavalent impurities (Donors) have been added. Each donor atom gives up one electron to the
conduction band. By losing a negative electron, the previously neutral donor atom becomes a fixed positive ion
(+1). It is "fixed" because it is rigidly locked into the covalent crystal structure and cannot move.

Therefore, an N-type semiconductor block consists of:

o Majority Carriers: An abundance of highly mobile free electrons (—).

o Minority Carriers: A very small number of mobile holes (4), generated purely by thermal energy breaking
random silicon bonds.

» Fixed Ions: A large number of immobile positive donor ions (+).

The material is electrically neutral because the total negative charge of the free electrons exactly balances the total
positive charge of the fixed donor ions (plus the few thermal holes).

Model of an N-Type Semiconductor
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P-Type Semiconductor Model

In a P-type material, trivalent impurities (Acceptors) have been added. Each acceptor atom "steals" an electron from a
neighboring silicon bond to complete its own outer shell, creating a mobile hole in the process. By gaining an extra
negative electron, the previously neutral acceptor atom becomes a fixed negative ion (—1).

Therefore, a P-type semiconductor block consists of:

o Majority Carriers: An abundance of highly mobile holes (+).
o Minority Carriers: A very small number of mobile free electrons (—), generated purely by thermal energy.
o Fixed Ions: A large number of immobile negative acceptor ions (—).

Again, the material is electrically neutral.

Model of a P-Type Semiconductor
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3.4.3 Majority and Minority Charge Carriers

The electrical characteristics of a semiconductor junction (like a diode) are completely governed by the interplay
between majority and minority carriers across the junction.

Majority Carriers are the charge carriers present in the largest numbers, primarily responsible for the bulk of the
current flow when a forward voltage is applied. They are created almost entirely by intentional doping.

o In N-type, electrons are the majority carriers. (Concentration n &~ Np).
o In P-type, holes are the majority carriers. (Concentration p ~ Ny).

Minority Carriers are the charge carriers present in vastly smaller numbers. They are created solely by the
thermal breakage of covalent bonds.

e In N-type, holes are the minority carriers.

e In P-type, electrons are the minority carriers.

Calculating Carrier Concentrations

The Mass Action Law states that at thermal equilibrium, the product of electron and hole concentrations is equal to
the square of the intrinsic carrier concentration (n;), regardless of doping.

nxp=n? (3.6)

Example 11: A sample of pure silicon at room temperature (n; = 1.5 x 10!° ecm~3) is doped with Phosphorus
to a concentration of Np = 101¢ atoms/ cm®. Calculate the electron and hole concentrations. Solution: Because

Phosphorus is a pentavalent donor, the material is N-type. The majority carrier (electron) concentration n ~ Np.
2

n = 10'° electrons/ cm®. Using the Mass Action Law to find the minority carrier (hole) concentration p: p = % =

10y2
(1'51X011% - 2'25%020 = 2.25 x 10 holes/ cm®. Notice the immense disparity: for every single minority hole, there are

roughly half a trillion majority electrons!

3.4.4 Conductivity in Semiconductors

Electrical conductivity (o) is a measure of a material’s ability to conduct an electric current. It is the reciprocal of
resistivity (p = 1/0).

To derive the conductivity of a semiconductor, we start with the concept of Carrier Mobility (u). Mobility
describes how fast a charge carrier drifts through the crystal lattice when an electric field () is applied. Drift velocity
(vq) is directly proportional to the applied electric field: vy, = peE (for electrons) vg, = upE (for holes) Where f1. and
un, are the electron and hole mobilities, respectively, measured in cm?/V - s.

Crucial Note on Mobility: Electrons moving through the relatively open conduction band encounter less
resistance than holes, which are essentially electrons hopping sequentially from one broken covalent bond to another
in the densely packed valence band. Therefore, electron mobility is always significantly higher than hole
mobility (u. > ). For Silicon at room temp, p. ~ 1350 and pj, =~ 480 cm?/V -s. This is why N-type devices (like
NPN transistors) can switch faster than P-type devices.

Derivation of Conductivity (o)

Current density (J) is the current per unit cross-sectional area (J = I /A). The drift current density due to electrons is:
Jp=mn-e-vg, =n-e- .- E The drift current density due to holes is: J, =p-e-vg, = p-e- - £ Where e is the
elementary charge (1.6 x 107 C).

Since both carriers contribute to the total current in the same direction, the total current density is the sum:
J=dn+Jp=Mn-€e-p.-E)+(p-e-puy E)

J = e(npe + pun)E (3.7)

From the microscopic form of Ohm’s Law, J = o . Comparing the two equations, we get the fundamental formula for
semiconductor conductivity:

o = e(npe + ppn) (3.8)
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Conductivity Simplifications for Doped Materials
o Intrinsic Semiconductor: Here, n =p=mn;. 0, =n;-e- (e + 1p)

o N-Type Semiconductor: Here, n ~ Np and p is insignificantly small (p < n). Thus, the py; term can be

safely ignored.
on=~e-Np- e (3.9)

o P-Type Semiconductor: Here, p ~ N4 and n is insignificantly small (n < p). The nu,. term can be ignored.
op~e-Ny-pup (3.10)

Example 12: A bar of Silicon (1 cm long, cross-sectional area 0.1 cm?) is doped with 10'® Boron atoms per cm?®.
Given up = 500 cm?/V - s, pre = 1500 cm?/V - s, and n; = 1.5 x 10'% em™3. Calculate (a) carrier concentrations, (b)
conductivity, and (c) the resistance of the bar. Solution: (a) Boron is a trivalent acceptor. Thus, it’s a P-type material.
Majority holes p &~ N4 = 10*® cm™3. Minority electrons n = n?/p = (1.5 x 10'9)2/10'6 = 2.25 x 10* cm~3.

(b) Since it’s heavily P-type, we can use the simplified conductivity formula: o~ e N4 - pup, 0 = (1.6 x 10719 C) x
(1016 cm™3) x (500 cm?/V -s) o = 1.6 x 1073 x 500 = 0.8 (2 - cm) ! or 0.8 S/cm.

(c) Resistivity p=1/0 = 1/0.8 = 1.25Q - cm. Resistance R = p4 = 1.25 x 0.11 sy =125Q.

Al IMAGE PLACEHOLDER
Descriptive Al Image showing an electron drift race. An electron moving quickly
and smoothly through a clear upper tube (Conduction band), while a ’hole’
(represented by an electron moving backwards frame-by-frame) struggles to move
through a densely packed lower tube (Valence band), visualizing the difference in
mobility.
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CHAPTER 4

PN Junction Diodes




CHAPTER 5

Semiconductor Diodes and Applications

5.1 PN Junction Formation

5.1.1 Introduction to the P-N Junction

In the previous unit, we studied P-type and N-type semiconductors in isolation. While mathematically interesting, an
isolated block of P-type or N-type material is practically useless for electronic control; it behaves merely as a resistor
with a specific conductivity.

The true foundation of modern solid-state electronics—the very basis of diodes, transistors, integrated circuits,
and computer processors—Ilies in what happens when a P-type region and an N-type region are brought into intimate
contact within the exact same continuous crystal lattice. The boundary where these two distinct regions meet is called
a P-N Junction.

Crucial Note on Manufacturing: You cannot form a functional P-N junction by simply taking a block of P-type
silicon and physically pressing it against a block of N-type silicon. The microscopic roughness of the surfaces and
the presence of air/oxide layers would prevent continuous crystalline bonds from forming. A P-N junction must be
created metallurgically within a single crystal. This is typically done by taking an N-type silicon wafer and exposing
one surface to a high-temperature gas containing trivalent (P-type) impurities, allowing them to diffuse into the crystal
structure and convert the top layer into P-type material.

5.1.2 The Phenomenon of Diffusion

To understand the formation of the junction, imagine the exact instant (¢ = 0) when the P-type and N-type regions are
formed next to each other.

e On the P-side: There is an enormous concentration of mobile holes (majority carriers) and very few electrons.

o On the N-side: There is an enormous concentration of mobile free electrons (majority carriers) and very few
holes.

In nature, particles always move from a region of high concentration to a region of low concentration to achieve
equilibrium (like a drop of ink spreading in a glass of water). This process is called Diffusion.

Immediately upon formation, a massive concentration gradient exists at the junction boundary. 1. Free electrons
on the N-side sense the lack of electrons on the P-side and violently diffuse across the junction into the P-region. 2.
Simultaneously, holes on the P-side sense the lack of holes on the N-side and violently diffuse across the junction into
the N-region.

This movement of majority charge carriers across the junction constitutes a momentary electrical current known as
the Diffusion Current.

5.1.3 The Depletion Layer

As electrons and holes diffuse across the junction, they encounter each other. Because they have opposite charges, they
attract. When a free electron meets a hole, it drops into the vacancy, and they annihilate each other. This process is
called Recombination.

Recombination has a profound effect on the immediate vicinity of the junction:

e When an electron leaves the N-side, it leaves behind its parent pentavalent donor atom. This donor atom is now
a fixed positive ion (+) firmly locked in the crystal lattice. Because the electron is gone, this positive ion is
"uncovered" or exposed.



o When a hole leaves the P-side (or equivalently, when an electron crosses over to fill a hole on the P-side), the
parent trivalent acceptor atom gains an extra electron. This acceptor atom becomes a fixed negative ion (—)
locked in the lattice.

As diffusion and recombination continue, a dense wall of exposed, fixed negative ions builds up on the P-side of
the junction, and a dense wall of exposed, fixed positive ions builds up on the N-side. Because all the mobile charge
carriers (electrons and holes) in this immediate border region have been annihilated by recombination, this specific
region is utterly depleted of any mobile charge carriers.

This insulating boundary region is aptly named the Depletion Layer (or Depletion Region, or Space-Charge
Region). Its thickness is incredibly small, typically on the order of 1 micron (10~% meters), but its electrical effect is
monumental.

Formation of the Depletion Layer in a P-N Junction
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5.1.4 Barrier Potential (Built-in Potential, 1})

The buildup of uncovered fixed ions in the depletion layer creates a powerful internal electrostatic field.
e The N-side of the depletion layer has a wall of positive ions.
e The P-side of the depletion layer has a wall of negative ions.

This charge separation creates an internal Electric Field (F) pointing from the N-side to the P-side.

This electric field opposes the diffusion process. As the electric field grows stronger (as more ions are uncovered),
it starts pushing back against the diffusing majority carriers. - The negative potential on the P-side repels any more
electrons trying to cross over from the N-side. - The positive potential on the N-side repels any more holes trying to
cross over from the P-side.

Very quickly, the strength of this internal electric field becomes exactly strong enough to completely halt the
diffusion of majority carriers. The junction reaches a state of dynamic equilibrium.

The potential difference established across the depletion layer by these fixed ions is called the Barrier Potential or
Built-in Potential (Vj or V};). It acts as an invisible, internal battery that prevents the remaining majority carriers
from crossing the junction. To force any current through the junction, an external voltage must be applied to overcome
this barrier.

Derivation of Barrier Potential

At equilibrium, the net current across the junction must be zero. This means the diffusion current (driven by
concentration gradient) is exactly canceled out by the Drift Current (minority carriers swept across the junction by
the internal electric field). Jg;f fusion + Jarige = 0 Using semiconductor physics (the Einstein relation D = ,u%), it can
be shown that the barrier potential is determined by the doping concentrations and the intrinsic carrier concentration:

KT (NaN NN
Voqun< A2D>:VT1n< 22D> (5.1)

i i
Where:
o+ k = Boltzmann’s constant (1.38 x 1072 J/K)

e T = Absolute temperature in Kelvin

e ¢ = Elementary charge (1.6 x 107 C)
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e Vp= /%T is the thermal voltage (approx. 26 mV at room temp 300 K)

e N = Acceptor concentration on P-side

e Np = Donor concentration on N-side

e n; = Intrinsic carrier concentration

Typical Values of Barrier Potential at 300 K:

 Silicon (Si): Vp ~ 0.7 Volts (Ranges from 0.6V to 0.75V depending on doping).
e Germanium (Ge): Vj ~ 0.3 Volts.

Because Silicon’s n; is much smaller than Germanium’s due to its wider bandgap, its barrier potential is inherently
larger.

Al IMAGE PLACEHOLDER
Descriptive Al Image showing a 3D potential energy ’hill’ or ’barrier’ at the PN
junction. Free electrons on the N-side are shown at the bottom of the hill, lacking
the energy to climb over it to reach the P-side, visually illustrating the barrier
potential.

5.1.5 Knee Voltage (Cut-in or Threshold Voltage)

The terms Barrier Potential, Built-in Potential, Knee Voltage, and Cut-in Voltage all conceptually refer to the same
fundamental physical barrier, but they are used in different contexts.

o Barrier Potential (1)) is the exact theoretical internal voltage established by the fixed ions at equilibrium.

o Knee Voltage (V}) is a practical engineering term used when looking at the V-I characteristic curve of a
manufactured diode.

When we apply a forward-biasing external voltage (Positive terminal to P-side, Negative terminal to N-side) to a
P-N junction, the external voltage pushes against the internal barrier potential, physically shrinking the depletion layer.
However, significant current will not begin to flow until the external applied voltage exactly exceeds the internal barrier
potential.

The Knee Voltage is the specific external applied forward voltage at which the depletion layer practically vanishes,
the potential barrier is overcome, and the junction begins to conduct current exponentially. It is called the "knee"
voltage because on a linear V-I graph, the current curve stays flat near zero, and then suddenly bends upward sharply
(like a bent knee) once this voltage is surpassed.

For all practical engineering approximations:
Vk‘nee ~ ‘/0 (52)

Therefore, for a standard Silicon diode, the knee voltage is considered to be 0.7 V. For a Germanium diode, it is 0.3 V.

Forward Current Ir (mA)

A

urrent rises exponentially
fter overcoming the barrier

» Forward Voltage Vi (Volts)
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5.2 PN Junction Working (Biasing)

5.2.1 Introduction to Biasing

A P-N junction in isolation, with no external voltage applied (unbiased state), sits in thermal equilibrium. Its internal
barrier potential prevents any net flow of current. To utilize the P-N junction as an electronic component (a diode), we
must apply an external DC voltage across its terminals. The process of applying an external voltage to a semiconductor
device to establish a specific operating condition is known as Biasing.

Because the P-N junction is fundamentally asymmetrical (one side is P-type, the other is N-type), the polarity of
the applied external voltage completely dictates the behavior of the device. There are two primary modes of biasing a
P-N junction: 1. Forward Bias 2. Reverse Bias

5.2.2 Forward Bias Operation

A P-N junction is said to be forward biased when the positive terminal of an external DC voltage source (battery) is
connected to the P-type region, and the negative terminal is connected to the N-type region.

Physical Mechanism

When this specific polarity is applied, the external electric field created by the battery acts in direct opposition to the
internal electric field of the barrier potential (Vp).

e The positive terminal of the battery exerts a repulsive force on the abundant majority holes in the P-region,
pushing them strongly toward the junction.

e Simultaneously, the negative terminal of the battery repels the abundant majority electrons in the N-region,
pushing them strongly toward the junction.

As the external voltage (V) is gradually increased from zero: 1. Depletion Layer Shrinks: The external field
overpowers the internal field, forcing majority carriers to physically penetrate the depletion region. The uncovered fixed
ions are neutralized by these incoming carriers, causing the physical width of the depletion layer to rapidly decrease. 2.
Barrier Potential is Overcome: The effective potential barrier restricting the flow of majority carriers is reduced to
(Vo — V). Once the external voltage Vi slightly exceeds the built-in knee voltage (e.g., 0.7V for Silicon), the potential
barrier collapses entirely. 3. High Current Flows: With the barrier gone, a massive avalanche of majority carriers
crosses the junction.

o Electrons from the N-side flood into the P-side. Once in the P-side, they become minority carriers and diffuse
toward the positive battery terminal.

e Holes from the P-side flood into the N-side, diffusing toward the negative battery terminal.

Because the current is constituted by the abundant majority carriers moving freely, the forward-biased diode offers
an extremely low electrical resistance (typically tens of ohms) and allows a large current to flow (typically measured in
milliamperes, mA).

Forward Biased P-N Junction
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Depletion layer width decreases.
Majority carriers cross easily.
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5.2.3 Reverse Bias Operation

A P-N junction is said to be reverse biased when the positive terminal of the external DC voltage source is connected
to the N-type region, and the negative terminal is connected to the P-type region.

Physical Mechanism

When this specific polarity is applied, the external electric field created by the battery acts in the exact same
direction as the internal electric field of the barrier potential. They reinforce each other.

e The negative terminal of the battery strongly attracts the majority holes in the P-region, pulling them away from
the junction towards the outer terminal.

e Simultaneously, the positive terminal of the battery strongly attracts the majority electrons in the N-region,
pulling them away from the junction towards the outer terminal.

As the external reverse voltage (Vg) is increased: 1. Depletion Layer Widens: Because the majority carriers
are actively pulled away from the junction boundary, more fixed ions are left exposed and uncovered on both sides.
Consequently, the physical width of the depletion layer drastically increases. 2. Barrier Potential Increases: The
effective potential barrier restricting the flow of majority carriers increases to (Vp + Vg). This massive barrier acts as
an impenetrable wall. Absolutely zero majority carriers can cross the junction. The forward current falls to zero. 3.
Minority Carrier Drift (Reverse Saturation Current): While the massive barrier blocks majority carriers, it is
actually highly favorable for minority carriers.

e Thermally generated minority electrons on the P-side wander near the junction and are immediately swept across
to the N-side by the strong electric field.

e Thermally generated minority holes on the N-side are similarly swept across to the P-side.

This movement of minority carriers constitutes a tiny, almost negligible electrical current flowing in the reverse direction.
This is called the Reverse Saturation Current (denoted as I; or Ip). Because minority carriers are generated
solely by thermal energy (heat breaking bonds), I is highly dependent on temperature but completely independent
of the applied reverse voltage (hence the term "saturation"). Because the current is so incredibly small (typically
in microamperes pA for Ge, and nanoamperes nA for Si), a reverse-biased diode offers an extremely high electrical
resistance (typically Mega-ohms), acting effectively as an open switch.

Reverse Biased P-N Junction
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Depletion layer width increases.
Majority carriers blocked.
Tiny minority drift current flows (I).
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Al IMAGE PLACEHOLDER
Descriptive Al Image visually comparing the physical state of the PN junction
under forward and reverse bias side-by-side. Left: Depletion zone squeezed thin,
flood of particles crossing. Right: Depletion zone stretched wide, particles pulled to
opposite walls.

5.2.4 Summary Comparison Table

Parameter Forward Bias Reverse Bias

Battery  Con- | P-side to Positive (+), N-side | P-side to Negative (-), N-side

nection to Negative (-) to Positive (+)
Depletion Layer | Shrinks / Narrows Widens / Expands
Potential Bar- | Decreases (V) — Vp) Increases (Vo + Vg)
rier

Current Carri- | Majority Carriers (Abundant) | Minority Carriers (Scarce)

ers
Current Magni- | Large (measured in mA) Extremely small (measured in
tude 1A or nA)

Device Resis- | Extremely Low (acts as a | Extremely High (acts as an
tance closed switch) open switch)

Table 5.1: Comparison of Forward and Reverse Biased P-N Junction

This stark asymmetry—allowing current to flow freely in one direction while utterly blocking it in the opposite
direction—is the defining characteristic of a diode. This behavior is called rectification and is the foundation for
converting AC power to DC power.

5.3 Diode Voltage-Current (V-I) Characteristics

5.3.1 Introduction to V-I Characteristics

The behavior of any electrical component is most comprehensively described by its Volt-Ampere (V-I) Characteristic
Curve. This is a graphical representation showing how the current flowing through the device varies as a function
of the voltage applied across its terminals. For a standard linear resistor, this graph is simply a straight line passing
through the origin (Ohm’s Law, I = V/R). However, a P-N junction diode is a highly non-linear device. Its V-I curve
is exponentially complex and behaves entirely differently depending on the polarity of the applied voltage.

5.3.2 The Shockley Diode Equation

The entire V-I characteristic curve of an ideal P-N junction (excluding the breakdown region) can be mathematically
modeled by a single, elegant equation known as the Shockley Diode Equation (named after William Shockley,
co-inventor of the transistor):

v
I=1, (wVT - 1) (5.3)
Where:

e I = Total current flowing through the diode.
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o V' = Voltage applied across the diode (Positive for forward bias, negative for reverse bias).
o I, = Reverse saturation current (typically in nA or pA).

o Vp = Thermal voltage (/%T) At room temperature (300 K), V7 ~ 26 mV.

o 7 (eta) = Ideality factor or emission coefficient. It depends on the semiconductor material and the manufacturing
process. Typically, n ~ 1 for Germanium and 7 = 2 for Silicon at low currents (dropping towards 1 at higher
currents).

Let us mathematically analyze this equation for both biasing conditions to understand the shape of the V-I curve.

5.3.3 Forward Characteristics (First Quadrant)

When the diode is forward biased, the applied voltage V' is positive. If V' is sufficiently positive (even a few tenths of a
\%

volt), the exponential term e" becomes much, much greater than 1. Therefore, the —1 term in the Shockley equation
can be completely ignored. The equation simplifies to:

\%a

IF ~ Isem (5.4)

This mathematically proves that the forward current (Ir) increases exponentially with respect to the forward voltage

(V).

Regions of the Forward Curve

1. Initial Non-Linear Region (Below Knee Voltage): As voltage is increased from 0V, the current remains
incredibly small (almost zero). The external voltage is still weaker than the internal barrier potential, so the
depletion layer has not yet collapsed.

2. Knee Voltage (Vx or Cut-in Voltage): As the applied voltage approaches the barrier potential (approx. 0.7V
for Si, 0.3V for Ge), the depletion layer effectively vanishes. The current begins to rise sharply. This sharp bend
in the curve is called the "knee".

3. Exponential/Linear Rise Region: Once past the knee voltage, the diode offers minimal resistance. Even a
minuscule further increase in voltage results in a massive, exponential increase in current (measured in milliamperes,
mA). In practical large-signal analysis, this steep curve is often approximated as a straight, vertical line.

5.3.4 Reverse Characteristics (Third Quadrant)
When the diode is reverse biased, the applied voltage V' is negative (let V= —Vg). The Shockley equation becomes:

—Vr
=1, (e Vi 1) (5.5)

-large number

Because Vg is positive and relatively large compared to V-, the exponential term e approaches zero extremely

quickly. Therefore, the equation simplifies to:
Ip~I;(0-1)=—I (5.6)

This mathematically proves that under reverse bias, the current is constant, negative (flowing in the opposite direction),
and exactly equal to the Reverse Saturation Current (I;).

Regions of the Reverse Curve

1. Saturation Region: For almost the entire reverse voltage range, the current remains constant at /5 (measured
in pA for Ge, nA for Si). It is called "saturation" current because it does not increase with voltage; it only
depends on the number of thermally generated minority carriers. (Note: I, is highly temperature-dependent,
roughly doubling for every 10°C rise).

2. Breakdown Region: The Shockley equation breaks down at very high reverse voltages. If the reverse voltage
is increased beyond a critical point called the Breakdown Voltage (Vsg), the incredibly strong electric field
literally tears electrons out of their covalent bonds across the entire crystal. This results in a massive avalanche
of free charge carriers. The reverse current shoots up almost infinitely while the voltage remains clamped at
Vpr. Unless limited by an external resistor, this massive current will generate intense heat (P = Vpgr x I) and
instantly destroy a standard diode. (Zener diodes are specially designed to operate safely in this region).
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Al IMAGE PLACEHOLDER
Descriptive Al Image showing a highly detailed, annotated full V-I characteristic
curve of a Silicon diode. Ensure both axes (Forward V/mA and Reverse V/uA)
have different scales to properly show the disparity between forward and reverse
current.
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V-1 Characteristics of $i and Ge Diodes
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A
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Geymanium (Ge)
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verse Current scale in pA

5.3.5 Diode Resistance (Static and Dynamic)

Because a diode’s V-I curve is not a straight line, it does not have a single, constant resistance value like a resistor. Its
resistance depends entirely on the specific operating point on the curve. We define two types of resistance for a diode:
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1. Static (DC) Resistance (Rr or Rp)

The static resistance is the resistance offered by the diode to a constant DC voltage. It is simply the ratio of the DC
voltage across the diode to the DC current flowing through it at a specific operating point (Q-point).

v
Geometrically, it is the reciprocal of the slope of a straight line drawn from the origin to the specific operating point on

the V-1 curve. As the forward voltage increases, the static resistance drastically decreases.

2. Dynamic (AC) Resistance (ry)

The dynamic resistance is the resistance offered by the diode to a small, fluctuating AC signal superimposed on a DC
bias voltage. It is defined as the ratio of a small change in voltage (AV') to the corresponding small change in current
(AI).

AV 4V
TOAT dl
Geometrically, it is the reciprocal of the slope of the tangent line drawn to the V-I curve at the specific DC operating
point. Using the Shockley equation, the dynamic resistance at room temperature can be approximated as:

rq (5.8)

26 mV

e Ir (in mA) (59)

(Assuming n = 1). This highlights that dynamic resistance is inversely proportional to the forward DC current.

5.3.6 Ideal vs. Practical Diode Models

When analyzing complex circuits containing diodes, using the full exponential Shockley equation is usually unnecessary
and overly complicated. Engineers use simplified models depending on the required accuracy.

1. Ideal Diode Model: The diode is treated as a perfect, voltage-controlled switch.

o Forward Bias: Acts as a perfect short circuit (OV drop, 02 resistance).

» Reverse Bias: Acts as a perfect open circuit (OA current, infinite resistance).
2. Practical (Simplified) Diode Model: A more realistic approximation.

o Forward Bias: Modeled as an ideal switch in series with a constant DC voltage source equal to the knee
voltage (0.7V for Si). Once turned on, it always drops exactly 0.7V regardless of current.

e Reverse Bias: Acts as a perfect open circuit.
3. Piecewise Linear Model: The most accurate approximation.

e Forward Bias: Modeled as an ideal switch, in series with a 0.7V source, in series with a small resistor
representing the average dynamic resistance (raug).

I I I
>V >V >V
0.7V 0.7V
Ideal Model Practical Model Piecewise Linear

5.4 The Zener Diode

5.4.1 Introduction

As discussed in the previous section, if a standard P-N junction diode is subjected to a reverse voltage exceeding
its breakdown rating, it usually results in the immediate destruction of the device due to excessive heat generation.
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Standard diodes are designed strictly to operate in the forward-biased or reverse-saturation regions, and must avoid the
breakdown region at all costs.

However, an American physicist named Clarence Zener discovered that by carefully controlling the doping concen-
tration during manufacturing, a diode could be designed to intentionally and safely operate deep within the reverse
breakdown region.

A Zener Diode is a specially designed, heavily doped silicon P-N junction diode that is optimized to operate in
the reverse breakdown region without being damaged. When forward-biased, it acts exactly like a normal diode. But
when reverse-biased beyond a specific voltage, it exhibits a sudden, sharp breakdown, maintaining a perfectly constant
voltage across its terminals regardless of the current flowing through it.

Anode_i qfathode Anodet qgthode
L1 L
Standard Diode Zener Diode

5.4.2 Breakdown Mechanisms: Zener vs. Avalanche

There are actually two distinctly different physical mechanisms that cause a diode to break down in reverse bias. Which
mechanism dominates depends entirely on the doping concentration of the silicon.

1. Zener Breakdown (Occurs at low voltages, < 6V)

Zener breakdown occurs in heavily doped diodes. Because the P and N regions are heavily populated with impurity
ions, the depletion layer formed at the junction is incredibly thin (often less than 10~% meters). Because the Electric
Field (E) is Voltage divided by Distance (E = V/d), even a relatively small reverse voltage (like 5V) applied across
such a microscopically thin distance creates an immensely powerful electric field (often exceeding 3 x 107 V/m).

This intense electric field is strong enough to literally rip valence electrons straight out of their stable covalent
bonds. This direct rupture of covalent bonds via high electric field strength (often modeled quantum mechanically
as tunneling) generates a massive number of free electrons and holes simultaneously. The reverse current shoots up
dramatically while the voltage remains clamped. This is the true Zener effect.

2. Avalanche Breakdown (Occurs at high voltages, > 6V)

Avalanche breakdown occurs in lightly doped diodes (like standard rectifier diodes). Because the doping is light,
the depletion layer is relatively wide. Therefore, the electric field is not strong enough to tear electrons directly out
of their bonds. Instead, the high reverse voltage accelerates the few existing, thermally generated minority carriers
(electrons in the P-side, holes in the N-side) to tremendous velocities as they cross the wide depletion layer. These
highly energetic carriers inevitably collide head-on with fixed silicon atoms in the lattice. The kinetic energy of the
collision is so great that it knocks a valence electron out of its bond, creating a new electron-hole pair. These newly
freed carriers are immediately accelerated by the field, colliding with more atoms, freeing more carriers, creating a
cascading chain reaction—an avalanche. This avalanche results in a massive surge of current.

Note on Terminology: Despite the two different physical mechanisms, industry conventionally calls all diodes
specifically designed to operate in the reverse breakdown region "Zener Diodes," whether they operate via true Zener
breakdown (e.g., a 4.7V Zener) or Avalanche breakdown (e.g., a 12V Zener).

Al IMAGE PLACEHOLDER
Descriptive Al Image visually contrasting Zener vs Avalanche breakdown. Left
panel (Zener): A powerful electric field 'ripping’ electrons from a very narrow gap.
Right panel (Avalanche): A wide gap where one fast-moving electron hits an atom
like a billiard ball, knocking out two more, which then knock out four more, etc.
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5.4.3 V-I Characteristics of a Zener Diode

The V-I characteristic curve is essential for understanding how the Zener diode functions as a voltage regulator.

Zener Diode V-I Characteristics

v
Z » V' (Volts)
| 0.7V

””””””” IZ(mzn)
Breakdown Normal Operation
Region Region for Zener

”””””””” IZ(ma:r)

Analysis of the Reverse Region:
1. Leakage Region (0 to Vz): A very small reverse saturation current flows. The diode is essentially off.

2. Zener Knee: As the reverse voltage reaches the specified Zener breakdown voltage (Vz), the current begins to
increase sharply.

3. Constant Voltage Region: Once in breakdown, the curve becomes almost perfectly vertical. This is the
magic of the Zener diode: the reverse current (/z) can increase from a few milliamps up to a massive
maximum value, but the voltage across the diode (V) remains astonishingly constant. It acts as a
perfect voltage clamp.

Operating Limits: To safely use a Zener diode as a voltage regulator, the reverse current Iz must be strictly
maintained between two limits:

* Iz(min) (Knee Current): The minimum current required to keep the diode firmly in the breakdown region. If
the current drops below this, the diode stops regulating and the voltage will drop.

* I7(mar) (Maximum Power Rating): Every Zener diode has a maximum power dissipation limit (Pz(max))- If
the current exceeds I (;maz) = Pz(maz)/Vz, the diode will overheat and be permanently destroyed.

5.4.4 Applications: Zener Diode as a Voltage Regulator

The most prominent application of a Zener diode is as a Shunt Voltage Regulator. A voltage regulator is a circuit
that takes a fluctuating, unregulated DC input voltage and provides a perfectly stable, constant DC output voltage to
a load, regardless of fluctuations in the input voltage or changes in the load current.

Circuit Diagram and Operation

The standard Zener regulator circuit consists of an unregulated input voltage source (Vgs), a series current-limiting
resistor (Rg), the Zener diode, and the load resistor (Ry). The Zener diode must always be connected in parallel
(shunt) with the load, and it must always be reverse-biased.
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Zener Shunt Voltage Regulator Circuit
ISRS

Iy It

Y

+JL \ Zener (VX)) LoaflRRgulated Voyr = Vz

Unregulated
Input Vg

Mathematical Analysis of Regulation

Assuming the input voltage Vg is greater than the Zener breakdown voltage V7, the diode is in breakdown mode.
Therefore, the voltage across the Zener diode is firmly clamped at V. Because the load resistor Ry, is in parallel with
the Zener diode, the voltage across the load is exactly the Zener voltage:

Vour = Vi, =Vz (Constantly) (5.10)
By applying Kirchhoff’s Current Law (KCL) at the top node:
Ig =17+ 1; (5.11)

By applying Kirchhoff’s Voltage Law (KVL) to the input loop, the voltage drop across the series resistor is the difference
between the input voltage and the Zener voltage:

Ves = Vg — Vg (5.12)

Therefore, the total source current is:
Vs —=Vgy

Rs

Case 1: Regulating against Input Voltage Variations (Line Regulation) Suppose the input voltage Vg
suddenly increases. 1. The voltage drop across Rg increases (Vs — V). 2. This causes the total current Ig to increase.
3. The load resistor Ry, requires a fixed current I, = Vz/Ryp. So Ij, cannot change. 4. Therefore, the Zener diode
absorbs the entirety of the extra current. Iz increases, but because it is in the vertical breakdown region, its voltage
Vz does not change. 5. The output voltage remains perfectly stable.

Case 2: Regulating against Load Resistance Variations (Load Regulation) Suppose the load resistance
Ry, is decreased (the user plugs in a more power-hungry device). 1. The load demands more current (I, increases). 2.
Assuming Vg is constant, the total source current Ig is fixed (Is = (Vs — Vz)/Rgs). 3. To supply the extra current to
the load without pulling more from the source, the Zener diode automatically sacrifices its own current. I, decreases
by the exact amount that /7, increased. 4. As long as Iz does not drop below Iz(,,i,), the diode remains in breakdown,
and the output voltage Vz remains perfectly stable.

Example 13: A 10V Zener diode is used to regulate the voltage across a variable load resistor. The input voltage is
15V, and the series resistor is Rg = 100€2. Calculate the Zener current if the load resistance is (a) 50062, and (b) 25052.
Solution: The Zener is in breakdown, so V;, = V; = 10V. Total source current Ig = VSR;SVZ = 1516010 = % = 50mA.
(This is constant).

(a) If R, = 500Q: Load current I, = ;—i = % = 20mA. Zener current I, = I¢ — I}, = 50mA — 20mA = 30mA.

(b) If R, = 25092: Load current Iy, = % = % = 40mA. Zener current Iz = Ig — I, = 50mA — 40mA = 10mA.

As the load demanded more current, the Zener gave up its own current to maintain the 10V output.

Is (5.13)

5.5 Special Purpose Diodes

5.5.1 Introduction

While the standard P-N junction diode is primarily used for rectification (converting AC to DC) and the Zener diode
for voltage regulation, the underlying physics of the semiconductor junction can be exploited in many other ways. By
modifying the doping levels, geometry, and the actual semiconductor material (moving away from standard Silicon to
compounds like Gallium Arsenide), engineers have created a vast family of special-purpose diodes that interact with
light, generate coherent radiation, or act as voltage-controlled capacitors.

5.5.2 Light Emitting Diode (LED)

A Light Emitting Diode (LED) is a specialized P-N junction diode that emits visible light, infrared, or ultraviolet
radiation when forward-biased.
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Working Principle: Electroluminescence

When an LED is forward-biased, the external voltage pushes majority electrons from the N-side and majority holes
from the P-side into the depletion region. Here, the electrons drop from the higher-energy conduction band into the
lower-energy valence band to recombine with the holes.

When an electron drops to a lower energy state, it must release the energy difference (AE = E,, the bandgap
energy). In standard Silicon or Germanium diodes, this energy is released entirely as phonons (lattice vibrations,
i.e., invisible heat). However, in direct-bandgap semiconductor materials (such as Gallium Arsenide (GaAs), Gallium
Phosphide (GaP), or Gallium Arsenide Phosphide (GaAsP)), this energy is released almost entirely as Photons
(particles of light).

The color (wavelength, \) of the emitted light is strictly determined by the bandgap energy (Ej) of the semiconductor
material, according to the Planck-Einstein relation:

he _ he

g v Y = Eg (5 )

Where h is Planck’s constant and ¢ is the speed of light. For example, to produce Red light (=~ 1.8 ¢V), GaAsP is used.
To produce Blue light (~ 2.7 €V), Indium Gallium Nitride (InGaN) is used.

Condé}etion Band

®------0

LED Symbol valgiee Band

Characteristics and Applications

LEDs operate exclusively in forward bias. Because their bandgaps are wider than Silicon (to produce visible light),
their forward knee voltages are higher, typically ranging from 1.8V (Red) to 3.3V (Blue/White). They draw low
currents (typically 10mA — 30mA for indicators). Applications: Status indicators, seven-segment displays, modern
domestic/industrial lighting, automotive headlights, and fiber-optic communication transmitters.

5.5.3 Organic Light Emitting Diode (OLED)

An OLED is an advanced variant of the LED where the emissive electroluminescent layer is a thin film of organic
(carbon-based) compound that emits light in response to an electric current. This layer of organic semiconductor is
situated between two electrodes, at least one of which is transparent (usually Indium Tin Oxide, ITO).

Working and Advantages: The fundamental principle of electron-hole recombination emitting photons remains
the same. However, because OLEDs are formulated using thin, flexible organic polymer films rather than rigid, grown
crystal lattices (like standard LEDs), they offer unique advantages:

« No Backlight Required: Unlike LCD screens which require a bright white LED backlight constantly shining
through colored filters, every single pixel in an OLED display generates its own light. To display pure black, the
pixel is simply turned off. This results in infinite contrast ratios and "true black."

e Form Factor: They can be printed onto flexible substrates, allowing for rollable TVs and foldable smartphone
screens.

Applications: High-end smartphone displays, premium televisions, wearable tech, and flexible lighting panels.
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Al IMAGE PLACEHOLDER
Descriptive Al Image showing a macro cross-section of an OLED display pixel,
highlighting the transparent anode, the organic emissive layer, and the cathode,
with light radiating outward without a backlight.

5.5.4 Photodiode

A photodiode is essentially an LED operating in reverse. It is a specialized P-N junction designed to detect light and
convert optical energy into electrical energy. It is almost exclusively operated in reverse bias.

Working Principle

When a photodiode is reverse-biased, a wide depletion region forms, and only a tiny, constant thermal reverse saturation
current (Dark Current, Ip) flows. The P-N junction is exposed through a transparent window. When photons of light
strike the depletion region, and if the photon energy is greater than the bandgap (hv > E,), the photon’s energy is
absorbed by a bound valence electron. This energy instantly breaks the covalent bond, creating a new electron-hole
pair. Because this occurs inside the depletion region, the intense internal electric field immediately rips the pair apart
before they can recombine. The electron is swept to the N-side, and the hole is swept to the P-side. This flow of
photo-generated charge carriers creates a Photocurrent (Ip) that flows in the reverse direction. The magnitude of
this photocurrent is strictly, linearly proportional to the intensity of the incident light (measured in Lux or mW/ cm2).

Ik (pA)

Ve !
| | Dark (‘6RL(1};{<C)1tS)
Photodiode SyRsoterse-Eurrent— [llumination 1

increases linearly

with-light—intensity [llumination 2

INlumination 3

Applications: Light meters in cameras, fiber-optic network receivers, smoke detectors, TV remote control receivers,
and (when operated with zero bias voltage) Solar Cells.

5.5.5 Laser Diode

The term LASER stands for Light Amplification by Stimulated Emission of Radiation. A Laser Diode is an incredibly
sophisticated P-N junction that produces highly coherent, monochromatic (single color), and directional light, unlike
an LED which produces incoherent, scattered light.

Working Principle

Laser diodes are heavily doped (often forming a PIN or heterojunction structure) and are operated in forward bias. 1.
Population Inversion: Due to heavy doping and strong forward bias, a massive number of electrons are pumped into
the conduction band, and holes into the valence band, at the junction. There are now more electrons in the high-energy
state than in the low-energy state (Population Inversion). 2. Stimulated Emission: When an electron recombines
and emits a photon, this photon does not just escape. Instead, it strikes another excited electron in the conduction
band, stimulating it to immediately drop to the valence band and emit a second, identical photon. These two photons
now have the exact same wavelength, phase, and direction. 3. Optical Cavity: The crystal is physically cleaved at
the ends to form perfectly flat, parallel mirrors. The stimulated photons bounce back and forth between these mirrors,
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stimulating millions of other electrons in a massive chain reaction, amplifying the light exponentially. 4. One of the
mirrors is made slightly partially transparent, allowing a concentrated, coherent beam of laser light to escape.

Below a certain forward current called the Threshold Current (Iy,), the optical gain is insufficient, and the
device acts just like a normal LED (spontaneous emission). Once Iy, is crossed, stimulated emission takes over, and
laser action begins.

Applications: Optical fiber communications (long-haul data transmission), CD/DVD/Blu-ray drives, barcode
scanners, laser pointers, and medical surgery instruments.

5.5.6 Varactor Diode (Varicap)

A Varactor diode (variable reactor or variable capacitor diode) is a P-N junction specifically optimized to exploit the
capacitance of its depletion region. It operates strictly in reverse bias.

Working Principle
Think of a P-N junction as a parallel plate capacitor:
e The highly conductive P-type and N-type bulk regions act as the two metallic conducting plates.

e The depletion layer, which is utterly devoid of mobile charge carriers, acts as the insulating dielectric between
the plates.

The capacitance of a parallel plate capacitor is given by C' = %, where A is the cross-sectional area, € is the permittivity,

and W is the width of the dielectric (the depletion layer).

When the reverse bias voltage is increased, the majority carriers are pulled further away from the junction, causing
the depletion layer width (W) to widen. Because capacitance is inversely proportional to W, as the reverse
voltage increases, the junction capacitance decreases. Thus, a varactor diode is an electronic, solid-state,
voltage-controlled variable capacitor.

Junction Capacitance C; (pF)

>

Varactor Symbol > Reverse Voltage Vi

Applications: They have completely replaced mechanical variable tuning capacitors. They are used in radio/TV
electronic tuning circuits, Phase-Locked Loops (PLLs), Voltage-Controlled Oscillators (VCOs), and parametric amplifiers.
By simply changing a DC control voltage applied to the varactor, the resonant frequency of an LC tank circuit can be
smoothly and instantly altered.

5.6 Understanding Diode Data Sheets

5.6.1 Introduction

In theoretical physics, we often deal with "ideal" diodes that can handle infinite current and block infinite reverse
voltage without ever generating heat. However, in practical engineering, every physical electronic component is severely
limited by the realities of thermodynamics and material breakdown.

A Data Sheet is an exhaustive technical document published by the semiconductor manufacturer (like Texas
Instruments, ON Semiconductor, or Vishay) that explicitly details the electrical, thermal, and mechanical characteristics
of a specific device. For an electrical engineer, the ability to rapidly read, interpret, and apply the parameters from a
data sheet is arguably more important than memorizing formulas. Failure to respect the absolute maximum ratings
specified in a data sheet will inevitably result in catastrophic circuit failure, smoke, and destroyed equipment.

In this section, we will dissect the common parameters found in a typical data sheet for a general-purpose rectifier
diode (such as the incredibly ubiquitous 1IN4007).
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5.6.2 Absolute Maximum Ratings

The "Absolute Maximum Ratings" section is the most critical part of any data sheet. These are the extreme limits of
stress that the device can withstand without suffering permanent, irreversible damage. A device should never be
operated at these limits continuously. Good engineering practice dictates a safety margin (derating) of at least
20% to 50%.

1. Peak Repetitive Reverse Voltage (Vrry)

Also widely known as Peak Inverse Voltage (PIV) or Maximum Reverse Working Voltage (Vg as). This is the
absolute maximum reverse-bias voltage that the diode can withstand across its terminals on a continuous, repetitive
basis (such as the peak of every negative half-cycle in a 50Hz AC mains rectifier) without breaking down.

o If the reverse voltage exceeds VrRrr, the diode will enter avalanche breakdown, massively conduct in the reverse
direction, and likely be destroyed by overheating.

e FExample: For a 1N4007 diode, Vrryr = 1000 V. For a 1N4001, Vrrar = 50 V.

2. Average Rectified Forward Current (Ip(av))

This is the maximum average forward DC current that the diode is designed to conduct continuously without melting
its internal wire bonds or thermally destroying the silicon junction.

o This rating assumes the diode is operating in a specific ambient environment (e.g., T4 = 75°C with a specific
PCB pad size for heat sinking).

o Ezample: The entire 1N400x series is rated for an Iy of exactly 1.0 A. If your load continuously draws 2
Amps, you cannot use a 1N4007; it will melt.
3. Non-Repetitive Peak Forward Surge Current (Irgnr)

When a power supply is first turned on, the large empty filter capacitors act almost like a short circuit, drawing a
massive, instantaneous "inrush" current for a few milliseconds before they charge up. Ipgps specifies the absolute
maximum single, non-repeating surge of forward current the diode can survive for a very short duration (typically
specified as a single 8.3ms half-sine wave).

o Ezample: For the 1N4007, while its continuous rating is only 1A, its Ipgps surge rating is a massive 30 A.

4. Operating Junction Temperature (7))
This is the permissible range of temperatures for the actual silicon die inside the plastic package.
o Silicon diodes typically fail catastrophically if the internal junction temperature exceeds roughly 150°C to 175°C.
The standard operating range is usually specified as —55°C to +150°C.
5.6.3 Electrical Characteristics
While maximum ratings tell you what will destroy the part, the electrical characteristics section tells you how the part
will actually perform during normal operation. These are usually specified at standard room temperature (25°C).
1. Maximum Instantaneous Forward Voltage (Vr)

In idealized circuits, we assume a silicon diode drops exactly 0.7V. In reality, the forward voltage drop increases
logarithmically with the forward current. The data sheet specifies the maximum expected V at a specific test current.

o Ezample: For the 1IN4007, Vp(max) = 1.1 V when tested at Ir = 1.0 A. This means when pushing a full 1 Amp
through the diode, it might drop up to 1.1 Volts, dissipating P = 1.1V x 1A = 1.1 Watts of heat.
2. Maximum DC Reverse Current (Ig)

This is the reverse leakage current (or saturation current) that flows when the diode is reverse-biased just below its
maximum rating (Vrwar). Crucially, data sheets always show this value at two different temperatures because leakage
current doubles roughly every 10°C.

e Ezample: For 1N4007 at T4 = 25°C, Ir = 5.0 uA.

o But at T4 = 100°C (a hot operating device), Ir skyrockets to 50.0 pA.
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3. Typical Junction Capacitance (C})

As discussed previously, a reverse-biased diode acts like a capacitor due to the depletion layer. This capacitance limits
the high-frequency switching capability of the diode.

o Ezample: 1N4007 Cj ~ 15 pF (measured at 4V reverse bias, 1IMHz).

4. Reverse Recovery Time (¢,,)

This is a profoundly important parameter for high-speed digital and switching power supply circuits. When a diode is
conducting forward current, the depletion region is flooded with charge carriers. If the voltage is suddenly reversed, the
diode does not instantly turn off. For a brief moment, a massive reverse current flows as all the stored charge carriers
are swept back out of the junction. The time it takes for the diode to sweep out these charges and fully recover its
blocking capability is the reverse recovery time t,...

Standard rectifier diodes (1N4007) have terrible (slow) recovery times (¢, ~ 30

Al IMAGE PLACEHOLDER
Descriptive Al Image showing a simulated oscilloscope trace of a diode switching
from forward to reverse bias, clearly highlighting the negative current spike and
visually labeling the Reverse Recovery Time (t,.).

5.6.4 Interpretation of Graphical Data

Data sheets include several graphs to show how parameters shift non-linearly with current or temperature. The most
important graph for physical hardware design is the Power Derating Curve.

The Forward Current Derating Curve

Because a diode dissipates heat (P = Vg x Ir), its ability to safely conduct its maximum rated current depends entirely
on how cold the surrounding air is. If the ambient temperature (T4) is too hot, the diode cannot effectively shed heat,
and its internal junction temperature will exceed the 150°C limit even if conducting less than 1 Amp. The Derating
Curve tells the engineer exactly how much they must reduce (derate) the maximum allowed current as the ambient
temperature rises.

Typical Forward Current Derating Curve (e.g., 1N400x)

Average Forward Current Ip(4yy (Amps)

A

Derating begins at 75°C

1.0 A

066 Af - —-—--———-——~
0.5 A

» Ambient Temp T4 (°C)
150

\
25

How to read the graph: If the circuit board operates inside a hot engine compartment where the ambient air is
100°C, the graph shows that a 1N4007 diode can no longer handle its "Absolute Maximum" rating of 1.0 A. It has
been derated. At 100°C, it can only safely conduct roughly 0.66 A continuously. If you try to pass 1.0 A through it at
100°C ambient, it will overheat and burn out.
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5.6.5 Zener Diode Specific Parameters

If reading a data sheet for a Zener Diode (e.g., the 1N47xx series), you will find a few unique parameters essential for
voltage regulation design:

o Nominal Zener Voltage (Vz): The regulated voltage it provides (e.g., 5.1V, 12V).
o Zener Test Current (Iz7): The specific reverse current at which the manufacturer measured the Nominal V.

o Maximum Zener Impedance (Zz7): The dynamic resistance of the Zener in the breakdown region. A perfect
Zener would have an impedance of 0 (a perfectly vertical V-I curve). A real 12V Zener might have Zzp = 22 .
This means if the current through the Zener fluctuates by 1mA, the output voltage will fluctuate slightly by
AV =1 x Zz7 = 0.001 x 22 = 22mV. Lower impedance means better, tighter voltage regulation.
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CHAPTER 6

PN Junction Diodes Applications




CHAPTER 7

Rectifiers and Power Supplies

7.1 Rectifier Fundamentals

7.1.1 Introduction: The Grand Power Mismatch

We live in an incredibly electrified modern society, and virtually every piece of technology we interact with on a daily
basis—smartphones, laptop computers, televisions, medical equipment, and the massive data centers powering the
internet—shares a singular, fundamental requirement: they all run strictly on Direct Current (DC) power.
Transistors, integrated circuits, and microprocessors operate by processing tiny, precise, unidirectional voltage levels
(like 3.3V or 5.0V). Applying a rapidly oscillating voltage to these delicate components would not only cause them to
malfunction immediately but would likely destroy them permanently.

However, if you look at the electrical wall outlet in any home or laboratory across the entire world, the power
delivered is Alternating Current (AC) (typically 230V at 50Hz, or 120V at 60Hz). Why does the electrical grid
universally distribute AC when all our modern electronics demand DC? The answer lies in the physics of power
transmission. Generating AC via large rotating alternators is highly efficient, and more importantly, AC voltage can be
easily stepped up to hundreds of thousands of volts using passive transformers. Transmitting power at extremely high
voltage drastically reduces the current (P = VI), which in turn minimizes the massive I2R power losses in thousands
of miles of transmission lines. Once it reaches a city, transformers easily step the AC voltage back down to safe levels
for domestic use. (Transformers absolutely cannot work with steady DC).

Therefore, we have a grand mismatch: the world generates and distributes AC, but our technology consumes DC.
Bridging this gap is the job of the Rectifier.

7.1.2 The Need for a Rectifier

A Rectifier is an electrical circuit designed to convert an alternating current (which periodically reverses direction)
into a direct current (which flows in only one direction). The process itself is known as Rectification.

Without rectifiers, the modern electronics industry simply could not exist. Aside from powering delicate microchips,
rectifiers are absolutely vital for several other massive industrial and domestic applications:

1. Battery Charging: A battery is a purely DC chemical device. It is physically impossible to charge a lithium-ion
phone battery or a lead-acid car battery using AC, as the battery would charge during the positive half-cycle and
immediately discharge itself during the negative half-cycle.

2. Electroplating and Electrolysis: Chemical extraction of metals (like aluminum) from ores, and the plating of
jewelry or automotive parts, requires a massive, continuous, unidirectional flow of electrons to drive the chemical
reduction reactions.

3. Electric Traction (Trains): While modern trains use AC induction motors driven by inverters, many heavy
freight and urban transit rail systems run on massive DC series motors, requiring massive high-power rectifier
substations to convert the grid AC to track DC.

4. High-Voltage DC Transmission (HVDC): For undersea power cables or incredibly long interconnects between
different national grids, HVDC is more efficient than AC. This requires enormous, building-sized rectifier stations
to convert the generated AC into DC for transmission.

7.1.3 The Core Component: The P-N Junction Diode

The fundamental enabling component of all modern solid-state rectifiers is the P-IN Junction Diode. As studied in
the previous unit, a diode acts as an electronic one-way valve for electrical current.



e During the positive half-cycle of the AC input, the diode is Forward Biased. It acts almost like a closed switch
(a short circuit), offering very low resistance and allowing the current to pass through to the load.

o During the negative half-cycle of the AC input, the voltage polarity reverses. The diode becomes Reverse
Biased. It acts like an open switch (an open circuit), offering near-infinite resistance and completely blocking
the current from flowing backward.

By strategically arranging one or more diodes, we can chop off or flip the negative halves of the AC wave, resulting in a
current that flows in only one direction (DC).

Al IMAGE PLACEHOLDER
Descriptive AI Image showing a conceptual 'funnel’ or ’one-way valve’ metaphor.
An oscillating blue AC wave enters a diode component, and a choppy but
unidirectional red DC wave exits the other side.

7.1.4 The Complete Regulated Power Supply System

It is crucial to understand that a rectifier alone does not produce the smooth, flat DC voltage required by a computer.
A rectifier only produces pulsating DC—a voltage that always remains positive but violently rises and falls back to
zero every cycle. To convert raw grid AC into clean, computer-grade DC, a complete Regulated Power Supply
circuit is required, consisting of four distinct stages.

Block Diagram of a Complete Regulated DC Power Supply

Pulsating DC with Pure Flat
230V AC 12V AC DC Ripple DC (e.g., 5V)
A NATAW VT, B —
Voltage
——MTransformer ¥ Rectifier ¥  Filter > s ¥ Load
Regulator

Stages of the Power Supply

1. Transformer: Standard wall voltage (230V RMS) is far too high for most electronics. A step-down transformer
magnetically reduces this dangerous high-voltage AC to a safe, usable low-voltage AC (e.g., 12V RMS), while
also providing crucial electrical isolation from the deadly mains grid.

2. Rectifier: This is the heart of the conversion. Utilizing diodes, it forces the alternating bi-directional current to
flow in only one direction. The output is DC, but it is heavily "pulsating." The average DC voltage is present,
but it contains a massive, undesirable AC fluctuation component called ripple.

3. Filter Circuit: A network usually consisting of large electrolytic capacitors (and sometimes inductors). The
capacitor charges up during the peak of the pulsating DC wave and discharges its stored energy into the load
when the voltage drops toward zero. This drastically smooths out the severe pulsations into a relatively steady
DC voltage with a small, wavy "ripple" riding on top.

4. Voltage Regulator: Even filtered DC is not perfect. The voltage will still fluctuate if the wall voltage surges, or
if the load suddenly demands more current. The voltage regulator (which might be a simple Zener diode circuit,
or a complex IC like the LM7805) actively strips away the remaining ripple and rigidly locks the output to a
precise, mathematically flat DC voltage regardless of input or load variations.

In the subsequent sections, we will deeply analyze the three primary configurations of the Rectifier stage: the
Half-Wave Rectifier, the Center-Tapped Full-Wave Rectifier, and the Full-Wave Bridge Rectifier.
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7.2 Rectifier Types and Analysis

7.2.1 Classification of Rectifiers

Rectifiers are broadly classified into two categories based on how they process the incoming AC sinusoidal wave: 1.
Half-Wave Rectifier (HWR): Processes only one-half (either positive or negative) of the input AC cycle, completely
blocking the other half. 2. Full-Wave Rectifier (FWR): Processes both halves of the input AC cycle, inverting the
negative half so that current continues to flow in the same direction. Full-wave rectifiers are further divided into:

o Center-Tapped Full-Wave Rectifier
o Bridge Full-Wave Rectifier

To rigorously analyze and compare these rectifiers, we will evaluate several critical mathematical parameters for
each:

» Average (DC) Output Voltage/Current (Vj, I4.): The useful DC component delivered to the load.
o« RMS Output Voltage/Current (V,,.s, Irms): The effective heating value of the pulsating output.

+ Ripple Factor (v): A measure of the "purity" of the DC output. It is the ratio of the RMS value of the AC
ripple component to the DC component. (v = Vie(rms)/Vae). A lower ripple factor is better.

» Rectification Efficiency (7): The ratio of useful DC output power to total AC input power. (n = Py./Pac).

o Peak Inverse Voltage (PIV): The maximum reverse voltage the diode must withstand during its non-conducting
half-cycle without breaking down.

o Ripple Frequency (fou:): The frequency of the pulsating ripple at the output relative to the input frequency

7.2.2 1. Half~-Wave Rectifier (HWR)

The half-wave rectifier is the simplest possible rectification circuit, requiring only a single diode and a transformer.

Circuit Diagram and Operation

The primary winding of a step-down transformer is connected to the AC mains. The secondary winding is connected in
series with a single diode (D) and a load resistor (Rp).
Let the instantaneous voltage across the secondary winding be v =V}, sin(wt), where V,,, is the peak AC voltage.

» Positive Half-Cycle (0 to 7): The top terminal of the secondary winding is positive relative to the bottom
terminal. The diode D is forward-biased. Assuming an ideal diode, it acts as a closed switch, and current flows
down through the load resistor Ry .

o Negative Half-Cycle (7 to 27): The top terminal becomes negative. The diode D is now strongly reverse-biased.
It acts as an open switch, blocking the flow of current. The output voltage across Ry, is absolutely zero for this
entire half-cycle.

D
™~
+ LA
230V I,
50HZ RL AN ‘/;TL
AC
FS ‘/ou,t
— wi
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Mathematical Analysis of HWR

Let input current i = I, sin(wt) for 0 < wt < 7, and i = 0 for 7 < wt < 27.
1. DC (Average) Output Current (Iz): ;e = == [P id(wt) = = {fg Ly sin(wt)d(wt) 4 [ O} Iy, =

27 JO
= cos(wt)lf = (1) - (-] =

I

Vin
Ijo=— and Vz.=— =~0.318V, (7.1)
T T

2. RMS Output Current (Ims): Trms = /o= Ji (I sin(wt))2d(wt) = /B [7(1 — cos(2wt))d(wt)

Lrns = and Vs = =0.5V,, (7.2)

o |5

Vi
2

2 2
3. Rectifier Efficiency (n): Puc = I5.R = (%) Ry Poc = I2,,Re = (%) Ru (Assuming ideal diode with

) 12 /72
Rp=0) 1y =g =l = & = g ~ 04053

Max Efficiency n = 40.6% (7.3)

More than half of the input power is entirely wasted.
4. Ripple Factor (v): Using the general formula v = (I’“ﬂf -1 = (]m/2>2 —1 = /21 =
. : o Y 1
V2467 — 1 = \/1.467

v~121 or 121% (7.4)

A ripple factor greater than 100% means the unwanted AC ripple is actually larger than the useful DC output. This is
a remarkably poor power supply.

5. Peak Inverse Voltage (PIV): During the negative half-cycle, the diode is off and acts as an open circuit. The
entire peak voltage of the secondary winding appears directly across the reverse-biased diode.

PIV = Vy, (7.5)

6. Ripple Frequency (fou:): The output waveform completes one cycle in the exact same time as the input
waveform.

fout = f’LTL (76)

7.2.3 2. Full-Wave Center-Tapped Rectifier (FWCTR)

To overcome the severe inefficiencies of the half-wave rectifier, a full-wave rectifier processes the negative half-cycle
instead of discarding it.

Circuit Diagram and Operation

This circuit uses a special transformer with a center tap (a wire connected to the exact center of the secondary winding).
It employs two diodes, D and Dsy. The load resistor Ry, is connected between the common cathode junction of the
diodes and the center tap.

Let the total voltage across the secondary be 2V,,,. The voltage from the top terminal to the center tap is Vi, sin(wt),
and from the bottom terminal to the center tap is —V,, sin(wt).

o Positive Half-Cycle: The top terminal is positive relative to the center tap; the bottom is negative. Diode D;
is forward-biased and conducts current down through Ry to the center tap. Diode Ds is severely reverse-biased
and blocks.

e Negative Half-Cycle: The top terminal becomes negative; the bottom becomes positive. Now, diode Dy is
reverse-biased and blocks. Crucially, diode Dy is forward-biased and conducts current. The current from Do
also flows down through R to the center tap.

Because current flows downward through Ry during both half-cycles, the output is a continuous series of positive
pulses.
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Mathematical Analysis of FWCTR

The output wave consists of two half-sine pulses per cycle. 1. DC Output Current (I;.): Because there are two
pulses instead of one, the average value is exactly double that of the HWR.

21, 2V
Idc = T and Vdc = T ~ 0636Vm (77)

2. RMS Output Current (I,,s): Irms = \/% Jo (I, sin(wt) ) 2d(wt)

Im Vin
Lims = —= ~ 0.707L, and  Vips = —= 7.8
75 an 7 (7.8)

3. Rectifier Efficiency (n): n = i = 2=/l — Y5 — & ~ 08106

Max Efficiency n = 81.2% (7.9)
Exactly double the efficiency of the HWR.
2
4. Ripple Factor (1): v =/ (§22) 1= /% —1=y1230—1=0.234

v~ 048 or 48% (7.10)

The ripple is drastically reduced, making it much easier to filter.

5. Peak Inverse Voltage (PIV): Consider the negative half-cycle. D; is reverse-biased. The top terminal is at
—Vim. However, Ds is conducting, so the center common-cathode point is virtually tied to the bottom terminal, which
is at +V},. Therefore, the total voltage across the non-conducting diode D; is V;,, — (=V},) = 2V},.

PIV = 2V, (7.11)

This is a major disadvantage. The diodes must be rated to withstand twice the peak load voltage.
6. Ripple Frequency (f,.:): Because there are two identical pulses for every one cycle of the input, the output
frequency is doubled.

Jout = 2fin (7.12)

7.2.4 3. Full-Wave Bridge Rectifier (FWBR)

The center-tapped transformer used in the FWCTR is bulky, expensive, and wastes half the copper windings at any
given time. The Bridge Rectifier eliminates the need for a center tap by using four diodes arranged in a bridge topology.
It is the most universally used rectifier in modern electronics.

Circuit Diagram and Operation

The standard secondary winding is connected across two opposite corners of the diode bridge (D; to Dy4). The load Ry,
is connected across the other two corners.

e Positive Half-Cycle: The top terminal of the transformer is positive, bottom is negative. Diodes D1 and Do
are forward-biased. Current flows from the top terminal, through D, down through Rj, through Ds, and back
to the bottom terminal. Diodes D3 and D4 are reverse-biased.
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e Negative Half-Cycle: The bottom terminal is positive, top is negative. Diodes Dg and Dy are forward-biased.
Current flows from the bottom terminal, through D3, down through R; in the exact same direction,
through D4, and back to the top terminal.

Ry,

Dy 3

Mathematical Analysis of FWBR

Because the output waveform of the bridge rectifier is absolutely identical to the center-tapped FWR (two pulses per
cycle), all the primary derivations remain exactly the same:

o Vi = 2‘7?71

Vi
® V;"ms = ﬁ

o Efficiency n = 81.2%
e Ripple Factor v = 0.48

« Ripple Frequency four = 2fin

The Crucial Difference: Peak Inverse Voltage (PIV): During the positive half-cycle, D; and D3 conduct
(assuming standard bridge labeling where diagonal pairs conduct). The entire secondary voltage V,,, is applied across
the bridge. Because D acts as a short circuit, the full V,,, is applied across the reverse-biased diode Dy. Therefore, the
PIV for each diode in a bridge rectifier is only V,,.

PIV = Vy, (7.13)

This is half the PIV requirement of the center-tap circuit. Diodes with lower voltage ratings (which are cheaper and
have better forward characteristics) can be used. Furthermore, the transformer is a standard 2-wire secondary type,
utilizing 100% of the copper windings at all times, making it smaller and vastly more cost-effective. The only minor
drawback is that current must flow through two diodes simultaneously, resulting in a total voltage drop of 1.4V instead
of 0.7V.

7.2.5 Summary Comparison Table

7.3 Rectifier Filters

7.3.1 The Need for a Rectifier Filter

In the previous section, we analyzed the outputs of half-wave and full-wave rectifiers. While these circuits successfully
convert bidirectional AC into unidirectional DC, a critical problem remains: the output voltage is not a steady, constant
value. It violently rises from zero to its peak (V;,) and falls back to zero every half-cycle.

This output is called Pulsating DC. Mathematically (using Fourier series), pulsating DC is composed of two
distinct parts: 1. A steady DC component (Vj.), which is the desired output. 2. Multiple undesired AC
components, which are riding on top of the DC level. These fluctuating AC components are known as Ripples.

If you were to power a sensitive electronic circuit (like a digital microprocessor or an audio amplifier) directly from
a raw rectifier:

e An audio amplifier would produce a loud, unbearable 100Hz "hum" from the speakers.
e A digital microprocessor would constantly reset and crash as the voltage repeatedly drops below its minimum
operating threshold.

Therefore, an intermediate stage is absolutely required between the raw rectifier and the delicate load. This stage
must surgically extract and discard the AC ripple while allowing the pure DC component to pass through seamlessly.
This circuit is called a Filter.



https://milav.in

Parameter Half-Wave FW Center-Tap FW Bridge
Number of Diodes 1 2 4

Vae (Average Output Voltage) | V,,/m = 0.318V}, | 2V, /7 = 0.636V,, 2V /7 = 0.636V,,
Vims (RMS Output Voltage) Vin/2 Vin /2 Vin /2

Maximum Efficiency (n) 40.6% 81.2% 81.2%

Ripple Factor () 1.21 0.48 0.48

Ripple Frequency (fout) fin 2fin 2fin

Peak Inverse Voltage (PIV) Vin 2V Vin

Transformer Required Standard Center-Tapped (Bulky) | Standard (Smaller)

Table 7.1: Comparison of Rectifier Configurations

The Principle of Filtering

Filters are constructed using reactive, energy-storing components: Capacitors (C') and Inductors (L). They exploit
the frequency-dependent nature of these components.
1. The Capacitor’s Role: The reactance (AC resistance) of a capacitor is given by X¢o = ﬁ

o For DC (f =0 Hz), X¢ = oo (Open Circuit). Capacitors strictly block DC.
o For AC ripples (e.g., f =100 Hz), if C is large, X¢ is very small. Capacitors act as a short circuit to AC.

Therefore, capacitors are always connected in parallel (shunt) with the load. They safely bypass the unwanted AC
ripples directly to ground, while forcing the DC to go through the load.
2. The Inductor’s Role: The reactance of an inductor is given by Xy = 2xfL.

o For DC (f =0 Hz), X, = 0Q (Short Circuit). Inductors easily pass DC.
o For AC ripples, if L is large, X, is very high. Inductors heavily oppose AC.

Therefore, inductors are always connected in series with the load. They "choke" or block the AC ripples from reaching
the load, while allowing the DC to pass right through.

7.3.2 1. The Shunt Capacitor Filter

The shunt capacitor filter is the simplest, cheapest, and most universally used filter in low-to-medium power supplies. It
consists of a single, large-value electrolytic capacitor connected directly in parallel (shunt) across the load resistor Ry .

Circuit Diagram and Operation

Let’s analyze its operation when connected to the output of a Full-Wave Rectifier.

Full-Wave Rectifier with Shunt Capacitor Filter

rectifier

Full-Wave _l_ C Iload% RL
_I_

Rectifier

Charging Phase (1 to t2): As the pulsating rectifier voltage rises from zero towards its peak (V},), the rectifying
diodes are forward-biased. The raw rectifier pushes a surge of current to directly power the load, and simultaneously, to
violently charge the capacitor up to the peak voltage V,,,. During this short time, the capacitor acts like a reservoir
filling up with water.

Discharging Phase (t2 to t3): As soon as the pulsating rectifier voltage begins to drop down from the peak, the
capacitor is now holding a voltage higher than what the rectifier is supplying. Because the capacitor voltage is higher,
it reverse-biases the rectifier diodes, instantly shutting them off. The rectifier is completely disconnected from the
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circuit. Now, the capacitor acts as a temporary battery. It discharges its stored energy slowly into the load resistor
Ry, keeping the load voltage high while the raw rectifier voltage plunges to zero. Before the capacitor can discharge
entirely, the next raw rectifier pulse rises up, forward-biases the diodes again, and instantly recharges the capacitor
back to V,,.

Voltage

A

V. Raw Pulses Discharge
LCN Diodes OFF)

Viae (Average) f---+=-----332g----

Vinin | - - “Chaige

> Time ¢

Mathematical Analysis

The output voltage is no longer dropping to zero; it is a steady DC level with a triangular-shaped ripple riding on
top. The peak-to-peak ripple voltage (V,.(,—p)) is the difference between V,;, and V. Assuming the discharge curve is
roughly linear (valid for large capacitors), the peak-to-peak ripple voltage is:

Idc

Vi) = %6

(7.14)
Where f is the ripple frequency (for full-wave, f = 2 x 50Hz = 100Hz), and C' is the capacitance in Farads. This
equation reveals a crucial drawback of the simple capacitor filter: The ripple voltage is directly proportional to
the load current (I;.). If the load demands more current, the capacitor drains faster, causing the voltage to sag
lower between pulses, thereby increasing the ripple.

The Ripple Factor () for a full-wave rectifier with a simple shunt capacitor is derived as:

1
- 4V3fCRy

To achieve a very low ripple factor (good filtering), you need a very large capacitor C' and a large load resistance Ry,
(light load).

gl (7.15)

7.3.3 2. The n-Filter (Capacitor-Input LC Filter)

While a single large capacitor provides decent filtering for low-power circuits, heavy loads drain the capacitor too quickly,
causing unacceptable ripple. Furthermore, making the single capacitor larger and larger causes massive, damaging
inrush currents through the diodes during the charging phase.

To achieve exceptionally smooth, ripple-free DC for sensitive equipment, multiple filtering stages are combined. The
most famous and effective configuration is the m-Filter (Pi-Filter), so named because its schematic diagram resembles
the Greek letter .

Circuit Diagram and Operation

The w-filter consists of three reactive components arranged between the rectifier and the load: 1. First Shunt
Capacitor (C1): Connected directly across the rectifier output. 2. Series Inductor (L): Connected in series between
the two capacitors. It is often called a "Choke." 3. Second Shunt Capacitor (C2): Connected across the load.

The n-Filter Circuit
Choke Inductor (L)

Rectifier + O———— W0y

O e Ry

Rectifier - O
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How the n-Filter works: This filter works in three highly effective stages:

1. Stage 1 (C}): The input capacitor C; performs the exact same job as the simple shunt capacitor filter. It
charges to V,,, and provides the initial bulk filtering. It bypasses the vast majority of the high-energy AC ripple
straight to ground. However, the voltage leaving C still has a noticeable triangular ripple.

2. Stage 2 (L): This rippled DC voltage then enters the series inductor L. Remember, an inductor heavily
opposes any change in current (Vz = L%). The steady DC component passes right through the inductor without
resistance. But the inductor acts as a massive roadblock (high impedance X)) to the AC ripples trying to pass
through it, effectively crushing the remaining ripple amplitude.

3. Stage 3 (C2): Finally, the second capacitor Cy acts as a final cleanup stage. Any minuscule AC ripple that
managed to squeeze past the inductor is immediately short-circuited to ground by C5, providing an incredibly
smooth, perfectly flat DC voltage to the load Ry.

Mathematical Analysis of the w-Filter
The mathematical derivation is complex, but the resulting formula for the ripple factor of a w-filter attached to a

_ V2
T R3CLCo LR,

Notice that the ripple factor is inversely proportional to C, Co, L, and Ry. By using reasonably sized components, the
ripple factor can easily be driven down to less than 0.01% (0.0001), resulting in laboratory-grade smooth DC power.

full-wave rectifier is:

(7.16)

Al IMAGE PLACEHOLDER
Descriptive Al Image showing the progressive smoothing of the waveform as it
passes through the w-filter. Show the raw pulsating DC entering, the jagged ripple
after C1, the severely flattened ripple after the Inductor, and the perfectly straight
DC line exiting C2.

7.4 Voltage Regulation (The Final Stage)

7.4.1 Introduction

In the previous sections, we successfully converted raw grid AC into pulsating DC using a rectifier, and then smoothed
out the violent pulsations using a filter (like the 7-filter). However, even with the best m-filter, the resulting DC output
voltage is still not "regulated." An unregulated power supply suffers from two major vulnerabilities:

1. Line Voltage Variations: The 230V AC mains from the power grid is never exactly 230V. It fluctuates
constantly depending on grid load. If the AC input voltage rises by 10%, the unregulated DC output voltage of
the filter will also blindly rise by 10%, potentially damaging sensitive load components.

2. Load Current Variations: Every practical power supply has internal resistance (from transformer windings,
diode drops, and filter chokes). If the load suddenly demands a massive amount of current (e.g., a computer
spinning up a hard drive), the voltage drop across this internal resistance increases, causing the final output
voltage at the load terminals to sag significantly.

A Voltage Regulator is the final, crucial stage of a power supply. It is an active electronic circuit designed to
maintain a perfectly constant, rigidly clamped DC output voltage, regardless of any fluctuations in the input "line"
voltage or changes in the "load" current.
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Metrics of Regulation Performance

The quality of a voltage regulator is defined by two mathematical metrics (lower percentages indicate better performance):

e Line Regulation: Measures the regulator’s ability to maintain constant output voltage despite changes in input
voltage.

AVout
Line Regulation = x 100%
ine Regulation AV 0
e Load Regulation: Measures the regulator’s ability to maintain constant output voltage as the load current
changes from Zero (No-Load) to Maximum (Full-Load).

Load Regulation (%) = M x 100%
FL

Where Vi, is No-Load voltage (load disconnected) and Vi, is Full-Load voltage.

7.4.2 The Zener Diode Shunt Regulator

The simplest, most fundamental circuit used to achieve voltage regulation utilizes the unique reverse-breakdown
property of a Zener diode. We briefly introduced this in Unit 3, but we will now rigorously analyze it in the context of
power supply design.

Because the Zener diode is placed in parallel (shunt) with the load to bleed off excess current, this specific topology
is called a Shunt Voltage Regulator.

Circuit Diagram

The circuit requires only two components: a Series Current-Limiting Resistor (Rg) and a Zener Diode (Dyz). The
unregulated, filtered DC voltage (V;y,) is applied to the input. The Zener diode must be connected in reverse bias
(cathode to positive, anode to ground) in parallel with the Load Resistor (Rp).

Zener Shunt Voltage Regulator

ISRS

Jr
Unregulated
Input Vj, Iz Il
|- Regulated

—
Zener (Vy) Load @utput Vout

o 1

Fundamental Mathematical Analysis

To ensure the regulator actually regulates, the input voltage V;, must always be significantly greater than the Zener
breakdown voltage Vz. If Vi, > V7, the Zener diode is forced into its reverse breakdown region. In this region, its
internal dynamic resistance drops to near zero, and the voltage across its terminals becomes rigidly clamped at exactly
Vz.

Because the Load (Ry) is wired perfectly in parallel with the Zener diode, they must share the exact same voltage:

Vout = Vz (Constantly) (7.17)

By applying Kirchhoff’s Voltage Law (KVL) to the input loop, the voltage drop across the series resistor Rg is
simply the difference between the input voltage and the clamped Zener voltage:

Vrs =Vin —Vz (7.18)
By Ohm’s law, the total source current flowing out of the filter and into the regulator is:
Is = V;nR_SVZ (7.19)
By applying Kirchhoff’s Current Law (KCL) at the node above the Zener diode, this total source current splits into
two paths: one part flows through the Zener diode (Iz), and the rest flows through the Load (Ip).
Is=17+1 (7.20)
And by Ohm’s law, the load current is strictly determined by the clamped voltage and the load resistance:
Vz

I = -2
L R.

(7.21)
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7.4.3 Detailed Case Studies in Regulation

The magic of the Zener regulator lies entirely in the KCL equation: Ig = Iz + I,. The Zener diode acts as an intelligent
current sink that automatically absorbs or releases current to keep the balance perfect.

Case 1: Regulating against Load Variations (Constant V;,, Variable R})

Assume the AC mains voltage is perfectly steady, so V;, from the filter is constant. Therefore, the total source current
Is = (Vi — Vz)/Rg is absolutely constant.

e Suppose the user unplugs a device, so the load resistance Ry, increases.
o The load demands less current (I, decreases).

e Because Ig is constant, and Ig = Iz + Iy, the extra current that the load no longer wants has to go somewhere.
The Zener diode automatically absorbs it. Iz increases by the exact amount that I decreased.

Because the Zener is in breakdown, increasing its current Iz does not change its voltage Vz. The output voltage
remains perfectly stable.

Failure Mode (Loss of Regulation): If the load resistance Ry, drops too low (demanding massive current), I,
will increase. To compensate, the Zener must give up its current (I decreases). If Ry demands so much current that
I7 drops below its minimum sustaining knee current (I Z(min)), the Zener diode will fall out of breakdown. It will stop
regulating, and the output voltage Vy,; will sag below V7. The minimum allowable load resistance is:

v,
IL(max) Is — IZ(mzn)

Rp(min) = (7.22)

Case 2: Regulating against Line Variations (Variable Vj,, Constant R;)

Assume the load is a fixed, constant resistance Ry. Therefore, the load current I, = Vz /Ry, is absolutely constant.
e Suppose the AC grid voltage surges, causing the unregulated V;, to increase.

e Because Vj;,, increased, the voltage drop across the series resistor Rg increases, which causes the total source
current Ig to increase (Is = (Vi, — Vz)/Rs).

e The load Ry, only wants its fixed Iy. It cannot take the extra current.

o Therefore, the Zener diode acts as a "shock absorber." It swallows 100% of the newly generated excess current.
Iz increases dramatically.

e Despite swallowing the extra current, the Zener voltage V; remains firmly clamped. The load is completely
protected from the input voltage surge.

Failure Mode (Thermal Destruction): If the input voltage Vj,, surges too high, the source current Ig becomes
massive. The Zener is forced to absorb all this current. If I; exceeds the absolute maximum rated current (1z(maz)),
the Zener diode will exceed its maximum power dissipation rating (Pp = Vz X Iz), overheat, and catastrophically burn
out.

7.4.4 Design Considerations for Rg

Designing a Zener regulator boils down to selecting the precise value of the series resistor Rg.

o If Rg is too large, it chokes off the current. The Zener won’t get enough current to enter breakdown (Iz < I Z(min))
when the load demands maximum current at the lowest possible input voltage.

e If Rg is too small, it allows too much current to flow. The Zener will be forced to absorb massive current
(Iz > Iz(maz)) When the load is disconnected at the highest possible input voltage, leading to thermal destruction.

Therefore, Rg must be carefully calculated to satisfy both extreme boundary conditions simultaneously.
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Al IMAGE PLACEHOLDER
Descriptive AI Image showing a water-flow analogy of a shunt regulator. An
erratic, surging river (Vin) flows in. A fixed pipe (Load) takes what it needs. A
spring-loaded relief valve (Zener) opens to perfectly spill all excess water into a
drain, ensuring the pressure (Voltage) at the fixed pipe remains absolutely constant.
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CHAPTER 8

Transistors




CHAPTER 9

Bipolar Junction Transistors (BJT)

9.1 BJT Fundamentals

9.1.1 Introduction: The Dawn of Modern Electronics

While the P-N junction diode is incredibly useful for rectification and voltage regulation, it has one massive limitation:
it cannot amplify a signal. It cannot take a weak input signal (like a whisper into a microphone or a faint radio wave
from space) and boost its power. For the first half of the 20th century, amplification was achieved using vacuum tubes
(thermionic valves)—fragile, glass bulbs that required high voltages, consumed enormous amounts of power, and burned
out frequently.

In 1947, physicists John Bardeen, Walter Brattain, and William Shockley at Bell Labs invented the first solid-state
amplifier: the Transistor (short for Transfer Resistor). This invention ignited the digital revolution, making modern
computers, smartphones, and the internet physically possible.

The specific type of transistor we will study first is the Bipolar Junction Transistor (BJT). It is called "Bipolar'
because its operation fundamentally relies on the flow of both types of charge carriers simultaneously: electrons
(negative) and holes (positive).

9.1.2 Construction and Physical Structure

A Bipolar Junction Transistor is essentially a single crystal of semiconductor material (usually Silicon) that has been
doped to create three distinct, alternating layers. This creates a three-terminal device with two internal P-N junctions.
Depending on the arrangement of the layers, there are two fundamental types of BJTs: 1. NPN Transistor: A
thin layer of P-type material is sandwiched between two layers of N-type material. 2. PNP Transistor: A thin layer
of N-type material is sandwiched between two layers of P-type material.
Regardless of whether it is NPN or PNP, the three layers are distinctly designed and named according to their
specific functions:

1. Emitter (E):

o Function: To emit (inject) a massive number of majority charge carriers into the middle layer.
e Physical property: It is heavily doped so it can supply an enormous concentration of carriers. It is moderate
in physical size.

2. Base (B):

e Function: To act as a control gate, allowing carriers to pass from the emitter to the collector.

o Physical property: It is the middle layer. It is critically important that the base is extremely thin (often a
fraction of a micron) and very lightly doped. This ensures that most carriers injected from the emitter
shoot straight through to the collector without recombining in the base.

3. Collector (C):

e Function: To collect the charge carriers that have traversed the base.

e Physical property: It is moderately doped. Physically, it is the largest of the three regions. Because the
collector junction is reverse-biased during operation, it dissipates the most heat, so it requires the largest
surface area to cool down.

Because there are three alternating regions, a BJT inherently contains two P-N junctions:

o Emitter-Base Junction (Jg): The junction between the Emitter and the Base.

o Collector-Base Junction (J¢): The junction between the Collector and the Base.



9.1.3 Transistor Symbols

In circuit schematics, BJTs are represented by specific symbols. The crucial distinguishing feature of the symbol is the
arrow on the Emitter leg, which indicates the direction of conventional current flow (positive to negative) when the
emitter-base junction is forward-biased.

o NPN: The arrow points out of the base, towards the N-type emitter. (Mnemonic: Not Pointing iN).

o PNP: The arrow points in towards the base, away from the P-type emitter. (Mnemonic: Pointing iN Proudly).

NPN Ph}ligsical Structure NPN Symbol

E— N |P N — C B

EmitteBase Collector

PNP Ph}lf?sical Structure PNP Symbol

E— P |N P — C B

EmitteBase Collector

9.1.4 Working Principle of an NPN Transistor

To utilize a transistor as an amplifier, we must apply external DC voltages to its terminals to establish the correct
operating conditions. This is called Biasing. For a BJT to operate in its amplifying mode (known as the Active
Region), the two internal junctions must be biased specifically as follows:

1. Emitter-Base Junction (Jg): Must be Forward Biased. This requires connecting a small voltage (Vgg or
VBE) such that the P-type Base is positive relative to the N-type Emitter. This shrinks the Jg depletion layer,
allowing charge carriers to be injected.

2. Collector-Base Junction (J¢): Must be Reverse Biased. This requires connecting a large voltage (Voo or
Vep) such that the N-type Collector is highly positive relative to the P-type Base. This drastically widens the
Jo depletion layer, creating a massive electric field that attracts electrons.

The Mechanism of Current Flow

Let us trace the physical movement of electrons and holes inside the NPN transistor when it is properly biased in the
Active Region.

1. Injection: Because the Emitter-Base junction is forward biased by Vgg, the potential barrier is overcome. The
heavily doped N-type Emitter shoots an enormous flood of majority carriers (free electrons) directly into the P-type
Base region.

2. Recombination (The Base Current, I5): The electrons enter the P-type Base, where they are now considered
minority carriers. The Base is populated with holes. Naturally, some of these injected electrons will recombine with the
holes in the Base. However, the Base is intentionally manufactured to be incredibly thin and very lightly doped
(meaning it has very few holes). Therefore, only a tiny fraction of the injected electrons (typically 1% to 5%) actually
find a hole to recombine with. When an electron recombines with a hole, it must be replaced by a new hole flowing in
from the external Base terminal. This tiny flow of charge constitutes the Base Current (Ip).

3. Collection (The Collector Current, I-): What happens to the remaining 95% to 99% of the electrons?
Because the base is so physically thin, these electrons diffuse straight across it before they have a chance to recombine.
As they reach the Collector-Base junction (J¢), they are hit by the massive reverse-bias electric field established by
Voe. Because the Collector is highly positive, this field violently grabs these electrons and sweeps them across the
junction into the Collector region. This massive sweep of electrons constitutes the Collector Current (I¢).
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The Fundamental Current Equation

Applying Kirchhoff’s Current Law (KCL) to the entire transistor as a single node, we find that the total current
entering the emitter must equal the sum of the currents leaving the base and the collector.

Ig =1 + Ic (9.1)

Because Ip is exceptionally small (microamps, uA) and I is very large (milliamps, mA), for many practical approxi-
mations:

Ip ~ Ic (9.2)

The Magic of Amplification: The tiny Base current (Ip) acts as a control valve for the massive Collector
current (I¢). A small fluctuation in the Base current (e.g., from a microphone signal) causes an identically shaped, but
massively amplified, fluctuation in the Collector current. This is the essence of transistor amplification.

Internal Electron Flow in an NPN Transistor (Active Region)
Ip
Tz 5% recombine
N (EmittE:r( ase) i N (Collector)

100% electrons

s

~ 95% electrons pwept across

Total I —)

> Ic

¥ ¥

Il 1 1 Il
ForwarflReverse
Biased Biased Jo

Vee (Large)

Ip=Ip+ I

9.1.5 Working Principle of a PNP Transistor

The operation of a PNP transistor is conceptually identical to the NPN transistor, with two strict physical reversals:
1. Carriers are Reversed: The majority carriers injected by the emitter are Holes, not electrons. The current is
predominantly carried by holes moving through the device. (Electrons still flow in the external wires). 2. Voltages are
Reversed: To achieve the Active Region (Forward bias Jg, Reverse bias J¢), all battery polarities must be flipped.
The Emitter is made positive relative to the Base, and the Collector is made highly negative relative to the Base.

9.1.6 Operating Regions of a BJT

By changing the polarities of the external bias voltages applied to the Jg and J¢ junctions, the transistor can be forced
to operate in entirely different modes.

Operating Region | Emitter-Base Junction (Jg) | Collector-Base Junction (J¢) | Application

Active Forward Biased Reverse Biased Linear Amplifier

Cutoff Reverse Biased Reverse Biased Open Switch (Digital ’0’)
Saturation Forward Biased Forward Biased Closed Switch (Digital "1)
Reverse Active Reverse Biased Forward Biased Rarely used (poor gain)

Table 9.1: BJT Operating Regions and Biasing Conditions

In modern digital electronics (like the CPU in a laptop), billions of BJTs (or their cousins, MOSFETS) are rapidly
slammed back and forth entirely between the Cutoff (OFF) and Saturation (ON) regions to process binary 1s and
0s.
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9.2 Transistor Configurations and Characteristics

9.2.1 Introduction to Configurations

To use any electronic device as a standard amplifier, we must connect a signal source to its input and connect a load to
its output. This logically requires a total of four terminals (two for input, two for output). However, a Bipolar Junction
Transistor only possesses three terminals (Emitter, Base, Collector). To resolve this, one of the three terminals must be
made common to both the input circuit and the output circuit.

This leads to three fundamental ways to connect a transistor in a circuit, known as transistor configurations: 1.
Common Base (CB) Configuration 2. Common Emitter (CE) Configuration 3. Common Collector (CC)
Configuration

Each configuration possesses wildly different electrical properties (input resistance, output resistance, voltage gain,
current gain) and is therefore suited for completely different applications. We will analyze these configurations primarily
using the NPN transistor.

9.2.2 1. Common Base (CB) Configuration
In the CB configuration, the Base terminal is grounded and made common to both the input and output circuits.
e Input: Applied between the Emitter and Base.

e Output: Taken across the Collector and Base.

Common Base (CB) Circuit (NPN)

Output
Input Ldop
Loop 5 i—VCC
SN
VEE =

CB Current Gain («)

In the CB configuration, the input current is Ir and the output current is /. The DC Current Gain («) is defined
as the ratio of output current to input current: s

C
CIg
Because the collector current I is formed from the emitter current Ir minus the tiny base recombination current I,
I¢ is always slightly strictly less than Ig. Therefore, the current gain « is always less than unity (1), typically
ranging from 0.95 to 0.99. The CB configuration does not amplify current; it slightly attenuates it. It is primarily used
as a Voltage Amplifier.

(9.3)

Adc

CB Characteristics

o Input Characteristics (Ig vs Vgg): Plotted at a constant Vop. Because the input is just the forward-biased
Emitter-Base P-N junction, the graph looks exactly like a standard diode forward curve. A tiny increase in Vppg
causes a massive increase in Ig. Thus, the Dynamic Input Resistance (r; = AVpgp/Alg) is extremely low
(typically 10 to 5012).

o Output Characteristics (Ic vs Vop): Plotted at constant Ix. In the active region, increasing the reverse-bias
Vep voltage barely changes the collector current (it is almost entirely controlled by Ig). The curves are almost
perfectly flat and horizontal. Thus, the Dynamic Output Resistance (r, = AVop/Al¢) is immensely high
(typically 1 MQ to 2 MQ).

9.2.3 2. Common Emitter (CE) Configuration

The CE configuration is by far the most widely used transistor configuration in electronic circuits. It provides excellent
voltage gain, excellent current gain, and highly desirable input/output resistance values. The Emitter terminal is
grounded.

e Input: Applied between the Base and Emitter.
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¢ Output: Taken across the Collector and Emitter.

Common Emitter (CE) Circuit (NPN)

B — i_VCC

VBB
+

CE Current Gain ()

In the CE configuration, the input current is the tiny Base current (Ig) and the output current is the massive Collector
current (I¢). The DC Current Gain (S or hpg) is defined as:

Ic

== 9.4
5dc IB ( )
Because I is much, much larger than /g, the current gain g is extremely high, typically ranging from 50 to 400.

Relationship between o and 5: We know I = I + I¢. Dividing the entire equation by I¢:

I
e _In +1
Ie  Ic
Since o = I¢/Ig and 8 = I¢/1p:
1 1
Bl |
a B *
Rearranging yields the vital conversion formulas:
o p
_ d - 9.5
b=1=a ™d a=13 (9:5)

CE Output Characteristics and Operating Regions

The Output Characteristic curve plots Output Current (I¢) versus Output Voltage (Vog) for various fixed values of
Input Current (Ip). This graph beautifully illustrates the three distinct operating regions of a transistor.

CE Output Characteristics (NPN)

Ic (mA)
3 Ip =40 pA
.8 : Ip =30 pA
; Active Region
5/ (Amplifier) Ip = 20 uA
< |
} Ip =10pA
} Cutoff Region
‘ Ip =0 x!
: RS (Volts)
Vo E(sat)

1. Active Region (The middle vast area):
e Jg is forward-biased, J¢ is reverse-biased.

e The curves are relatively flat, meaning I is almost independent of Vog. The current I is strictly controlled by
the input current Ip (Ic = fIp).



https://milav.in

o Application: This is where the transistor operates as a linear analog amplifier (audio, RF).
2. Cutoff Region (The very bottom strip):

e Both Jg and Jgo are reverse-biased.

o Ip =0, so theoretically Ic = 0. Only a tiny leakage current (Icgo) flows.

e Application: The transistor is fully OFF. It acts as an open switch in digital logic circuits.
3. Saturation Region (The steep rise on the far left):

e Both Jg and J¢ are forward-biased.

o This happens when Vo drops to a very small voltage (typically < 0.3V, called Vopg(sar)). The collector voltage
has fallen so low that it is no longer positive enough to maintain the reverse bias on J¢.

e In this region, /¢ increases violently with Vo and is no longer controlled by Ip. The relation I = BIp is false
here.

o Application: The transistor is fully ON, acting as a closed switch (with a tiny 0.2V drop) in digital logic.

9.2.4 3. Common Collector (CC) Configuration

In the CC configuration, the Collector is made common (usually tied directly to the positive DC rail, making it an AC
ground).

e Input: Applied between Base and Collector.
e Output: Taken across Emitter and Collector.

This configuration is uniquely famous as the Emitter Follower. Its current gain is v = Ig/Ip = (5 + 1). While it
has high current gain, its Voltage Gain is less than 1 (approximately 0.99). The voltage at the Emitter literally
"follows" the voltage at the Base, just 0.7V lower. Its primary use is for Impedance Matching because it has an
incredibly high input resistance (doesn’t load down the previous stage) and an incredibly low output resistance (can
drive heavy loads like speakers).

9.2.5 Summary Comparison

Characteristic Common Base | Common Emitter | Common Collec-
(CB) (CE) tor (CC)

Input Resis- | Very Low (= 20(Q) Moderate (~ 1 k) | Very High (~ 50 kQ2)

tance

Output Resis- | Very High (= 1 MQ) | Moderate (=~ 40 k2) | Very Low (= 50()

tance

Current Gain

< 1 (approx 0.99)

High (approx 100)

High (approx 100)

Voltage Gain High High < 1 (approx 0.99)
Power Gain Moderate Very High (Maxi- | Moderate
mum)

Phase Shift

0° (In-phase)

180° (Inverted)

0° (In-phase)

Application

High-Frequency RF
circuits

General Audio/Sig-
nal Amplifiers

Impedance Matching
(Buffers)

Table 9.2: Comparison of BJT Configurations
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Al IMAGE PLACEHOLDER
Descriptive Al Image showing a 3D visualization of the CE Output Characteristics
curve surface, highlighting the steep cliff of saturation, the flat plateau of the active
region, and the floor of cutoff.

9.3 Current Gain Relations («, [, and %)

9.3.1 Introduction to Transistor Currents

As established in the foundational theory of the Bipolar Junction Transistor, there are three terminal currents to
consider:

o Emitter Current (Ig): The total current injected into the transistor.
o Base Current (Ip): The tiny fraction of current lost to recombination in the thin base region.
o Collector Current (I¢): The massive fraction of current that successfully crosses the base and is collected.

By applying Kirchhoff’s Current Law (KCL) to the transistor as a single node, we derived the absolute fundamental
equation governing all BJT operations:
Ig =1 +Ic (9.6)

Depending on which configuration the transistor is placed in (CB, CE, or CC), the designated "input current" and
"output current" change. The ratio of the output current to the input current is called the Current Gain. Because
there are three configurations, there are three distinct current gain parameters, denoted by the Greek letters alpha («),
beta (), and gamma (7).

Understanding how to mathematically translate between these three gains is an essential skill for transistor circuit
analysis.

9.3.2 Definition of a (Common Base Current Gain)

In the Common Base (CB) configuration, the input is applied to the Emitter and the output is taken from the Collector.
Therefore, the DC current gain, ag. (or simply «), is defined as:

_lo

=7 (9.7)

e
Because the collector current I is simply the emitter current Ip minus the tiny base recombination current Ig, it is
physically impossible for I to be larger than Ig. Therefore, the value of « is always strictly less than 1. Typical
commercial transistors have an « ranging from 0.95 to 0.998.

9.3.3 Definition of § (Common Emitter Current Gain)

In the Common Emitter (CE) configuration, the input is applied to the Base and the output is taken from the Collector.
Therefore, the DC current gain, f4. (also frequently denoted as hpp on data sheets), is defined as:

p=1C

- (9.8)

Because the base current Ip is intentionally designed to be a tiny fraction (1% to 5%) of the total current, I is
massively larger than Ig. Therefore, the value of g is always much greater than 1. Typical commercial transistors
have a ( ranging from 20 (for high-power transistors) up to 500 or more (for small-signal amplifiers). Note: ( is highly
sensitive to temperature and variations in manufacturing. You can buy ten transistors from the exact same batch, and
their 8 values might range from 100 to 200.
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9.3.4 Definition of v (Common Collector Current Gain)

In the Common Collector (CC) configuration (Emitter Follower), the input is applied to the Base and the output is
taken from the Emitter. Therefore, the DC current gain, =, is defined as:

=1 (9.9)

v

Like 3, this value is also very large.

Visualizing the Current Ratios

I (100%) I (99%)
E—)

Transistor
_Ic _ 99 __ _Ic _ 99 __
a= 12 = {5 =099 B=12=%F =99
Ip (1%)
_ 1 __ 100 __
'yfﬁfolOO

9.3.5 Deriving the Relationship Between o and f

Because « and 3 are simply ratios describing the exact same physical device, they are mathematically locked together.
If you know one, you can easily calculate the other.
1. Expressing « in terms of 5: We start with the fundamental equation:

Ig =1Ip+Ic

Divide the entire equation by the Collector current, I¢o:

Ig  Ip  Ic
Io Ic Ic
Ie _Ip
Ic  I¢
We know that o« = %, SO % = é We also know that § = %, SO % = % Substituting these definitions into our
equation gives:
L_1 +1
a
1 1+5
a f
Taking the reciprocal of both sides yields the final formula:
a= _h (9.10)

1+8

Sanity check: If B =99, then o = 99/(1 +99) = 99/100 = 0.99. This matches perfectly.
2. Expressing § in terms of a: We start again with the fundamental equation:
Ip=Ig+ I
Rearrange to solve for Ip:
Ip=1p - Ic
Divide the entire equation by the Collector current, I¢o:

Ip Igp 1
Ie  Ic
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Substitute our definitions (% and 1):

1 1
-1
8«
I 1-«
B o«
Taking the reciprocal of both sides yields the final formula:
o
= 9.11
p=1 (911)

Sanity check: If o =0.99, then § =0.99/(1 — 0.99) = 0.99/0.01 = 99.

9.3.6 Relationship with ~
We defined y = 4£. Using KCL (I = I¢ + Ip):

Io+1 1 I
720 B _lc I

Is  Ip Ip
y=06+1
We can also express v in terms of a:
7=B+1:(L_) _aiq;®
1
v= l1—a

9.3.7 Numerical Examples

Mastering these relationships is best achieved through practice problems.

Example 1: A transistor is operating in the active region. Its base current is measured as Ip = 25 uA and
its collector current is I = 3.5 mA. Calculate 5, «, and the emitter current Ig. Solution: First, ensure all units
match. Convert Ig to mA: Ig = 0.025 mA. 1. Calculate g: 8 = % = O?dg5mrr?A = 140 2. Calculate « using the

derived formula: o = % = 119 ~ 0.9929 3. Calculate Iy (Two methods available): Method A (Using KCL):
Iy = Ip + Ic = 0.025 mA + 3.5 mA = 3.525 mA Method B (Using «): Ip = & = %_%grgé ~ 3.525 mA

Example 2: A transistor data sheet specifies a minimum hpg (8) of 50?Y If you require a collector current of
100 mA, what is the maximum base current you must provide? What is the corresponding a? Solution: 1. Calculate
Ip: ﬁ:% — IB:%Z%:2HIA2. Calculate a: a:%:%%0.9804

Example 3: An engineer measures an emitter current of 10 mA and an « of 0.98. Find the base current Ip.
Solution: 1. Find I¢: I = axIg = 0.98x 10 mA = 9.8 mA 2. Find Ipg using KCL: Ig = Ig—Ic = 10 mA —9.8 mA =

0.2 mA = 200 A (Alternatively, find 5 = 0.98/(1 — 0.98) = 49, then Ip = Ic/f = 9.8/49 = 0.2mA).

ATl IMAGE PLACEHOLDER
Descriptive Al Image visually depicting a balance scale or seesaw, illustrating the
delicate mathematical equilibrium between Alpha, Beta, and Gamma based on the
rigid physical foundation of I'g = Ip + I¢.

9.4 Field Effect Transistors (FET)

9.4.1 Introduction: BJT vs. FET

The Bipolar Junction Transistor (BJT) is a remarkable device, but it has two fundamental drawbacks for certain
applications: 1. It is current-controlled: The output current (I¢) is controlled by an input current (Ip). This
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means the BJT draws current from whatever circuit is trying to drive it, acting as a load. 2. Low Input Impedance:
Because the input is a forward-biased P-N junction, the resistance looking into the base is relatively low (typically
1 kQ).

The Field Effect Transistor (FET) was developed to overcome these issues. A FET is a Voltage-Controlled
Device. The output current is controlled entirely by an electric field created by an input voltage. Virtually zero current
flows into the input terminal. Therefore, a FET boasts an almost infinitely high input impedance (often measured in
Hundreds of Mega-ohms to Giga-ohms). Furthermore, FETs are Unipolar devices. Their operation depends entirely
on the flow of only one type of majority carrier (either electrons OR holes, never both).

There are two primary families of FETs: 1. Junction Field Effect Transistor (JFET) 2. Metal-Oxide-Semiconductor
Field Effect Transistor (MOSFET)

9.4.2 1. Junction Field Effect Transistor (JFET)

Construction and Terminals

A JFET consists of a solid bar of semiconductor material (the "Channel") with two heavily doped regions of the opposite
type diffused into its sides. There are three terminals:

o Source (S): The terminal through which the majority carriers enter the channel.
e Drain (D): The terminal through which the majority carriers leave the channel.

o Gate (G): The two regions on the sides, internally connected together. The gate controls the flow of carriers
from Source to Drain.

Depending on the bar material, we have an N-Channel JFET (N-type bar, P-type gates) or a P-Channel JFET
(P-type bar, N-type gates). We will analyze the N-Channel JFET.

Symbols

The arrow on the Gate terminal always points in the direction of the P-N junction (from P to N).
e« N-Channel: The Gate is P, the Channel is N. The arrow points IN.

e P-Channel: The Gate is N, the Channel is P. The arrow points OUT.

N-Cha]ﬂﬂ.ﬁ}n.] @T P-Chalg}ﬁ}n] &;?}T

Gate (G) —) > Gate (G) —

Source (S) Source (S)

Working Principle of N-Channel JFET

The fundamental rule of a JFET is: The Gate-Source junction must ALWAYS be Reverse-Biased. Because it
is reverse-biased, the Gate draws absolute zero current (Ig = 0).

Imagine the N-channel as a rubber water pipe. Electrons want to flow from the Source (ground) to the Drain
(positive voltage Vpg). 1. When Vg = 0V, the P-N junction has a small, natural depletion layer. The channel is wide
open. Maximum current flows from Drain to Source, called Ipgg (Drain-to-Source Saturation Current). 2. When we
apply a negative voltage to the Gate (e.g., Vgs = —1V), the reverse bias widens the depletion regions. These
regions contain no free carriers. They literally squeeze into the N-channel, narrowing the physical path available for
electrons. The pipe is being pinched. Resistance goes up, current Ip goes down. 3. If we make Vigg even more negative
(e.g., —4V), the two depletion regions eventually touch each other in the middle. The channel is completely choked
off. Zero current flows (Ip = 0). The specific Gate voltage required to completely choke the channel is called the
Pinch-Off Voltage (Vp).
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N-Channel JFET Working Mechanism

Drain (D) 4+
N-Channel
Depletfon . T ,
Region Sqlieezes L /
Gate ?G) - . 7 } Ele&h s
/ \
N
Source (S) -

JFET Characteristics and Shockley’s Equation

The relationship between the output current Ip and the input voltage Vizg in the active region is not linear like a BJT
(Ic = BIp). It is mathematically defined by a parabolic curve known as Shockley’s Equation:

Vas\?
Ip =1Ipss |1 — —— (9.12)
Vp

Where:
e Ip = Drain Current
e Ipss = Maximum Drain Current (when Vg = 0V)
o Vs = Applied Gate-Source Voltage (always negative for N-channel)
o Vp = Pinch-Off Voltage (a negative constant for a specific JFET, e.g., —4V)

Because the input controls the output via an electric field (voltage) across a reverse-biased junction, the input impedance
of a JFET is typically around 10 Q (1 Giga-ohm).

9.4.3 2. Metal-Oxide-Semiconductor FET (MOSFET)

The JFET is excellent, but its input impedance is still limited by the tiny reverse leakage current of the P-N junction.
The MOSFET completely solves this by ditching the P-N junction altogether. In a MOSFET, the metallic Gate
terminal is physically separated from the semiconductor channel by a microscopic layer of insulating glass (Silicon
DiOXide, SZOQ)

Because there is physical glass blocking the path, absolute zero DC current can ever flow into the Gate,
regardless of polarity. The input impedance is functionally infinite (typically 1012 to 10 Q). This is why MOSFETs
are sometimes called IGFETs (Insulated Gate FETs).

There are two profoundly different types of MOSFETSs based on how the channel is constructed:

A. Depletion-Type MOSFET (D-MOSFET)

The D-MOSFET is manufactured with a physical N-channel already implanted between the Source and Drain. It
operates exactly like a JFET. If Vg = 0, maximum current flows. Applying a negative Vg repels electrons out of the
channel, "depleting" it, and reducing the current. However, because of the glass insulator, we can also safely apply a
positive Vgg. This attracts even more electrons into the channel, "enhancing” its conductivity above Ipgg. Thus, a
D-MOSFET can operate in both Depletion Mode and Enhancement Mode.

B. Enhancement-Type MOSFET (E-MOSFET)

This is by far the most important transistor in existence. It is the fundamental building block of all modern digital
logic, microprocessors, and computer memory. Billions of E-MOSFETs exist inside a single modern CPU.

Construction: In an N-channel E-MOSFET, there is no physical channel connecting the N-type Source and
N-type Drain. They are separated by a P-type substrate. Therefore, if Vigg = 0V, the device is completely OFF. It is a
"Normally OFF" device.
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Working Principle: 1. To turn it on, we must apply a Positive voltage to the Gate (Vgg > 0). 2. The Gate acts
like one plate of a capacitor, and the P-substrate acts like the other plate, with the SiOs glass as the dielectric. 3. The
positive Gate strongly repels the holes (majority carriers) in the P-substrate away from the glass. 4. Simultaneously,
the positive Gate strongly attracts the minority free electrons from the P-substrate, pulling them up tightly against the
underside of the glass. 5. As Vg increases, eventually, so many electrons are clustered under the glass that this thin
layer of P-type material physically inverts its behavior and acts as an N-type material. This is called an Inversion
Layer or an Induced N-Channel. 6. Now, a complete N-channel exists, bridging the Source and Drain, and current
Ip can freely flow. 7. The specific minimum Gate voltage required to form this channel and turn the MOSFET ON is
called the Threshold Voltage (Vry or Vr). (For modern CPU logic, Vry is often less than 1 Volt).

N-Channel E-MOSFET Construction and Induced Channel

Source (S) Gate (G) + Drain (D)

Positivd Voltagepulls electrons up

o Insu atgr

Vv ' 3
N[ (Soilingh)ced N-ChahnéDrain)
{Inversion Laye

P-Type Substrate (Body)

MOSFET Symbols

The symbols for E-MOSFETs feature a broken line for the channel, brilliantly indicating that the channel does not
physically exist until it is induced by the gate voltage (Normally OFF). D-MOSFETSs have a solid line (Normally ON).
The arrow indicates the P-N junction direction between the Body (substrate) and the Channel.

N-Channel EMOSFET

G —| k—

Because E-MOSFETS only draw current when transitioning between states (charging the gate capacitance) and
consume absolutely zero power when sitting in a static 1 or 0 state, they are the only reason we can pack billions of
transistors into a smartphone without it immediately melting.

Al IMAGE PLACEHOLDER
Descriptive Al Image visually comparing the physical cross-sections of a BJT
(layered N-P-N), a JFET (N-bar squeezed by P-gates), and a MOSFET (separated
by a glowing SiO2 glass layer).

9.5 Electronic Waste (E-Waste) Management

9.5.1 Introduction: The Dark Side of the Silicon Age

Throughout this textbook, we have celebrated the breathtaking advancements in electrical and electronic engineer-
ing—from the fundamental laws of circuits to the quantum mechanics governing billions of transistors inside a
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microprocessor. These technologies have undeniably elevated human civilization, revolutionized global communication,
and automated our world.

However, this relentless pace of technological advancement is driven by a phenomenon loosely described by Moore’s
Law, which essentially dictates that computing power doubles (and devices become cheaper) roughly every two years.
The unavoidable consequence of this incredibly fast innovation cycle is rapid obsolescence. Consumers replace
smartphones every two years, laptops every four years, and televisions every six years—mnot because they are broken,
but because they are deemed "outdated" compared to the newest model.

This culture of rapid consumption has birthed the fastest-growing waste stream on the planet: Electronic Waste,
or E-Waste. Dealing with the physical aftermath of the digital revolution is one of the most critical environmental
engineering challenges of the 21st century.

9.5.2 Understanding E-Waste (WEEE)

Electronic waste, formally known as Waste Electrical and Electronic Equipment (WEEE), is defined as any
electrical or electronic device, appliance, or component that has been discarded by the owner as waste, without the
intent of reuse. If it requires a battery or a power cord to function and you throw it away, it is e-waste.

E-waste is broadly categorized to manage its disposal effectively:

1. Large Household Appliances ("White Goods"): Refrigerators, washing machines, air conditioners. (Contain
refrigerants and large amounts of steel).

2. IT and Telecommunications Equipment: Desktop computers, laptops, smartphones, routers, servers. (High
concentration of printed circuit boards).

3. Consumer Electronics ("Brown Goods"): Televisions, monitors, stereo systems, cameras. (Historically
contained hazardous Cathode Ray Tubes (CRTs), now contain LCD/OLED panels).

4. Lighting Equipment: Fluorescent tubes, LED lamps.

5. Small Household Appliances: Microwaves, toasters, vacuum cleaners.

9.5.3 The Chemical Complexity of E-Waste

Unlike standard municipal solid waste (like paper or food scraps), e-waste is incredibly complex. A single smartphone
can contain over 60 different elements from the periodic table. This complexity makes e-waste a paradox: it is
simultaneously a hazardous toxic time bomb and a highly valuable "urban mine."

1. Hazardous and Toxic Substances

Improper disposal of e-waste poses severe threats to the environment and human biology because it contains heavy
metals and persistent organic pollutants:

o Lead (Pb): Historically used in massive quantities in solder (tin-lead) on printed circuit boards and in the
glass of old CRT monitors to block X-rays. Lead is a potent neurotoxin that causes irreversible brain damage,
especially in children.

e Mercury (Hg): Found in the cold-cathode fluorescent lamps (CCFLs) used to backlight older LCD monitors,
and in older switches/relays. Mercury accumulates in the food chain (biomagnification) and severely damages the
central nervous system and kidneys.

e Cadmium (Cd): Found in older rechargeable batteries (Ni-Cd), some semiconductor chips, and CRT phosphors.
Highly toxic to the kidneys and a known carcinogen.

o Brominated Flame Retardants (BFRs): Chemicals heavily injected into the plastic casings of electronics
and circuit boards to prevent them from catching fire. If these plastics are burned, they release highly toxic
dioxins and furans into the atmosphere.

2. Valuable and Precious Materials ("Urban Mining")

Conversely, e-waste contains concentrations of precious metals that are often higher than naturally occurring ores in
the Earth’s crust. For example, one ton of discarded smartphones contains roughly 100 times more gold than one ton
of gold ore mined from the ground.

» Precious Metals: Gold (used in connector pins and IC bonding wires because it never corrodes), Silver (used in
switches and conductive pastes), Palladium.
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o Base Metals: Copper (massive quantities in cables, transformer windings, and PCB traces), Aluminum, Iron,
Tin.

o Rare Earth Elements (REEs): Neodymium (used in strong magnets for hard drives and speakers), Yttrium
(phosphors).

Recovering these metals through "urban mining" is far more energy-efficient than traditional mining and drastically
reduces the environmental destruction associated with extracting raw materials.

Al IMAGE PLACEHOLDER
Descriptive Al Image showing a dual-perspective visual: One half shows a rusted,
toxic landfill with green sludge leaking from old computers. The other half shows a
pristine, high-tech sorting facility extracting glowing bars of pure gold and copper
from the same circuit boards.

9.5.4 The Impact of Improper Disposal (Informal Recycling)

When e-waste is simply thrown into a standard landfill, rainwater inevitably washes over it. Over decades, the heavy
metals (Lead, Cadmium) dissolve and leach into the soil, eventually contaminating the deep groundwater aquifers that
supply drinking water and agricultural irrigation.

However, a far more immediate crisis occurs in the Informal Recycling Sector. Millions of tons of e-waste are
illegally exported from developed nations to developing nations. In these regions, impoverished workers (often children)
attempt to extract the valuable copper and gold without any safety equipment or environmental controls.

e Burning PVC Cables: Workers pile up miles of electrical cables and set them on fire to melt away the plastic
insulation and recover the copper wire inside. This open burning of PVC releases massive clouds of toxic dioxins
into the air, causing severe respiratory diseases and cancers in the local population.

e Acid Baths for Gold Recovery: To extract gold from circuit boards, workers submerge the boards in open
vats of highly corrosive aqua regia (a mixture of nitric and hydrochloric acid) or cyanide solutions. The gold is
stripped off, and the remaining toxic, heavy-metal-laced acid sludge is routinely dumped directly into local rivers,
annihilating aquatic ecosystems.

9.5.5 Formal E-Waste Management Strategies

To combat this global crisis, modern e-waste management relies on strict legislation, formal recycling technologies, and
the principles of the Circular Economy.

1. Extended Producer Responsibility (EPR)

The cornerstone of modern e-waste legislation (such as the WEEE Directive in Europe and E-Waste rules in India) is
Extended Producer Responsibility. EPR legally forces the original manufacturer (e.g., Apple, Samsung, Dell) to be
financially and logistically responsible for the entire life cycle of their product, including its end-of-life disposal. If
a company sells a million laptops, they must establish "take-back" centers to collect a mandated percentage of those
laptops when consumers discard them, and pay certified facilities to safely recycle them. This gives manufacturers a
massive financial incentive to design products that are easier to disassemble and contain fewer toxic chemicals.

2. The Formal Recycling Process

A certified, formal e-waste recycling facility uses sophisticated, mechanized processes to safely extract maximum value
while containing all toxins.



https://milav.in

Incoming E-Waste .
l Formal E-Waste Recycling Process Flow
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Plastics (Recycled or Incinerated)
1. Manual Dismantling: Workers safely unscrew and remove highly toxic components (like Lithium-ion batteries
that could explode, or mercury switches) before they enter machines.

2. Mechanical Shredding: The remaining safe chassis and circuit boards are fed into massive industrial shredders,
reducing laptops into chunks the size of a coin.

3. Magnetic Separation: Giant electromagnets pull out all the ferrous metals (Iron and Steel) from the shredded
mix.

4. Eddy Current Separation: A rapidly rotating magnetic rotor creates repelling "eddy currents" inside non-
ferrous conductive metals (like Aluminum and Copper), physically ejecting them into a separate bin, leaving
behind non-conductive plastics and fiberglass.

5. Metallurgical Refining (Smelting): The concentrated fraction containing the printed circuit boards (rich in
precious metals) is sent to a specialized high-tech copper smelter. Through pyrometallurgy (extreme heat) and
hydrometallurgy (controlled chemical baths in closed-loop systems), the pure Gold, Silver, and Palladium are
scientifically extracted without releasing toxic fumes or acids into the environment.

9.5.6 Conclusion: The Engineer’s Responsibility

As future electrical engineers, you must realize that designing a circuit is only half the job. You are ethically obligated
to design for the entire lifecycle of the product. This means:

o Specifying RoHS compliant (Restriction of Hazardous Substances) components that are lead-free.
o Designing devices that are modular, repairable, and easily disassembled (avoiding permanent glues).
e Minimizing the physical size and material usage of printed circuit boards.

True engineering excellence involves innovating without leaving a toxic legacy for future generations.
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