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📘 UNIT 1.0 – SEMICONDUCTOR DIODE 
🔹 1. Introduction to Semiconductor Diode 

A semiconductor diode is a two-terminal electronic component that conducts current 
primarily in one direction. It has low (ideally zero) resistance in one direction and high 
(ideally infinite) resistance in the reverse direction. 

It is made by joining p-type and n-type semiconductors, forming a p-n junction. This 
junction allows the diode to act as a rectifier, converting alternating current (AC) into 
direct current (DC). 

 

🔹 2. Structure and Working of p-n Junction Diode 

✦ Basic Structure 
luaCopyEdit         +|                |− 
         | p-type          | n-type 
         | (Holes)         | (Electrons) 
         --------------------- 
             Depletion Region 

• P-type Semiconductor: Has excess holes (positive charge carriers). 

• N-type Semiconductor: Has excess electrons (negative charge carriers). 

• Depletion Region: Formed at the junction where electrons and holes recombine, 
creating an area devoid of charge carriers. 

✦ Working Principle 
• Forward Bias: p-side connected to positive terminal, n-side to negative. 

o Depletion layer narrows. 

o Current flows easily. 

• Reverse Bias: p-side connected to negative, n-side to positive. 

o Depletion layer widens. 

o No significant current flows (except leakage current). 
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🔹 3. V-I Characteristics of Diode 

✦ Forward Bias Region 
• As voltage increases, current increases exponentially after the threshold (cut-in) 

voltage. 

• Threshold Voltage: 

o Silicon ≈ 0.7 V 

o Germanium ≈ 0.3 V 

✦ Reverse Bias Region 
• Almost zero current until breakdown voltage is reached. 

• After breakdown, current increases rapidly (used in Zener diodes). 

✦ V-I Characteristics Graph 
perlCopyEditI (Current) 
↑ 
|            / 
|          / 
|        / 
|     / 
|  / 
|/------------------------→ V (Voltage) 
        ↖ Reverse Bias 

 

🔹 4. Types of Semiconductor Diodes 
Diode Type Symbol Description 

1. PN Junction Diode ➝ Basic diode, used for rectification. 

2. Zener Diode Z Operates in reverse bias for voltage regulation. 

3. Light Emitting Diode 
(LED) 

      Emits light when forward biased. 

4. Photodiode          Generates current when exposed to light. 

5. Schottky Diode S Low forward voltage drop, fast switching. 



     ENGINEERS STUDY ZONE   
2ND SEM BEU BIHAR                                                     SUBJECT:- Basic Electronics 

DOWNLOAD OUR ENGINEERS STUDY ZONE APP 
FROM PLAY STORE FOR FREE SEMESTER COURSES 

3 

Diode Type Symbol Description 

6. Varactor Diode V Used in tuning circuits (acts as variable capacitor). 

7. Tunnel Diode T Exhibits negative resistance, used in microwave 
applications. 

8. PIN Diode  Has an intrinsic layer; used in RF, microwave, and 
photodetection. 

 

 

🔹 5. Detailed Explanation of Diode Types 

✦ 1. PN Junction Diode 
• Acts as a one-way switch. 

• Conducts in forward bias, blocks in reverse. 

✦ 2. Zener Diode 
• Specially doped to operate in reverse bias breakdown region. 

• Maintains constant voltage (Zener Voltage). 

• Used in voltage regulation. 

✦ 3. LED (Light Emitting Diode) 
• Emits light when forward biased. 

• Available in various colors (based on bandgap). 

• Used in displays, indicators, etc. 

✦ 4. Photodiode 
• Operates in reverse bias. 

• Converts light to electrical current. 

• Used in solar panels, light sensors. 

✦ 5. Schottky Diode 
• Formed using metal and semiconductor. 
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• Low forward voltage drop (~0.2V–0.3V). 

• High-speed switching. 

✦ 6. Varactor Diode (Varicap) 
• Acts as a variable capacitor under reverse bias. 

• Capacitance varies with applied voltage. 

• Used in RF tuners. 

✦ 7. Tunnel Diode 
• Very high doping on both sides. 

• Exhibits negative resistance. 

• Used in oscillators and microwave circuits. 

✦ 8. PIN Diode 
• P-type, Intrinsic, and N-type layers. 

• Used as a variable resistor in RF applications. 

• Performs well in high-frequency environments. 

 

🔹 6. Applications of Semiconductor Diodes 
Application Area Usage 

Rectifiers Convert AC to DC 

Voltage Regulation Zener diode 

Signal Demodulation Extract information from modulated signals 

Light Emission LED-based lighting 

Photodetectors Photodiodes in cameras, solar panels 

Clipping & Clamping Wave shaping circuits 

High-frequency Switches PIN & Schottky diodes in RF systems 
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🔹 7. Key Parameters of a Diode 
Parameter Definition 

Peak Inverse Voltage 
(PIV) 

Max reverse voltage a diode can withstand. 

Forward Voltage Drop Voltage required to conduct in forward bias. 

Breakdown Voltage Voltage at which diode conducts in reverse. 

Reverse Leakage Current Small current in reverse bias. 

Recovery Time Time taken to switch from conducting to non-conducting 
state. 

 

 

📊 Neat Diagram – Types of Semiconductor Diodes 
plaintextCopyEdit                     Semiconductor Diodes 
                              | 
    ---------------------------------------------------------------- 
   |          |            |         |         |         |         | 
PN Junction  Zener        LED     Photodiode  Schottky  Varactor  Tunnel 
    |          |            |         |          |         |         | 
Rectifier  Voltage     Lighting   Light       High     Tuning    Oscillators 
 Circuits  Regulation  Devices    Sensors     Speed    Circuits  & Mixers 

 

🔹 Conclusion 

The semiconductor diode is a foundational electronic component critical in many devices 
and circuits. Its different forms—like Zener, LED, and Schottky—extend its utility from 
rectification to high-frequency switching and voltage regulation. Understanding the 
types, characteristics, and applications of diodes is vital for anyone in electronics, 
communications, and power systems. 

 

Intrinsic and Extrinsic Semiconductors 
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1. Intrinsic Semiconductors 

Definition: 

An intrinsic semiconductor is a pure semiconductor material without any significant 
impurity atoms added. The electrical conductivity is due solely to the electrons and holes 
generated by thermal energy. 

Characteristics: 
• Made of pure materials like Silicon (Si) or Germanium (Ge). 

• At absolute zero temperature, it behaves like an insulator. 

• At room temperature, some valence electrons gain enough energy to jump into the 
conduction band, creating electron-hole pairs. 

• Number of electrons = Number of holes (because every excited electron leaves 
behind a hole). 

• Low electrical conductivity compared to extrinsic semiconductors. 

• Conductivity increases with temperature because more electrons get excited. 

Energy Band Diagram: 
scssCopyEditConduction Band (CB) 
------------------------- 
               ↑ electron (excited by thermal energy) 
Energy Gap (Eg) 
------------------------- 
Valence Band (VB) 
        ↑ hole created here when electron jumps to CB 

Symbolic Representation: 

Property Description 

Material purity Pure silicon or germanium 

Carrier concentration Equal electrons and holes 

Conductivity Low, increases with temp 

Application Basis for all semiconductor devices 
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2. Extrinsic Semiconductors 

Definition: 

An extrinsic semiconductor is formed by intentionally adding a small amount of impurity 
atoms (dopants) to an intrinsic semiconductor to improve its conductivity. 

Types of Extrinsic Semiconductors: 

There are two types depending on the dopants added: 

Type Dopant Element Charge Carrier 
Majority 

Minority 
Carrier 

N-
type 

Pentavalent (5 valence electrons) e.g., 
Phosphorus (P), Arsenic (As) 

Electrons 
(negative) 

Holes 

P-
type 

Trivalent (3 valence electrons) e.g., Boron 
(B), Gallium (Ga) 

Holes (positive) Electrons 

 

 

a) N-type Semiconductor 
• Formed by doping the intrinsic semiconductor with pentavalent impurities. 

• Extra electron per dopant atom becomes a free electron, increasing conductivity. 

• Majority carriers = electrons. 

• Minority carriers = holes. 

b) P-type Semiconductor 
• Formed by doping the intrinsic semiconductor with trivalent impurities. 

• Creates holes as majority carriers (due to missing electrons). 

• Majority carriers = holes. 

• Minority carriers = electrons. 
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Energy Band Diagrams of Extrinsic Semiconductors 

Type Description 

N-
type 

Donor energy level just below the conduction band; electrons easily excited to 
conduction band. 

P-
type 

Acceptor energy level just above the valence band; holes easily created in 
valence band. 

 

 

3. Comparison Table: Intrinsic vs Extrinsic 
Parameter Intrinsic Semiconductor Extrinsic Semiconductor 

Purity Pure, no doping Doped with impurities 

Charge Carriers Electrons = Holes Majority and Minority carriers 
differ 

Conductivity Low, increases with 
temperature 

Higher due to doping 

Type of 
Conductivity 

Depends on temperature N-type or P-type depending on 
dopant 

Application Basic semiconductor material Used in all semiconductor devices 

 

4. Neat Diagram Illustrating Intrinsic and Extrinsic Semiconductors 
plaintextCopyEdit          Intrinsic Semiconductor                 Extrinsic 
Semiconductor 
            (Pure Silicon)                            (Doped Silicon) 
             
   Valence Band     Conduction Band           Valence Band      Conduction Ba
nd 
   --------------   ------------------        --------------    -------------
----- 
          ↑                  ↑                        ↑                 ↑ 
    Electron-hole pairs     Bandgap               Donor Level      Acceptor L
evel 
     created by heat                             (N-type doping)   (P-type do
ping) 
                                                 ↑                  ↑ 
                                          Extra electrons        Extra holes 



     ENGINEERS STUDY ZONE   
2ND SEM BEU BIHAR                                                     SUBJECT:- Basic Electronics 

DOWNLOAD OUR ENGINEERS STUDY ZONE APP 
FROM PLAY STORE FOR FREE SEMESTER COURSES 

9 

                                         (majority carriers)   (majority carr
iers) 

 

5. Summary 
• Intrinsic semiconductors are pure and have equal electrons and holes as carriers. 

• Extrinsic semiconductors have controlled conductivity by adding impurities: 

o N-type: Electrons are majority carriers. 

o P-type: Holes are majority carriers. 

• Extrinsic doping greatly enhances the electrical properties, making semiconductors 
useful in practical electronic devices like diodes and transistors. 

 

Energy Band in Intrinsic and Extrinsic Semiconductors 
 

1. Energy Band in Intrinsic Semiconductor 

An intrinsic semiconductor is a pure semiconductor without any impurity atoms. 

Energy Band Structure: 
• Valence Band (VB): Filled with electrons at low energy. 

• Conduction Band (CB): Higher energy level, mostly empty. 

• Energy Gap (Eg): Forbidden energy region between VB and CB, no electron states. 

• At absolute zero, all electrons occupy the valence band. 

• At room temperature, some electrons gain thermal energy and jump across the 
band gap to the conduction band, leaving behind holes in the valence band. 

Diagram: 
sqlCopyEditEnergy 
 ↑ 
 |              Conduction Band (empty or few electrons) 
 |              --------------------------- 
 |               
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 |               ↑ Electron excited by thermal energy 
 |               
 |              ---------------------------   Energy Gap (Eg) 
 |              Valence Band (filled with electrons) 
 |              --------------------------- 
 | 
 +----------------------------------------------------→ Distance or position 

• Number of electrons in the conduction band = number of holes in the valence band. 

• Both electrons and holes contribute to conduction. 

• The intrinsic Fermi level (Ef) lies near the middle of the band gap. 

 

2. Energy Band in Extrinsic Semiconductor 

When dopants are added, new energy levels are introduced within the band gap close to 
either the conduction or valence band. This affects electron movement and conductivity. 

a) N-type Semiconductor 
• Dopant atoms (pentavalent) introduce donor energy levels slightly below the 

conduction band. 

• These donor levels are close to the conduction band, so electrons easily get excited 
into the conduction band at room temperature. 

• This creates a large number of free electrons (majority carriers). 

• The Fermi level (Ef) shifts closer to the conduction band. 

Diagram for N-type: 
sqlCopyEditEnergy 
 ↑ 
 |          Conduction Band (CB) 
 |          --------------------------- 
 |                ↑ Free electrons here 
 |          Donor Level (just below CB) 
 |          --------------------------- 
 |          Energy Gap (Eg) 
 |          --------------------------- 
 |          Valence Band (VB) 
 |          --------------------------- 
 | 
 +--------------------------------------------------→ Distance 
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b) P-type Semiconductor 
• Dopant atoms (trivalent) create acceptor energy levels just above the valence 

band. 

• Electrons from the valence band jump to these acceptor levels, creating holes in 
the valence band. 

• Holes become the majority carriers. 

• The Fermi level (Ef) shifts closer to the valence band. 

Diagram for P-type: 
pgsqlCopyEditEnergy 
 ↑ 
 |          Conduction Band (CB) 
 |          --------------------------- 
 |          Energy Gap (Eg) 
 |          --------------------------- 
 |          Acceptor Level (just above VB) 
 |                ↑ Holes created here 
 |          Valence Band (VB) 
 |          --------------------------- 
 | 
 +--------------------------------------------------→ Distance 

 

3. Summary Table 
Semiconductor 

Type Energy Levels Involved Location of Fermi Level 
(Ef) Majority Carrier 

Intrinsic Band gap only Near middle of band 
gap 

Electrons = 
Holes 

N-type (Extrinsic) Donor level just below 
CB 

Closer to conduction 
band 

Electrons 

P-type (Extrinsic) Acceptor level just 
above VB 

Closer to valence band Holes 
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Why This Matters: 
• The introduction of impurity levels in extrinsic semiconductors reduces the energy 

required for conduction. 

• This leads to a dramatic increase in conductivity compared to intrinsic 
semiconductors. 

• Position of Fermi level is crucial for device behavior like diodes and transistors. 

 

1. Equilibrium Carrier Concentration in 
Semiconductors 

 

What is Equilibrium Carrier Concentration? 

In a semiconductor at thermal equilibrium (no external electric field or excitation): 

• The number of electrons in the conduction band and holes in the valence band 
remains constant on average. 

• The rate of generation of electron-hole pairs equals the rate of recombination. 

Key Points: 
• Intrinsic semiconductor: 

Number of electrons (n) = Number of holes (p) = ni (intrinsic carrier concentration). 

• Extrinsic semiconductor: 
Doping changes the majority carrier concentration, but still: 
𝑛𝑝 = 𝑛𝑖

2 (Law of Mass Action) 

 

Mathematical Expression: 
• Intrinsic carrier concentration 𝑛𝑖  depends on temperature and bandgap energy 𝐸𝑔: 

𝑛𝑖 = √𝑁𝑐𝑁𝑣exp (−
𝐸𝑔

2𝑘𝑇
) 

Where: 
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• 𝑁𝑐  = Effective density of states in conduction band 

• 𝑁𝑣 = Effective density of states in valence band 

• 𝐸𝑔 = Energy bandgap 

• 𝑘 = Boltzmann’s constant 

• 𝑇 = Absolute temperature (Kelvin) 

 

2. Direct vs Indirect Bandgap Semiconductors 
 

What is the Bandgap? 
• The bandgap 𝐸𝑔 is the energy difference between the top of the valence band and 

bottom of the conduction band. 

• It determines the electronic and optical properties of the semiconductor. 

 

Direct Bandgap Semiconductor 
• The minimum of the conduction band and maximum of the valence band occur 

at the same momentum (k-vector). 

• Electrons can jump directly between these bands by absorbing/emitting photons 
without changing momentum. 

• Excellent for optical applications like LEDs and laser diodes. 

Examples: 
• Gallium Arsenide (GaAs) 

• Indium Phosphide (InP) 

Energy Band Diagram: 
luaCopyEditEnergy 
 ↑ 
 |       CB minimum 
 |       ┌───────┐ 
 |       │       │ 
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 |       │       │   <-- Direct transition possible 
 |       └───────┘ 
 |       VB maximum 
 +--------------------------→ Momentum (k) 

 

Indirect Bandgap Semiconductor 
• The minimum conduction band and maximum valence band occur at different 

momentum values. 

• Electron transition from valence to conduction band requires phonon interaction 
(to conserve momentum). 

• Less efficient at emitting light; mostly used in electronics (not optoelectronics). 

Examples: 
• Silicon (Si) 

• Germanium (Ge) 

Energy Band Diagram: 
luaCopyEditEnergy 
 ↑ 
 |       CB minimum (at different k) 
 |       ┌───────┐ 
 |               │ 
 |               │  <-- Indirect transition needs phonon 
 |       └───────┘ 
 |       VB maximum 
 +--------------------------→ Momentum (k) 

 

3. Summary Table: Direct vs Indirect Bandgap 
Feature Direct Bandgap Indirect Bandgap 

Band extrema position Same momentum (k) Different momentum (k) 

Electron transition Direct (photon only) Requires phonon + photon 

Optical efficiency High (LEDs, lasers) Low (mostly electronic use) 

Examples GaAs, InP Si, Ge 
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4. Equilibrium Carrier Concentration vs Bandgap 
• Larger bandgap → fewer intrinsic carriers at a given temperature → lower 

conductivity. 

• Direct bandgap materials often have smaller bandgaps and better optical 
properties. 

 

Ideal Diode Construction 
 

1. What is an Ideal Diode? 

An ideal diode is a theoretical semiconductor diode that: 

• Conducts current perfectly (zero resistance) in forward bias. 

• Completely blocks current (infinite resistance) in reverse bias. 

• Has no voltage drop when conducting. 

• Switches instantaneously between ON and OFF states with no delay. 

• Has no leakage current in reverse bias. 

Note: Real diodes approximate this behavior but have limitations like forward voltage drop 
and leakage current. 

 

2. Construction of a Real Semiconductor Diode (Basis of Ideal Diode) 

An ideal diode is modeled on a p-n junction diode made from a semiconductor crystal. 
Here’s how the real diode is constructed: 

a) Basic Components: 
• P-type Semiconductor: Created by doping pure semiconductor (like silicon) with 

trivalent impurities (e.g., Boron). It has an excess of holes (positive charge carriers). 
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• N-type Semiconductor: Created by doping the semiconductor with pentavalent 
impurities (e.g., Phosphorus), creating excess electrons (negative charge carriers). 

• P-N Junction: The interface where the p-type and n-type materials meet. 

b) Physical Structure: 
• The diode is a small semiconductor chip with two terminals: 

o Anode connected to p-type material. 

o Cathode connected to n-type material. 

• The p-n junction inside is the active region controlling current flow. 

c) Depletion Region: 
• At the junction, free electrons and holes recombine. 

• This leaves behind charged ions, creating a depletion layer devoid of free carriers. 

• The depletion region acts as a barrier to charge flow under equilibrium. 

 

3. Schematic Diagram of Diode Construction 
pgsqlCopyEdit  +--------------------+-------------------+ 
  |     P-Type (Anode)  |   N-Type (Cathode)| 
  |    (Holes Major.)   |  (Electrons Major.)| 
  +--------------------+-------------------+ 
            |                    | 
            |       P-N Junction | 
            |   Depletion Region | 
            +--------------------+ 
 
Terminal Anode (+)         Terminal Cathode (−) 

 

4. How Ideal Diode Behavior Arises from This Construction 
Bias 

Condition Behavior in Ideal Diode Explanation from Construction 

Forward 
Bias 

Diode acts as a short 
circuit (zero resistance) 

External voltage reduces depletion region; 
electrons and holes cross junction easily, 
resulting in current flow. 
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Bias 
Condition Behavior in Ideal Diode Explanation from Construction 

Reverse 
Bias 

Diode acts as an open 
circuit (infinite 
resistance) 

External voltage widens depletion region; no 
charge carriers cross, preventing current flow. 

 

 

5. Summary 
Aspect Real Diode Ideal Diode 

Forward resistance Low but finite Zero 

Reverse resistance Very high but finite Infinite 

Forward voltage drop ~0.7 V for silicon diode 0 V 

Reverse current Small leakage current 0 A 

Switching time Finite (non-zero) Instantaneous 

 

P-N Junction Diode: Concepts and Behavior 
 

1. P-N Junction Under Open Circuit (Equilibrium Condition) 
• When p-type and n-type semiconductors are joined, electrons diffuse from n-side 

(high electron concentration) to p-side (low electron concentration). 

• Holes diffuse from p-side to n-side. 

• This diffusion leaves behind immobile ions near the junction, creating a depletion 
region with fixed positive and negative ions. 

• An electric field is established in the depletion region, creating a built-in potential 
𝑉𝑏𝑖 that opposes further diffusion. 

• At equilibrium, drift current = diffusion current → no net current flows. 
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Diagram: P-N Junction at Equilibrium 
pgsqlCopyEditP-side           Depletion Region             N-side 
Holes (majority)   | | | | | | | | | | | |   Electrons (majority) 
-------------------|-------------------|------------------- 
                   |<-- Depletion -->| 
                   |  Region (no free carriers)| 
Built-in field → ────────────────────────→ 
Diffusion: holes move right, electrons move left 
Drift: electrons and holes move opposite to diffusion, balancing current 

 

2. Drift and Diffusion Currents 
Type of 
Current Cause Direction Description 

Diffusion 
Current 

Due to concentration 
gradient (carriers move 
from high to low conc.) 

Holes diffuse from 
p → n; electrons 
diffuse from n → p 

Dominant in neutral 
regions away from 
junction 

Drift 
Current 

Due to electric field in 
depletion region 

Carriers move 
under electric field 
force 

Opposes diffusion, 
carriers move back 
toward original sides 

 

 

3. Built-in Potential (𝑉𝑏𝑖) 
• The electric potential difference across the depletion region formed due to charge 

separation. 

• Prevents further diffusion of carriers. 

• Given by: 

𝑉𝑏𝑖 =
𝑘𝑇

𝑞
ln (

𝑁𝐴𝑁𝐷

𝑛𝑖
2 ) 

Where: 

• 𝑁𝐴 = acceptor concentration (p-side) 

• 𝑁𝐷  = donor concentration (n-side) 
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• 𝑛𝑖  = intrinsic carrier concentration 

• 𝑘 = Boltzmann constant 

• 𝑇 = temperature in K 

• 𝑞 = electron charge 

 

4. P-N Junction Under Forward Bias 
• External voltage 𝑉 applied such that p-side is positive relative to n-side. 

• Reduces the barrier potential: 

𝑉𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 = 𝑉𝑏𝑖 − 𝑉 

• Depletion region narrows. 

• Electrons and holes can cross junction easily → large current flows. 

• Current increases exponentially with applied forward voltage. 

Diagram: 
sqlCopyEditForward Bias: 
 
P (+)  ---|>|--- N (-) 
 
Built-in potential reduced, 
depletion width narrows, 
current flows easily. 

 

5. P-N Junction Under Reverse Bias 
• External voltage 𝑉 applied such that p-side is negative relative to n-side. 

• Increases barrier potential: 

𝑉𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 = 𝑉𝑏𝑖 + 𝑉 

• Depletion region widens. 

• Very few minority carriers cross → very small leakage current (reverse saturation 
current). 
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• No significant current flows. 

Diagram: 
sqlCopyEditReverse Bias: 
 
P (-)  ---|<|--- N (+) 
 
Built-in potential increased, 
depletion width widens, 
current almost zero. 

 

6. Summary Table 

Condition Depletion 
Width 

Barrier 
Potential Current Flow Notes 

Open Circuit 
(Equilibrium) 

Moderate 
width 

Built-in 
potential 𝑉𝑏𝑖 

No net current Drift = Diffusion 
current balanced 

Forward Bias Narrows Reduced 
(𝑉𝑏𝑖 − 𝑉) 

Large forward 
current 

Current increases 
exponentially 

Reverse Bias Widens Increased 
(𝑉𝑏𝑖 + 𝑉) 

Very small 
reverse 
current 

Minority carriers 
dominate 

 

Effect of Temperature on P-N Junction Diode 
 

1. Influence of Temperature on Carrier Concentration 
• Intrinsic carrier concentration 𝑛𝑖  increases with temperature because thermal 

energy excites more electrons from the valence band to the conduction band. 

• The relationship is approximately: 

𝑛𝑖 = √𝑁𝑐𝑁𝑣exp (−
𝐸𝑔

2𝑘𝑇
) 

where: 
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• 𝐸𝑔 = bandgap energy 

• 𝑘 = Boltzmann’s constant 

• 𝑇 = absolute temperature (Kelvin) 

• As temperature increases, 𝑛𝑖  increases exponentially. 

• Increased 𝑛𝑖  means more thermally generated carriers, increasing conductivity. 

 

2. Effect on Diode Parameters 

Parameter Effect of Increasing 
Temperature Explanation 

Saturation 
Current ( 𝐼𝑠 ) 

Increases 
exponentially 

More minority carriers generated increase 
leakage current 

Forward Voltage 
Drop ( 𝑉𝐹 ) 

Decreases slightly Higher carrier concentration reduces 
voltage needed to overcome barrier 

Forward Current ( 
𝐼𝐹  ) 

Increases for a given 
voltage 

Due to increased carrier concentration 
and reduced 𝑉𝐹 

Breakdown 
Voltage 

Decreases Increased carrier activity makes 
breakdown easier 

 

 

3. Mathematical Impact on Diode Current 

The diode current under forward bias is: 

𝐼 = 𝐼𝑠 (𝑒
𝑞𝑉
𝑘𝑇 − 1) 

• As temperature rises: 

o 𝐼𝑠 increases exponentially. 

o Thermal voltage 𝑘𝑇
𝑞

 increases. 

• So for the same forward voltage, current increases with temperature. 
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4. Physical Explanation 
• At higher temperatures, more electrons gain enough energy to cross the bandgap. 

• This increases both majority and minority carriers. 

• The depletion region width slightly decreases with temperature due to increased 
carriers. 

• The diode becomes more conductive, and leakage currents rise. 

 

5. Summary Table 
Temperature Effect Result Impact on Diode Behavior 

Increase in intrinsic carrier 
concentration 

Higher 𝑛𝑖  Higher conductivity, more 
leakage 

Increase in saturation current 𝐼𝑠 Exponentially 
increases 

More reverse leakage current 

Forward voltage drop 𝑉𝐹 Slight decrease Lower voltage needed for 
conduction 

Breakdown voltage Decreases Device may fail at lower 
voltages 

 

 

6. Graphical Representation 
• Forward Current vs Voltage curves shift upward with temperature. 

• Reverse saturation current increases exponentially with temperature. 

 

Static and Dynamic Resistance of a Diode 
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1. Static Resistance (Rs) 

Definition: 
• Static resistance is the ratio of the instantaneous voltage across the diode to the 

instantaneous current flowing through it at a particular operating point. 

• It represents the overall resistance of the diode under a given DC bias condition. 

Formula: 

𝑅𝑠 =
𝑉

𝐼
 

Where: 

• 𝑉 = voltage across the diode 

• 𝐼 = current flowing through the diode 

Explanation: 
• Static resistance is like the average resistance at a specific point on the diode's I-V 

curve. 

• It is a nonlinear resistance because 𝑅𝑠 varies with the voltage and current values. 

• Usually measured in forward bias. 

 

2. Dynamic Resistance (Rd) 

Definition: 
• Dynamic resistance is the small-signal or incremental resistance, i.e., the slope 

of the I-V curve at a particular operating point. 

• It represents how the diode voltage changes with a small change in current — 
essentially the differential resistance. 

Formula: 

𝑅𝑑 =
𝑑𝑉

𝑑𝐼
 

or approximated by a small change: 
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𝑅𝑑 =
𝛥𝑉

𝛥𝐼
 

Where: 

• 𝑑𝑉 = small change in voltage 

• 𝑑𝐼 = corresponding small change in current 

Explanation: 
• Dynamic resistance is crucial for AC analysis or when the diode operates with 

small signal variations superimposed on a DC bias. 

• It determines the diode's response to small voltage or current fluctuations. 

 

3. Relation Between Static and Dynamic Resistance 
• Static resistance considers total voltage and current. 

• Dynamic resistance focuses on local slope at operating point. 

For example: 
At a forward voltage 𝑉𝐹, if the diode current is 𝐼𝐹, then 

• Static resistance: 𝑅𝑠 =
𝑉𝐹

𝐼𝐹
 

• Dynamic resistance: 𝑅𝑑 = (
𝑑𝐼

𝑑𝑉
)
−1

 

 

4. Dynamic Resistance for Diode Using Shockley Equation 

The diode I-V relation is approximately: 

𝐼 = 𝐼𝑠 (𝑒
𝑞𝑉
𝑛𝑘𝑇 − 1) 

Where: 

• 𝐼𝑠 = saturation current 

• 𝑞 = electronic charge 

• 𝑉 = diode voltage 
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• 𝑛 = ideality factor (~1 to 2) 

• 𝑘 = Boltzmann constant 

• 𝑇 = absolute temperature 

Differentiating w.r.t 𝑉: 

𝑑𝐼

𝑑𝑉
=

𝑞𝐼𝑠
𝑛𝑘𝑇

𝑒
𝑞𝑉
𝑛𝑘𝑇 =

𝑞

𝑛𝑘𝑇
(𝐼 + 𝐼𝑠) ≈

𝑞𝐼

𝑛𝑘𝑇
 

Thus, 

𝑅𝑑 =
𝑑𝑉

𝑑𝐼
=
𝑛𝑘𝑇

𝑞𝐼
 

 

5. Summary Table 
Parameter Definition Formula Typical Use 

Static 
Resistance 

Ratio of voltage to current at 
a point 𝑅𝑠 =

𝑉

𝐼
 

DC operating point 
analysis 

Dynamic 
Resistance 

Small-signal or incremental 
resistance 𝑅𝑑 =

𝑑𝑉

𝑑𝐼

=
𝑛𝑘𝑇

𝑞𝐼
 

AC or small-signal 
analysis 

 

 

6. Practical Interpretation 
• At low currents, 𝑅𝑑  is high → diode is less conductive to small signals. 

• At high currents, 𝑅𝑑  becomes very low → diode acts almost like a short circuit for 
small signals. 

• 𝑅𝑠 generally decreases as current increases, but it’s always larger than 𝑅𝑑. 
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Breakdown Mechanism in Diodes 
When a diode is reverse biased beyond a certain critical voltage, the diode undergoes 
breakdown and starts conducting a large reverse current. Breakdown is a crucial 
phenomenon because it determines the maximum reverse voltage the diode can 
withstand. 

 

1. What is Breakdown? 
• Breakdown occurs when the reverse voltage applied across the diode exceeds the 

breakdown voltage. 

• The depletion region can no longer block the flow of charge carriers. 

• This causes a sudden increase in reverse current. 

• Breakdown can be reversible (without damaging the diode) or destructive. 

 

2. Types of Breakdown Mechanisms 

A. Zener Breakdown 
• Occurs in diodes with a heavily doped p-n junction. 

• Depletion region is very thin. 

• At a relatively low reverse voltage (typically less than 5-6 V), the strong electric 
field causes quantum mechanical tunneling of electrons from the valence band of 
the p-side to the conduction band of the n-side. 

• This tunneling causes a sudden increase in reverse current. 

• The Zener breakdown voltage is very precise, so Zener diodes use this effect for 
voltage regulation. 

Characteristics: 
• Dominant in low voltage breakdown. 

• Sharp breakdown voltage. 
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• Non-destructive if current is limited. 

 

B. Avalanche Breakdown 
• Occurs in diodes with lightly doped junctions, thus wider depletion regions. 

• Happens at higher reverse voltages (usually above 6 V). 

• The strong electric field accelerates minority carriers, gaining enough kinetic energy 
to collide with lattice atoms, creating electron-hole pairs by impact ionization. 

• These new carriers are also accelerated, causing an avalanche multiplication of 
carriers. 

• Results in a large reverse current. 

Characteristics: 
• Dominant at higher voltages. 

• Less sharp breakdown voltage than Zener. 

• Also non-destructive if current is limited. 

• Used in avalanche diodes and TVS (Transient Voltage Suppressor) devices. 

 

3. Comparison of Zener and Avalanche Breakdown 
Feature Zener Breakdown Avalanche Breakdown 

Junction doping Heavy doping (thin depletion) Light doping (wide depletion) 

Breakdown 
voltage 

Low (≤ 5-6 V) High (> 6 V) 

Mechanism Quantum tunneling Impact ionization 

Temperature 
effect 

Breakdown voltage decreases with 
increasing temperature 

Breakdown voltage increases 
with temperature 

Sharpness Sharp breakdown Gradual breakdown 
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4. Diode Behavior in Breakdown 
• In the breakdown region, the diode can conduct a large reverse current without 

damage if properly designed. 

• Current must be limited by an external resistor to prevent damage. 

• Breakdown region is utilized in Zener diodes for voltage regulation. 

 

5. Graphical Representation 
• I-V curve of a diode shows a very small reverse current until breakdown voltage. 

• At breakdown voltage, reverse current sharply increases. 

• Forward bias characteristics remain unchanged. 

 

6. Summary 
Breakdown 

Type 
Cause Voltage 

Range 
Effect Application 

Zener 
Breakdown 

Electron tunneling due 
to high field 

Low (<5-
6 V) 

Sharp 
increase in 
current 

Voltage regulation 
(Zener diode) 

Avalanche 
Breakdown 

Impact ionization 
causing carrier 
multiplication 

High (>6 
V) 

Gradual 
increase in 
current 

Protection devices 
(Avalanche diode) 

 

 

Junction Capacitance of a P-N Diode 
 

1. What is Junction Capacitance? 
• When a p-n junction is reverse biased, the depletion region acts like a dielectric 

(insulator) between two conductive regions (p and n sides). 
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• This forms a parallel-plate capacitor, known as the junction capacitance or 
space-charge capacitance. 

• The capacitance varies with the width of the depletion region and applied voltage. 

 

2. Why Does Junction Capacitance Occur? 
• The depletion region is depleted of free carriers and contains immobile ions. 

• The p and n regions act as capacitor plates holding opposite charges. 

• Applying voltage changes the width of the depletion region, thus changing the 
capacitance. 

 

3. Types of Junction Capacitance 

A. Depletion (or Transition) Capacitance 𝐶𝑗 
• Present under reverse bias or small forward bias. 

• Caused by the variation of the depletion region width with applied voltage. 

• As reverse voltage increases, depletion width increases → capacitance decreases. 

B. Diffusion Capacitance 𝐶𝑑  
• Present under forward bias conditions. 

• Caused by the storage of charge carriers (holes and electrons) injected into the 
junction. 

• Related to the change in charge with voltage due to minority carrier diffusion. 

• Typically larger than depletion capacitance in strong forward bias. 

 

4. Depletion Capacitance Formula 

For a one-sided abrupt p-n junction, the depletion capacitance is: 

𝐶𝑗 =
𝜀𝐴

𝑊
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Where: 

• 𝜀 = permittivity of the semiconductor 

• 𝐴 = cross-sectional area of the junction 

• 𝑊 = depletion width 

 

5. Voltage Dependence of Depletion Capacitance 

Depletion width 𝑊 depends on the applied voltage 𝑉: 

𝑊 = √
2𝜀

𝑞

(𝑉𝑏𝑖 − 𝑉)

𝑁
 

Where 𝑁 is the doping concentration of the lightly doped side (for one-sided junction). 

Thus, 

𝐶𝑗 =
𝐶0

√1 −
𝑉
𝑉𝑏𝑖

 

Where: 

• 𝐶0 = zero-bias junction capacitance 

• 𝑉𝑏𝑖 = built-in potential 

• 𝑉 = applied voltage (negative for reverse bias) 

 

6. Diffusion Capacitance 
• Occurs under forward bias. 

• Due to charge storage in the diffusion region. 

• Proportional to the diode current. 

Approximate formula: 

𝐶𝑑 = 𝜏
𝑑𝐼

𝑑𝑉
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Where: 

• 𝜏 = average lifetime of minority carriers 

• 
𝑑𝐼

𝑑𝑉
 = rate of change of current with voltage 

 

7. Significance of Junction Capacitance 
Aspect Impact/Usage 

High frequency 
response 

Junction capacitance limits diode switching speed 

Device modeling Important in diode equivalent circuits 

Varactor diodes Use voltage-dependent junction capacitance for tuning 
circuits 

Switching losses Higher capacitance increases switching time 

 

 

8. Summary Table 
Type of 

Capacitance Occurs When Cause Behavior with Voltage 

Depletion 
Capacitance (𝐶𝑗) 

Reverse bias or 
small forward bias 

Change in 
depletion width 

Decreases with 
increasing reverse 
voltage 

Diffusion 
Capacitance (𝐶𝑑) 

Forward bias Charge storage in 
diffusion region 

Increases with forward 
current 

 

 

9. Diagram 
mathematicaCopyEditP-side           Depletion Region          N-side 
|  +    +    +   | | | | | | | | | | | |   |  -    -    - 
|  Holes        |   Depletion Layer        |  Electrons 
| (Positive)    |    acts as dielectric     | (Negative) 
|--------------|--------------------------|-------------- 
               <-- Junction capacitance --> 
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Zener Diode: Working Principle 
 

1. What is a Zener Diode? 
• A Zener diode is a specially designed p-n junction diode that operates in reverse 

breakdown region without damage. 

• It is heavily doped to have a precise and low breakdown voltage (called the Zener 
voltage, 𝑉𝑍). 

• Used primarily for voltage regulation and reference. 

 

2. Construction 
• Similar to a normal p-n diode but with heavy doping on both sides. 

• The heavy doping results in: 

o A thin depletion region. 

o A low breakdown voltage (typically between 2.4 V to about 75 V). 

 

3. Working Principle 

Reverse Bias Operation (Main Operating Mode) 
• When reverse biased, the Zener diode behaves like a normal diode up to its Zener 

voltage 𝑉𝑍. 

• At 𝑉𝑍, it enters the Zener breakdown region and starts conducting a large reverse 
current. 

• Unlike normal diodes, the Zener diode does not get damaged if the current is 
limited by an external resistor. 

• The voltage across the diode remains nearly constant at 𝑉𝑍 despite changes in 
current — this is the voltage regulation effect. 
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Forward Bias Operation 
• Behaves like a regular diode, conducting current when forward biased beyond ~0.7 

V (silicon diode). 

 

4. Zener Breakdown Mechanism 
• Breakdown occurs primarily due to the Zener effect (quantum tunneling) because 

of the strong electric field in the thin depletion region. 

• At low voltages (<5-6 V), Zener effect dominates. 

• At higher voltages (>6 V), avalanche breakdown contributes too. 

 

5. V-I Characteristics 
• Forward region: behaves like a normal diode. 

• Reverse region: 

o Very small leakage current before breakdown. 

o At breakdown voltage 𝑉𝑍, current rises sharply. 

o Voltage across the diode stays almost constant at 𝑉𝑍. 

 

6. Applications 
Application Description 

Voltage Regulation Maintains a constant output voltage 

Voltage Reference Used in power supplies and measurement devices 

Surge Protection Protects circuits from voltage spikes 

 

 

7. Circuit Symbol 
nginxCopyEdit   Anode ----|<|---- Cathode 
(Zener diode symbol shows the bent bar on cathode side) 
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8. Simple Voltage Regulator Circuit 
luaCopyEdit   +V_in ----[R]----+---- V_out (across Zener diode) 
                    | 
                   |<| (Zener diode, reverse biased) 
                    | 
                  GND 

• 𝑅 limits the current. 

• 𝑉𝑜𝑢𝑡 ≈ 𝑉𝑍 (Zener voltage) remains constant. 

 

V-I Characteristics of Light Emitting Diode (LED) 
 

1. What is an LED? 
• A Light Emitting Diode (LED) is a special type of p-n junction diode that emits light 

when forward biased. 

• It converts electrical energy into light energy through electroluminescence. 

 

2. Working Principle of LED 
• When forward biased, electrons from the n-region and holes from the p-region 

recombine in the depletion region. 

• The recombination releases energy in the form of photons (light). 

• The wavelength (color) of emitted light depends on the semiconductor material and 
bandgap energy. 
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3. V-I Characteristics Curve of LED 

Key Features: 

Region Description 

Forward Bias 
Region 

Current starts flowing significantly after a certain threshold 
voltage 𝑉𝐹 (~1.6 to 2.2 V for visible LEDs). Below this voltage, 
current is negligible. 

Threshold Voltage 
(Cut-in Voltage) 

Minimum forward voltage needed for LED to start emitting light. 

Forward Current 
Region 

Current increases exponentially with voltage, similar to a normal 
diode but with higher voltage drop. 

Reverse Bias 
Region 

Very small leakage current flows; LED is generally not used in 
reverse bias as it can get damaged. 

 

 

Typical LED V-I Curve Description: 
• At voltages below 𝑉𝐹, very little current flows (LED off). 

• Once 𝑉𝐹 is reached, current increases rapidly, and the LED emits light. 

• The forward voltage drop depends on the LED color (bandgap): 

o Red LEDs ~1.6 - 1.8 V 

o Green LEDs ~2.0 - 2.2 V 

o Blue and White LEDs ~2.8 - 3.3 V 

 

4. Mathematical Expression 

The forward current approximately follows the diode equation: 

𝐼 = 𝐼𝑠 (𝑒
𝑞𝑉
𝑛𝑘𝑇 − 1) 

Where parameters are same as for normal diode. 
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5. Important Notes 
• LED must be operated within specified current ratings to avoid damage. 

• A current-limiting resistor is usually connected in series to prevent excessive 
current. 

• LEDs are unidirectional devices — they conduct and emit light only when forward 
biased. 

 

6. Graphical Representation 
markdownCopyEditCurrent (I) 
   | 
   |                  / 
   |                 / 
   |                / 
   |               / 
   |______________/_________________ Voltage (V) 
                  Vf (Threshold voltage) 

 

Photodiode 
 

1. What is a Photodiode? 
• A photodiode is a semiconductor device that converts light energy (photons) into 

an electric current. 

• It operates based on the photoelectric effect. 

• Structurally, it’s a p-n junction diode designed to be sensitive to light. 

 

2. Construction 
• Similar to a regular p-n diode but optimized for light absorption. 

• Usually packaged with a transparent window or lens to allow light to reach the 
junction. 
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• May have an intrinsic region between p and n regions (PIN photodiode) for better 
sensitivity. 

 

3. Working Principle 
• When light photons with energy greater than the semiconductor’s bandgap strike 

the depletion region: 

o Electron-hole pairs are generated. 

o These carriers are separated by the built-in electric field in the depletion 
region. 

o This generates a photocurrent proportional to the light intensity. 

 

4. Operating Modes 

A. Photovoltaic Mode (Zero Bias) 
• The photodiode generates a voltage when illuminated. 

• Functions like a solar cell. 

• Output current is proportional to light intensity but relatively small. 

B. Photoconductive Mode (Reverse Bias) 
• Photodiode is reverse biased. 

• Depletion region widens, reducing junction capacitance and increasing response 
speed. 

• Photocurrent flows in reverse direction. 

• Provides faster response and higher sensitivity. 

 

5. V-I Characteristics 
• In the dark, photodiode behaves like a reverse biased diode with very small leakage 

current. 
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• Under illumination, the reverse current increases proportionally to the incident light 
intensity. 

• The photocurrent 𝐼𝑝ℎ adds to the dark current. 

 

6. Types of Photodiodes 
Type Description Advantage 

PN Photodiode Simple p-n junction diode Low cost, moderate speed 

PIN Photodiode Has intrinsic layer between p 
and n 

Higher sensitivity, faster 
response 

Avalanche 
Photodiode (APD) 

Operates with high reverse 
voltage causing internal gain 

Very high sensitivity due to 
avalanche multiplication 

 

 

7. Applications 
Application Description 

Optical communication Receiving optical signals 

Light sensing Light meters, automatic lighting 

Medical devices Pulse oximetry, medical imaging 

Safety equipment Smoke detectors, flame sensors 

Barcode scanners Reading optical codes 

 

 

8. Summary 
Parameter Description 

Responsivity Ratio of photocurrent to incident light power 

Quantum Efficiency Number of electron-hole pairs generated per photon 

Dark Current Leakage current in absence of light 

Response Time Time taken to respond to light changes 
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Solar Cell 
 

1. What is a Solar Cell? 
• A solar cell (or photovoltaic cell) is a semiconductor device that converts sunlight 

(solar energy) directly into electrical energy via the photovoltaic effect. 

• It is essentially a large-area p-n junction diode optimized to generate power from 
light. 

 

2. Construction 
• Made of semiconductor materials (commonly silicon: monocrystalline, 

polycrystalline, or amorphous). 

• A typical solar cell consists of: 

o p-type semiconductor layer (usually the base). 

o n-type semiconductor layer (thin top layer). 

o Metal contacts on front and back to extract current. 

o Anti-reflective coating to increase light absorption. 

o Encapsulation layers for protection. 

 

3. Working Principle 
• When sunlight (photons) strikes the solar cell, photons with energy greater than the 

bandgap excite electrons from the valence band to the conduction band, creating 
electron-hole pairs. 
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• The built-in electric field at the p-n junction separates these carriers: 

o Electrons move toward the n-side. 

o Holes move toward the p-side. 

• This movement generates a photocurrent. 

• When the external circuit is connected, electrons flow through the circuit, 
producing usable electrical power. 

 

4. I-V Characteristics of Solar Cell 
• The solar cell behaves like a diode but with a photocurrent source. 

• Without illumination, it acts like a normal diode. 

• Under illumination, current shifts downward due to photocurrent 𝐼𝑝ℎ. 

The output current: 

𝐼 = 𝐼𝑝ℎ − 𝐼0 (𝑒
𝑞𝑉
𝑛𝑘𝑇 − 1) 

Where: 

• 𝐼 = output current 

• 𝐼𝑝ℎ = photocurrent (proportional to light intensity) 

• 𝐼0 = diode saturation current 

• 𝑉 = output voltage 

 

5. Key Parameters 
Parameter Description 

Open-circuit voltage 𝑉𝑜𝑐 Voltage at zero current (circuit open) 

Short-circuit current 𝐼𝑠𝑐  Current at zero voltage (terminals shorted) 

Fill Factor (FF) Ratio of maximum power output to product of 𝑉𝑜𝑐 and 𝐼𝑠𝑐  

Efficiency (𝜂) Ratio of electrical power output to incident solar power 
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6. Solar Cell Equivalent Circuit 
luaCopyEdit         + ---|>|---+   
         |          |   
       I_ph        R_sh 
         |          |   
        ---        ---   
        --- R_s    ---   
         |          |   
        ---        ---   
        GND        GND 

• 𝐼𝑝ℎ: Photocurrent source. 

• 𝑅𝑠: Series resistance (due to contacts, bulk material). 

• 𝑅𝑠ℎ: Shunt resistance (due to leakage paths). 

 

7. Applications 
Application Description 

Power generation Residential, commercial solar panels 

Space applications Power for satellites 

Portable electronics Solar calculators, chargers 

Remote sensing Powering sensors in remote locations 

 

 

8. Advantages and Limitations 
Advantages Limitations 

Renewable and clean energy 
source 

Efficiency depends on sunlight 

Low maintenance Performance affected by temperature and 
shading 

Long lifespan Initial cost can be high 
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Unit 2.0: Diode Applications 
 

1. Rectifier Circuits 

A. Half-Wave Rectifier 
• Converts AC input to pulsating DC by allowing only one half-cycle of AC. 

• Uses a single diode. 

• Output is zero during negative half-cycle. 

• Applications: Simple power supplies. 

B. Full-Wave Rectifier 
• Converts both half-cycles of AC into pulsating DC. 

• Types: 

o Center-tapped full-wave rectifier (uses two diodes and center-tapped 
transformer). 

o Bridge rectifier (uses four diodes). 

• Produces higher average output voltage and smoother DC. 

• Widely used in power supplies. 

C. Rectifier Output 
• Ripple voltage and smoothing by filters (capacitors, inductors). 
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• Important for DC power supply design. 

 

2. Clippers (or Limiter Circuits) 
• Purpose: To clip (remove) portions of an input AC signal without distorting the 

remaining part. 

• Uses diode(s) to limit voltage to a reference level. 

• Types: 

o Series Clippers 

o Shunt Clippers 

• Applications: Wave shaping, noise reduction, protection circuits. 

 

3. Clampers (or DC Restorers) 
• Purpose: To shift the DC level of an AC signal without changing the shape. 

• Uses diode, capacitor, and resistor. 

• Types: 

o Positive clamper (shifts waveform upward). 

o Negative clamper (shifts waveform downward). 

• Applications: TV signal processing, waveform shaping. 

 

4. Voltage Regulation 

A. Zener Diode Voltage Regulator 
• Uses Zener diode operating in breakdown region to maintain constant voltage. 

• Provides stable reference voltage despite load or input voltage variations. 

• Simple and cost-effective voltage regulation. 

 



     ENGINEERS STUDY ZONE   
2ND SEM BEU BIHAR                                                     SUBJECT:- Basic Electronics 

DOWNLOAD OUR ENGINEERS STUDY ZONE APP 
FROM PLAY STORE FOR FREE SEMESTER COURSES 

44 

5. Switching Applications 
• Diodes used as electronic switches due to their ability to conduct in one direction. 

• Used in logic circuits, signal routing. 

• Special diodes (like Schottky) used for faster switching. 

 

6. Peak Detector Circuits 
• Diode and capacitor combination to detect and hold peak voltage of input 

waveform. 

• Applications: Signal processing, measurement systems. 

 

7. Light Emitting Diode (LED) Applications 
• Indicator lights, displays. 

• Optical communication. 

• Lighting and decorative purposes. 

 

8. Photodiode Applications 
• Light sensing, optical communication, safety sensors. 

 

9. Varactor Diode (Varicap) Applications 
• Used as voltage-controlled capacitors in tuning circuits (radio, TV tuners). 

 

10. Protection Circuits 
• Diodes used for protecting circuits from voltage spikes: 

o Flyback diode in inductive loads. 

o Transient voltage suppression using Zener or TVS diodes. 
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11. Summary Table of Diode Applications 
Application Diode Type Used Purpose 

Rectification Standard PN diode Convert AC to DC 

Voltage Regulation Zener diode Maintain constant voltage 

Clipping & Clamping Standard PN diode Wave shaping 

Switching Schottky diode, PN diode High-speed switching 

Light Emission LED Light source, indicator 

Light Detection Photodiode Convert light to current 

Frequency Tuning Varactor diode Variable capacitance 

Protection Zener diode, TVS diode Voltage spike suppression 

 

 

Half-Wave Rectifier 
 

1. Introduction 
• A Half-Wave Rectifier is the simplest type of rectifier circuit. 

• It converts the AC input voltage into a pulsating DC output by allowing current to 
pass only during one half-cycle of the AC signal. 

• Mainly used in low-power DC supplies. 

 

2. Construction 
• Consists of: 

o A single diode (PN junction diode). 

o A load resistor 𝑅𝐿  connected in series. 

o An AC voltage source (transformer or AC mains). 
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Circuit Diagram: 
luaCopyEdit     AC Supply 
       ~ 
       | 
       | 
      --- 
      \ /  D (Diode) 
      --- 
       | 
       +-------> V_out across R_L 
       | 
      R_L 
       | 
      GND 

 

3. Working Principle 
• Positive Half-Cycle: 

o The AC input is positive at the anode of the diode. 

o Diode is forward biased and conducts current. 

o Current flows through the load resistor 𝑅𝐿. 

o Output voltage follows the input voltage (less the diode forward drop). 

• Negative Half-Cycle: 

o The AC input is negative at the anode. 

o Diode is reverse biased and blocks current. 

o No current flows through the load. 

o Output voltage is zero. 

 

4. Output Waveform 
• The output voltage is a pulsating DC, present only during the positive half-cycles. 

• No output during negative half-cycle. 
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5. Mathematical Analysis 
• RMS value of output voltage 𝑉𝑟𝑚𝑠: 

𝑉𝑟𝑚𝑠 =
𝑉𝑚
2

 

• Average (DC) output voltage 𝑉𝑑𝑐: 

𝑉𝑑𝑐 =
𝑉𝑚
𝜋

 

Where 𝑉𝑚 = peak value of input AC voltage. 

• Peak Inverse Voltage (PIV): 

o Maximum reverse voltage the diode withstands without breakdown. 

𝑃𝐼𝑉 = 𝑉𝑚 

• Efficiency 𝜂: 

𝜂 =
𝑃𝑑𝑐
𝑃𝑎𝑐

=
𝑉𝑑𝑐 × 𝐼𝑑𝑐
𝑉𝑟𝑚𝑠 × 𝐼𝑟𝑚𝑠

= 40.6% 

 

6. Advantages 
• Simple and inexpensive. 

• Requires only one diode. 

• Suitable for low power applications. 

 

7. Disadvantages 
• Output has high ripple (poor DC quality). 

• Only half of the input AC signal is utilized (inefficient). 

• High Peak Inverse Voltage (PIV) required for the diode. 

 

8. Applications 
• Small power supplies. 
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• Signal demodulation. 

• Clipping circuits. 

 

9. Graphical Representation 

Input and Output Waveforms: 

markdownCopyEditInput AC voltage (sinusoidal): 
 
   +       +       +       + 
  / \     / \     / \     / \ 
 /   \   /   \   /   \   /   \ 
/     \ /     \ /     \ /     \ 
 
Output voltage (pulsating DC): 
 
   +       +       +       + 
  /         /         /         / 
 /         /         /         / 
/         /         /         / 
|_________|_________|_________| 

 

Full-Wave Rectifiers & Rectifiers with Filters 
 

Part 1: Full-Wave Rectifiers 
 

1. Introduction 
• A Full-Wave Rectifier converts both halves (positive and negative) of the AC input 

signal into pulsating DC. 

• More efficient than half-wave rectifiers as it utilizes the entire input waveform. 

• Produces smoother DC output with higher average voltage. 
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2. Types of Full-Wave Rectifiers 
• Center-Tapped Full-Wave Rectifier 

• Bridge Rectifier 

 

3. Center-Tapped Full-Wave Rectifier 

 

Construction 
• Uses a center-tapped transformer and two diodes. 

• The secondary winding has a center tap which acts as the ground reference. 

Circuit Diagram 
pgsqlCopyEdit           +---|>|---+-----> Output (+) 
AC Input --|           |  
           |           +----|<|---+ 
           |                   |    
           +--- Center Tap -----+ 
                  (Ground) 

 

Working 
• During positive half cycle, diode D1 is forward biased, D2 is reverse biased. 

• During negative half cycle, diode D2 is forward biased, D1 is reverse biased. 

• Current always flows through the load in the same direction. 

• Output waveform contains both positive half-cycles of the input AC. 

 

Key Parameters 

Parameter Value 

Peak Inverse Voltage (PIV) on each diode 2𝑉𝑚 (twice peak input voltage) 

Output Voltage (DC) 
𝑉𝑑𝑐 =

2𝑉𝑚
𝜋

 

Efficiency ~81.2% 
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4. Bridge Rectifier 

 

Construction 
• Uses four diodes arranged in a bridge configuration. 

• Does not require center-tapped transformer. 

• More practical and widely used. 

Circuit Diagram 
nginxCopyEdit        D1 
   +----|>|----+ 
   |           | 
 ~ |           | ~ 
 AC|           | AC 
   |           | 
   +----|<|----+ 
        D2 

(Diodes D1 to D4 arranged to direct current during both half-cycles) 

 

Working 
• In positive half-cycle, two diodes conduct to allow current in one direction through 

the load. 

• In negative half-cycle, the other two diodes conduct to maintain current direction 
through the load. 

• Result: Full-wave rectified output without the need for a center tap. 

 

Key Parameters 

Parameter Value 

Peak Inverse Voltage (PIV) on each diode 𝑉𝑚 (peak input voltage) 

Output Voltage (DC) 
𝑉𝑑𝑐 =

2𝑉𝑚
𝜋

 

Efficiency ~81.2% 



     ENGINEERS STUDY ZONE   
2ND SEM BEU BIHAR                                                     SUBJECT:- Basic Electronics 

DOWNLOAD OUR ENGINEERS STUDY ZONE APP 
FROM PLAY STORE FOR FREE SEMESTER COURSES 

51 

 

 

5. Output Waveforms 
• Both types produce pulsating DC output with frequency twice the input AC 

frequency. 

yamlCopyEditInput AC:         ~~~~~~~~ (sinusoidal wave) 
Output DC:        |¯|_|¯|_|¯| (both halves positive) 

 

Part 2: Rectifiers with Filters 
 

1. Need for Filtering 
• Rectified output contains ripples (fluctuations). 

• Filters smooth the output to provide nearly pure DC voltage. 

 

2. Types of Filters 

Filter Type Description 

Capacitor Filter Uses a capacitor to smooth voltage 

Inductor Filter Uses an inductor in series 

LC Filter Combination of inductor and capacitor 

RC Filter Combination of resistor and capacitor 

 

 

3. Capacitor Filter 

 

Working 
• A capacitor is connected in parallel with the load. 

• Charges up to peak voltage during conduction. 
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• Discharges slowly through the load during the diode's non-conduction period. 

• Reduces voltage variations (ripples). 

 

Circuit Diagram 
luaCopyEditRectifier output ---+--- Load (R_L) --- GND 
                   | 
                   | 
                  --- 
                  --- C (Filter Capacitor) 
                   | 
                  GND 

 

Waveform Explanation 
• Output voltage ripple decreases. 

• Output becomes smoother. 

 

4. Ripple Factor 
• Measure of AC component in output DC. 

Ripple factor =
𝑉𝑟𝑖𝑝𝑝𝑙𝑒

𝑉𝑑𝑐
 

• Lower ripple factor means smoother DC output. 

 

5. Inductor Filter 
• Inductor is connected in series with load. 

• Opposes sudden changes in current. 

• Smooths current flow through the load. 

 

6. LC Filter 
• Combines inductor and capacitor. 
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• Inductor smooths current. 

• Capacitor smooths voltage. 

• Provides better filtering than either alone. 

 

7. Summary Table of Filter Characteristics 

Filter Type Ripple Reduction Output Smoothness Cost/Complexity 

Capacitor Filter Moderate Good Low 

Inductor Filter Moderate Good Medium 

LC Filter High Very Good Higher 

RC Filter Low Moderate Low 

 

 

Zener Diode as Voltage Regulator 
 

1. Introduction 
• A Zener diode is specially designed to operate in the breakdown region (reverse 

bias) at a precise, stable voltage known as the Zener voltage 𝑉𝑍. 

• This property is exploited for voltage regulation — maintaining a constant output 
voltage despite variations in input voltage or load conditions. 

 

2. Basic Idea of Voltage Regulation 
• Voltage regulators supply a stable DC output voltage irrespective of: 

o Fluctuations in input voltage. 

o Changes in load current. 

• Zener diode maintains constant voltage across the load by operating in its 
breakdown region. 
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3. Zener Voltage Regulator Circuit 
yamlCopyEdit       +V_in 
         | 
         R (Series Resistor) 
         | 
         +----+---- V_out (Regulated voltage) 
         |    | 
       Zener  Load (R_L) 
        Diode | 
         |    | 
        GND  GND 

• 𝑅: Series resistor limits current through the Zener diode. 

• 𝑅𝐿: Load resistor. 

• 𝑉𝑖𝑛: Unregulated input voltage. 

• 𝑉𝑜𝑢𝑡: Regulated output voltage across the load. 

 

4. Working Principle 
• Zener diode connected in reverse bias. 

• When 𝑉𝑖𝑛 exceeds 𝑉𝑍, the Zener diode enters breakdown and maintains voltage 
across itself approximately equal to 𝑉𝑍. 

• Excess voltage is dropped across series resistor 𝑅. 

• If 𝑉𝑖𝑛 increases, diode conducts more current to keep 𝑉𝑜𝑢𝑡 constant. 

• If 𝑉𝑖𝑛 decreases but stays above 𝑉𝑍, output voltage remains stable. 

• Load changes cause current changes, which are absorbed by Zener diode to 
maintain output voltage. 

 

5. Important Parameters 
Parameter Description 

Zener Voltage 𝑉𝑍 Voltage at which diode breaks down and regulates 
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Parameter Description 

Series Resistor 𝑅 Limits current to safe levels 

Load Resistance 𝑅𝐿  Connected across the Zener diode 

Zener Current 𝐼𝑍 Current flowing through the Zener diode 

 

 

6. Calculation of Series Resistor 𝑅 

To ensure proper operation and avoid damage: 

𝑅 =
𝑉𝑖𝑛(𝑚𝑖𝑛) − 𝑉𝑍

𝐼𝑍(𝑚𝑎𝑥) + 𝐼𝐿(𝑚𝑎𝑥)
 

Where: 

• 𝑉𝑖𝑛(𝑚𝑖𝑛): Minimum input voltage 

• 𝐼𝑍(𝑚𝑎𝑥): Maximum allowable Zener current 

• 𝐼𝐿(𝑚𝑎𝑥): Maximum load current 

 

7. Operation Regions 
Condition Behavior 

𝑉𝑖𝑛 < 𝑉𝑍 Zener diode OFF, output voltage follows input minus diode drop (no 
regulation) 

𝑉𝑖𝑛 ≥ 𝑉𝑍 Zener diode ON, maintains output voltage at 𝑉𝑍 (regulation mode) 

 

 

8. Voltage Regulation Characteristics 
• The output voltage remains almost constant over a wide range of input voltage. 

• Effective for low power applications. 
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9. Advantages 
• Simple and inexpensive. 

• Provides stable reference voltage. 

• Works with low voltages and currents. 

• Easy to implement. 

 

10. Limitations 
• Inefficient for high power (dissipates excess voltage as heat). 

• Requires proper heat sinking for high currents. 

• Output voltage depends on load current; regulation not perfect. 

• Series resistor causes power loss. 

 

11. Applications 
• Reference voltage in voltage regulator ICs. 

• Power supplies for electronic circuits. 

• Protection circuits to limit voltage. 

• Waveform clipper circuits. 

 

12. Graphical Explanation 

V-I Characteristics of Zener Diode 

• Forward biased like normal diode. 

• Reverse biased, minimal current until breakdown voltage. 

• Beyond breakdown voltage, voltage stays nearly constant while current varies. 
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Clipping and Clamping Circuits 
 

1. Clipping Circuits 
 

1.1 Definition 
• A Clipping circuit (or limiter) removes or “clips” portions of an input signal above or 

below a certain reference voltage level without distorting the remaining part of the 
waveform. 

• Used to limit voltage to a specified range. 

 

1.2 Working Principle 
• Diodes are used to clip the input waveform at specific voltage levels. 

• When input exceeds the diode’s threshold voltage plus any reference voltage, the 
diode conducts and clips the signal. 

 

1.3 Types of Clippers 

Type Description 

Series Positive Clipper Clips the positive portion of waveform above a certain level. 
Diode in series. 

Series Negative Clipper Clips negative portion below a certain level. 

Shunt (Parallel) Positive 
Clipper 

Diode connected parallel to load clips positive peaks. 

Shunt Negative Clipper Clips negative peaks by shunting them to ground. 

Biased Clippers Clippers with added DC bias to shift clipping level. 
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1.4 Basic Series Positive Clipper Circuit 
luaCopyEditVin ---|>|--- Vout --- R_L --- GND 

• Diode is forward biased when 𝑉𝑖𝑛 > diode threshold voltage. 

• Clips voltage above threshold; output cannot rise above diode conduction voltage. 

 

1.5 Operation 
• During the positive half-cycle: 

o If input exceeds clipping level, diode conducts and output is limited. 

• During negative half-cycle: 

o Diode is reverse biased; signal passes unaffected. 

 

1.6 Waveform Illustration 
makefileCopyEditInput:    /\       /\       /\ 
          /  \     /  \     /  \ 
Output:  __/\_____/  \_____/    (positive peaks clipped) 

 

1.7 Applications 
• Protect circuits from voltage spikes. 

• Shape signals for communication. 

• Noise reduction. 

 

2. Clamping Circuits 
 

2.1 Definition 
• A Clamping circuit shifts the entire waveform up or down by adding a DC level 

without changing the waveform shape. 

• Also called DC Restorers. 
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2.2 Working Principle 
• Uses diode and capacitor to add or subtract a DC level. 

• Charges capacitor during one half-cycle. 

• Maintains the shifted voltage during other half-cycles. 

 

2.3 Types of Clampers 

Type Description 

Positive Clamper Shifts waveform upward (positive DC shift). 

Negative Clamper Shifts waveform downward (negative DC shift). 

Biased Clamper Adds additional DC bias level. 

 

 

2.4 Basic Positive Clamper Circuit 
mathematicaCopyEditInput ---|>|----+--- Output 
         Diode  | 
                C 
                | 
               GND 

• Capacitor 𝐶 charges through the diode. 

• Output is shifted upward by the capacitor voltage. 

 

2.5 Operation 
• During the negative half-cycle: 

o Diode conducts, capacitor charges to peak input voltage. 

• During positive half-cycle: 

o Diode blocks; capacitor holds charge, shifting waveform upwards. 
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2.6 Waveform Illustration 
makefileCopyEditInput:     ~~~~~~~~ 
Output:   ~~~~~~~~~ shifted above zero line 

 

2.7 Applications 
• Restore DC level in signals (e.g., TV signals). 

• Signal processing and waveform shaping. 

• Communication circuits. 

 

3. Summary Table 
Feature Clipper Clamper 

Function Removes portions of waveform Shifts waveform DC level 

Effect on 
Waveform 

Clips voltage peaks Shifts waveform vertically 

Main Components Diode, sometimes resistors Diode, capacitor, resistor 

Output DC Level Changes (due to clipping) Changes (due to DC shift) 

Applications Voltage limiting, noise 
reduction 

DC restoration, signal 
conditioning 

 

 

Voltage Doubler 
 

1. Introduction 
• A Voltage Doubler is a circuit that converts an AC input voltage into a DC output 

voltage approximately twice the peak AC input voltage. 

• Used when higher DC voltage is required but transformer secondary voltage is 
limited. 

• Common in power supplies and signal processing. 



     ENGINEERS STUDY ZONE   
2ND SEM BEU BIHAR                                                     SUBJECT:- Basic Electronics 

DOWNLOAD OUR ENGINEERS STUDY ZONE APP 
FROM PLAY STORE FOR FREE SEMESTER COURSES 

61 

 

2. Types of Voltage Doubler Circuits 
Type Description 

Half-Wave Voltage 
Doubler 

Uses two diodes and two capacitors; output ≈ 2 × peak AC 
voltage 

Full-Wave Voltage 
Doubler 

Uses four diodes and two capacitors for full-wave doubling 

Bridge Voltage Doubler Bridge rectifier with capacitors doubling voltage 

 

 

3. Half-Wave Voltage Doubler Circuit 
 

Construction 
• Two diodes 𝐷1 and 𝐷2. 

• Two capacitors 𝐶1 and 𝐶2. 

• AC input supply. 

 

Circuit Diagram 
pgsqlCopyEdit           AC Input 
           ~~~~~~~ 
             | 
           ---|>|--- C1 ---+---- V_out (+) 
           D1            | 
                          C2 
                           | 
           ---|<|---       R_load 
           D2               | 
             |             GND 
            GND 
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Working 
• During the positive half-cycle, 𝐷1 conducts and charges 𝐶1 to the peak input 

voltage 𝑉𝑚. 

• During the negative half-cycle, 𝐷2 conducts and charges 𝐶2 in series with 𝐶1, 
effectively stacking voltages. 

• Output voltage across 𝐶2 and load is approximately 2𝑉𝑚. 

 

Output Voltage 

𝑉𝑜𝑢𝑡 ≈ 2𝑉𝑚 

 

4. Numerical Example: Rectifier, Filter, and Zener Regulator 
 

Problem Statement: 

Given: 

• Input AC voltage 𝑉𝑟𝑚𝑠 = 12 𝑉. 

• Half-wave rectifier with a series resistor 𝑅 = 1 𝑘𝛺. 

• Filter capacitor 𝐶 = 1000 𝜇𝐹. 

• Zener diode voltage 𝑉𝑍 = 10 𝑉. 

• Load resistor 𝑅𝐿 = 2 𝑘𝛺. 

Calculate: 

1. Peak voltage 𝑉𝑚. 

2. DC output voltage 𝑉𝑑𝑐  after rectification (without filter). 

3. Output voltage after capacitor filter. 

4. Load current 𝐼𝐿. 

5. Value of series resistor for Zener voltage regulation. 

6. Output voltage with Zener regulator. 
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Step 1: Peak Voltage 𝑉𝑚 

𝑉𝑚 = 𝑉𝑟𝑚𝑠 × √2 = 12 × 1.414 = 16.97 𝑉 

 

Step 2: DC Output Voltage 𝑉𝑑𝑐  (Half-wave rectifier without filter) 

𝑉𝑑𝑐 =
𝑉𝑚
𝜋
=
16.97

3.14
= 5.41 𝑉 

 

Step 3: Output Voltage After Capacitor Filter 
• With a filter capacitor, output voltage approximately equals peak voltage minus 

diode drop. 

Assuming diode drop 𝑉𝑑 = 0.7𝑉, 

𝑉𝑑𝑐(𝑓𝑖𝑙𝑡𝑒𝑟) ≈ 𝑉𝑚 − 𝑉𝑑 = 16.97 − 0.7 = 16.27 𝑉 

 

Step 4: Load Current 𝐼𝐿  

𝐼𝐿 =
𝑉𝑑𝑐(𝑓𝑖𝑙𝑡𝑒𝑟)

𝑅𝐿
=
16.27

2000
= 8.135 𝑚𝐴 

 

Step 5: Series Resistor 𝑅 for Zener Regulation 
• To regulate voltage at 𝑉𝑍 = 10 𝑉, series resistor limits current. 

Assume max Zener current 𝐼𝑍(𝑚𝑎𝑥) = 20 𝑚𝐴 and load current 𝐼𝐿 = 8.135 𝑚𝐴, 

𝑅 =
𝑉𝑖𝑛(𝑚𝑖𝑛) − 𝑉𝑍
𝐼𝑍(𝑚𝑎𝑥) + 𝐼𝐿

 

Assuming 𝑉𝑖𝑛(𝑚𝑖𝑛) ≈ 𝑉𝑑𝑐(𝑓𝑖𝑙𝑡𝑒𝑟) = 16.27 𝑉, 

𝑅 =
16.27 − 10

0.02 + 0.008135
=

6.27

0.028135
= 222.7 𝛺 

Choose standard resistor 𝑅 = 220 𝛺. 
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Step 6: Output Voltage with Zener Regulator 
• Zener maintains output voltage at 𝑉𝑍 = 10 𝑉 across the load. 

 

5. Summary 
Parameter Value 

Peak voltage 𝑉𝑚 16.97 V 

DC output without filter 5.41 V 

DC output with capacitor filter 16.27 V 

Load current 𝐼𝐿  8.135 mA 

Series resistor 𝑅 for regulation 220 Ω 

Regulated output voltage 10 V 
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Unit 3.0: Bipolar Junction Transistor (BJT) 
 

1. Introduction 
• A Bipolar Junction Transistor (BJT) is a three-layer, two-junction semiconductor 

device. 

• Used for amplification, switching, and signal modulation. 

• Consists of three terminals: Emitter (E), Base (B), and Collector (C). 

• Called “bipolar” because both electrons and holes participate in conduction. 

 

2. Types of BJT 
Type Description Symbol 

NPN Transistor Two N-type layers separated by P-type base  

PNP Transistor Two P-type layers separated by N-type base  

 

 

3. Construction 
• NPN Transistor: Emitter (N-type), Base (P-type), Collector (N-type). 

• PNP Transistor: Emitter (P-type), Base (N-type), Collector (P-type). 

• Base is very thin and lightly doped. 

• Emitter is heavily doped to inject carriers. 

• Collector is moderately doped to collect carriers. 

 

4. Working Principle 
• The transistor has two p-n junctions: 
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o Emitter-Base Junction (EBJ) 

o Collector-Base Junction (CBJ) 

• Operation modes depend on biasing: 

o Forward bias EBJ, reverse bias CBJ: Active region (amplification). 

o Both junctions forward biased: Saturation region (switch ON). 

o Both junctions reverse biased: Cutoff region (switch OFF). 

 

5. Modes of Operation 
Mode EBJ Bias CBJ Bias Application 

Active Forward Reverse Amplification 

Saturation Forward Forward Switch ON 

Cutoff Reverse Reverse Switch OFF 

Reverse Active Reverse Forward Rarely used 

 

 

6. Transistor Currents 
• 𝐼𝐸 = 𝐼𝐵 + 𝐼𝐶  

• 𝐼𝐶 = 𝛽𝐼𝐵, where 𝛽 is current gain in common-emitter configuration. 

• 𝛼 =
𝐼𝐶

𝐼𝐸
, current gain in common-base configuration (𝛼 ≈ 0.98 − 0.998). 

 

7. Transistor Configurations 

Configuration Input/Output Terminals Current Gain Voltage 
Gain 

Common Emitter (CE) Input: Base-Emitter, 
Output: Collector-Emitter 

Current gain 𝛽 
(High) 

High 

Common Base (CB) Input: Emitter-Base, 
Output: Collector-Base 

Current gain 𝛼 
(<1) 

High 
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Configuration Input/Output Terminals Current Gain Voltage 
Gain 

Common Collector (CC) 
(Emitter Follower) 

Input: Base-Collector, 
Output: Emitter-Collector 

Current gain ≈ 
𝛽 + 1 (Very high) 

~1 (Voltage 
gain) 

 

 

8. Input and Output Characteristics 
• Input Characteristics: Plot of base current 𝐼𝐵 vs base-emitter voltage 𝑉𝐵𝐸 for fixed 

collector-emitter voltage 𝑉𝐶𝐸. 

• Output Characteristics: Plot of collector current 𝐼𝐶  vs collector-emitter voltage 𝑉𝐶𝐸 
for fixed base current 𝐼𝐵. 

 

9. Common Emitter Configuration 
 

Circuit Symbol and Diagram 
yamlCopyEdit      C 
      | 
     / \ 
----|   |---- Vout 
     \ / 
      | 
      B 
      | 
     Input 
      E 
      | 
     GND 

 

Characteristics 
• Input: 𝑉𝐵𝐸 vs 𝐼𝐵 

• Output: 𝑉𝐶𝐸 vs 𝐼𝐶  

• Current gain 𝛽 =
𝐼𝐶

𝐼𝐵
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10. Applications 
• Amplifiers (audio, RF, signal) 

• Switches in digital circuits 

• Oscillators 

• Voltage regulators (as pass transistor) 

• Signal modulation 

 

11. Diagram of NPN BJT and Operation 
 

NPN Transistor with biasing: 

luaCopyEdit +Vcc 
  | 
 Collector 
   | 
   |-----> Output 
  Base --|>| (forward biased) 
   | 
 Emitter --- Ground 

• Electrons flow from emitter to collector. 

• Small base current controls large collector current. 

 

12. Summary 
Parameter Description 

Emitter Heavily doped, injects majority carriers 

Base Thin and lightly doped, controls current 

Collector Collects carriers, moderately doped 

Current gain 𝛽 Typically 20 to 300 

Modes Cutoff, Active, Saturation 
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Introduction to Bipolar Junction Transistor (BJT) 
 

What is a BJT? 
• A Bipolar Junction Transistor (BJT) is a three-terminal semiconductor device used 

for amplification and switching. 

• It is called “bipolar” because both electrons and holes act as charge carriers in its 
operation. 

• The three terminals are named: 

o Emitter (E) — emits charge carriers. 

o Base (B) — controls the transistor action. 

o Collector (C) — collects the charge carriers. 

 

Structure 
• The BJT consists of three layers of semiconductor material forming two p-n 

junctions. 

• These layers can be arranged as: 

o NPN (N-type emitter, P-type base, N-type collector) 

o PNP (P-type emitter, N-type base, P-type collector) 

 

Principle of Operation 
• The transistor works by controlling a large current between collector and emitter 

with a much smaller current at the base. 

• When a small current flows into the base-emitter junction (forward biased), it 
allows a large current to flow from collector to emitter. 
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• This makes the BJT a current-controlled device, widely used for amplification and 
switching. 

 

Applications 
• Amplifiers: Amplify weak electrical signals. 

• Switching devices: Turn circuits ON or OFF. 

• Oscillators: Generate periodic signals. 

• Digital logic circuits. 

 

Summary 

Feature Description 

Device Type Three-terminal semiconductor device 

Charge Carriers Both electrons and holes 

Terminals Emitter, Base, Collector 

Types NPN and PNP 

Main Uses Amplification and switching 

 

 

Construction of Bipolar Junction Transistor (BJT) 
 

1. Basic Structure 
• A BJT is made up of three semiconductor layers doped alternately to form two p-n 

junctions. 

• The three layers form Emitter (E), Base (B), and Collector (C) regions. 

• The two common types based on layer arrangement are: 

o NPN transistor: N-type emitter, P-type base, N-type collector. 
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o PNP transistor: P-type emitter, N-type base, P-type collector. 

 

2. Layer Details 

Region Doping Level Thickness Function 

Emitter (E) Heavily doped (e.g., 
1019 cm−3) 

Thick Injects majority carriers (electrons in 
NPN, holes in PNP) into base 

Base (B) Lightly doped (e.g., 
1017 cm−3) 

Very thin (1-
2 μm) 

Controls the number of carriers; thin 
to allow carriers to diffuse through 
quickly 

Collector 
(C) 

Moderately doped 
(e.g., 1016 cm−3) 

Thick Collects carriers; designed to 
withstand high voltage and dissipate 
heat 

 

 

3. Physical Construction 
• The emitter is heavily doped to increase carrier injection efficiency. 

• The base is thin and lightly doped to allow most carriers injected from the emitter to 
diffuse into the collector rather than recombine in the base. 

• The collector is moderately doped and much thicker than the emitter and base to 
collect carriers and handle high voltages. 

• The base-emitter junction is forward biased during normal operation. 

• The base-collector junction is reverse biased. 

 

4. Manufacturing 
• BJTs are fabricated using semiconductor wafer processing techniques such as 

diffusion or ion implantation. 

• Metal contacts are deposited on each region to form the emitter, base, and 
collector terminals. 
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5. Cross-Section Diagram 
luaCopyEdit         Collector (N-type) 
         ------------------- 
         |                 | 
         |     Base (P-type, thin, lightly doped)  
         |   ------------------- 
         |   |                 | 
Emitter  |---| Emitter (N-type, heavily doped) 
(Heavily doped) 

 

6. Key Points 
• The emitter emits charge carriers into the base. 

• The base controls the flow of carriers and is very thin to minimize recombination. 

• The collector collects carriers passing through the base. 

 

Symbol and Types of Bipolar Junction Transistor (BJT) 
 

1. BJT Symbols 

The BJT symbol has three terminals: 

• Emitter (E) 

• Base (B) 

• Collector (C) 

The key feature in the symbol is the arrow on the emitter, which indicates the direction of 
conventional current flow when the transistor is in forward active mode. 

 

1.1 NPN Transistor Symbol 
• The arrow on the emitter points outward (from the emitter to the base). 

• This shows that conventional current flows out of the emitter. 
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• In operation, electrons flow from the emitter (N) into the base (P). 

Symbol: 

mathematicaCopyEdit        C 
        | 
       / \ 
B ----|   |---- E 
       \ / 
        →  (Arrow points out) 

 

1.2 PNP Transistor Symbol 
• The arrow on the emitter points inward (toward the base). 

• This shows conventional current flows into the emitter. 

• In operation, holes flow from emitter (P) into base (N). 

Symbol: 

mathematicaCopyEdit        C 
        | 
       / \ 
B ----|   |---- E 
       \ / 
        ←  (Arrow points in) 

 

2. Types of BJT 
 

2.1 NPN Transistor 
• Composed of N-type emitter, P-type base, and N-type collector. 

• Majority carriers are electrons. 

• Current flows from collector to emitter when base is forward biased. 

• Widely used because electrons have higher mobility (faster operation). 
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2.2 PNP Transistor 
• Composed of P-type emitter, N-type base, and P-type collector. 

• Majority carriers are holes. 

• Current flows from emitter to collector when base is forward biased. 

• Less common than NPN but useful in complementary circuits. 

 

3. Comparison Table 
Feature NPN Transistor PNP Transistor 

Layer arrangement N-P-N P-N-P 

Arrow on emitter Points outward (away from 
base) 

Points inward (toward 
base) 

Majority carriers Electrons Holes 

Current flow 
(conventional) 

Collector → Emitter Emitter → Collector 

Base voltage Positive w.r.t emitter Negative w.r.t emitter 

Popularity More commonly used Less commonly used 

 

 

Working of Bipolar Junction Transistor (BJT) 
 

1. Basic Idea 
• A BJT consists of two p-n junctions: 

o Emitter-Base Junction (EBJ) 

o Collector-Base Junction (CBJ) 

• To operate the transistor, these junctions must be biased properly. 

• The transistor controls a large current flowing from collector to emitter by varying 
a small base current. 



     ENGINEERS STUDY ZONE   
2ND SEM BEU BIHAR                                                     SUBJECT:- Basic Electronics 

DOWNLOAD OUR ENGINEERS STUDY ZONE APP 
FROM PLAY STORE FOR FREE SEMESTER COURSES 

75 

 

2. Biasing Conditions 
Junction Biasing Condition 

Emitter-Base Junction Forward biased 

Collector-Base Junction Reverse biased 

 

 

3. Operation in NPN Transistor 
 

Step-by-Step Working: 
1. Forward Bias at Emitter-Base Junction: 

o When the base-emitter junction is forward biased (base positive relative to 
emitter in NPN), electrons in the N-type emitter are pushed towards the 
base. 

o Because the emitter is heavily doped, many electrons are injected into the 
thin, lightly doped P-type base. 

2. Carrier Injection and Diffusion: 

o The base is very thin and lightly doped, so only a few electrons recombine 
with holes in the base. 

o Most electrons diffuse through the base into the reverse-biased collector-
base junction region. 

3. Reverse Bias at Collector-Base Junction: 

o Collector-base junction is reverse biased, creating a strong electric field. 

o This field sweeps the electrons from the base into the collector. 

4. Resulting Currents: 

o A small base current 𝐼𝐵 controls a much larger collector current 𝐼𝐶. 

o The emitter current 𝐼𝐸  is the sum of 𝐼𝐵 and 𝐼𝐶: 
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  𝐼𝐸 = 𝐼𝐵 + 𝐼𝐶  

o Collector current is related to base current by current gain 𝛽: 

  𝐼𝐶 = 𝛽𝐼𝐵 

 

4. Operation in PNP Transistor 
• The process is similar but with holes as majority carriers. 

• Base-emitter junction is forward biased with base negative relative to emitter. 

• Holes are injected from the P-type emitter into the thin N-type base. 

• Most holes diffuse across the base and are swept into the collector (also P-type). 

• Current directions and voltages are opposite to NPN. 

 

5. Summary Diagram of NPN Working 
pgsqlCopyEdit      +Vcc 
       | 
     Collector 
        | 
        |←--Collector current (I_C) 
        | 
     |----| Reverse biased CBJ 
Base |    | Forward biased EBJ 
     |----| 
        | 
       Emitter 
       | 
      Ground 
 
- Small current into base controls large current from collector to emitter. 
- Electrons injected from emitter to base, swept into collector. 

 

6. Key Points 
• BJT acts as a current amplifier: small input current at base controls large output 

current at collector. 

• Efficiency depends on thin base and doping concentrations. 
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• Operation requires correct biasing: forward EBJ and reverse CBJ for active region. 

• Transistor can be switched ON (saturation) or OFF (cutoff) by controlling base 
current. 

 

BJT Configurations and Characteristics 
 

1. Introduction 

The Bipolar Junction Transistor (BJT) can be connected in three fundamental configurations 
based on which terminal is common to both input and output circuits: 

Configuration Common Terminal Typical Use 

Common Emitter (CE) Base Amplification 

Common Base (CB) Emitter High-frequency amp 

Common Collector (CC) (Emitter Follower) Collector Voltage buffering 

 

 

2. Common Emitter (CE) Configuration 
 

2.1 Circuit 
• Input: Between Base and Emitter 

• Output: Between Collector and Emitter 

• Common terminal: Emitter 

 

2.2 Characteristics 
• Input characteristic: Base current 𝐼𝐵 vs base-emitter voltage 𝑉𝐵𝐸 (for fixed 

collector-emitter voltage 𝑉𝐶𝐸) 

• Output characteristic: Collector current 𝐼𝐶  vs collector-emitter voltage 𝑉𝐶𝐸 (for 
fixed base current 𝐼𝐵) 
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2.3 Features 

Parameter Description 

Current Gain 𝛽 High (typically 20 to 300) 

Voltage Gain High 

Phase Relationship Output voltage is 180° out of phase with input voltage 

Input Impedance Moderate (few kilo-ohms) 

Output Impedance High 

 

 

3. Common Base (CB) Configuration 
 

3.1 Circuit 
• Input: Between Emitter and Base 

• Output: Between Collector and Base 

• Common terminal: Base 

 

3.2 Characteristics 
• Input characteristic: Emitter current 𝐼𝐸  vs emitter-base voltage 𝑉𝐸𝐵  (for fixed 

collector-base voltage 𝑉𝐶𝐵) 

• Output characteristic: Collector current 𝐼𝐶  vs collector-base voltage 𝑉𝐶𝐵 (for fixed 
emitter current 𝐼𝐸) 

 

3.3 Features 

Parameter Description 

Current Gain 𝛼 Less than 1 (typically 0.95 to 0.99) 

Voltage Gain High 
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Parameter Description 

Phase Relationship Output voltage in phase with input voltage 

Input Impedance Low (hundreds of ohms) 

Output Impedance High 

 

 

4. Common Collector (CC) Configuration (Emitter Follower) 
 

4.1 Circuit 
• Input: Between Base and Collector 

• Output: Between Emitter and Collector 

• Common terminal: Collector 

 

4.2 Characteristics 
• The output voltage follows the input voltage minus a diode drop (𝑉𝐵𝐸 ≈ 0.7𝑉). 

• Input characteristic: Base current 𝐼𝐵 vs base-emitter voltage 𝑉𝐵𝐸. 

• Output characteristic: Emitter current 𝐼𝐸  vs emitter-base voltage 𝑉𝐵𝐸. 

 

4.3 Features 

Parameter Description 

Current Gain Very high (~𝛽 + 1) 

Voltage Gain Approximately 1 (unity gain) 

Phase Relationship Output voltage in phase with input voltage 

Input Impedance High (thousands of ohms) 

Output Impedance Low 
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5. Summary Table 

Configuratio
n 

Commo
n 

Termina
l 

Curren
t Gain 

Voltag
e Gain 

Phas
e 

Shift 

Input 
Impedanc

e 

Output 
Impedanc

e 
Application 

Common 
Emitter (CE) 

Emitter High 
(𝛽) 

High 180° Moderate High General 
amplificatio
n 

Common 
Base (CB) 

Base Less 
than 1 
(𝛼) 

High 0° Low High High-
frequency 
amplifiers 

Common 
Collector 
(CC) 

Collecto
r 

Very 
high 

~1 0° High Low Buffer, 
impedance 
matching 

 

 

6. Typical Characteristic Curves 

Common Emitter Output Characteristic (Example) 
• 𝐼𝐶  vs 𝑉𝐶𝐸 for different fixed 𝐼𝐵. 

• Shows cutoff, active, and saturation regions. 

• In active region, 𝐼𝐶  is approximately constant for a range of 𝑉𝐶𝐸. 

Input Characteristic (Common Emitter) 
• 𝐼𝐵 increases exponentially with 𝑉𝐵𝐸. 

 

Load Line Analysis of BJT 
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1. What is Load Line Analysis? 
• Load line analysis is a graphical method used to find the operating point (Q-point) 

of a transistor in a given circuit. 

• The Q-point defines the steady-state voltages and currents in the transistor when no 
input signal is applied. 

• It helps analyze and design transistor amplifier circuits by combining the device 
characteristics with the external circuit constraints. 

 

2. Types of Load Lines 

2.1 DC Load Line 
• Represents all possible combinations of collector current 𝐼𝐶  and collector-

emitter voltage 𝑉𝐶𝐸 for a fixed DC supply and load resistor. 

• It is derived from the output circuit constraints (Kirchhoff’s Voltage Law). 

2.2 AC Load Line 
• Represents the variations of 𝐼𝐶  and 𝑉𝐶𝐸 when the transistor is operating with a small 

AC signal superimposed on the DC bias. 

• Depends on the AC load seen by the transistor, which could be different from the 
DC load due to capacitors or other components. 

 

3. Derivation of DC Load Line 
 

Circuit Setup 

Consider the transistor’s output circuit with: 

• 𝑉𝐶𝐶 = Supply voltage 

• 𝑅𝐶  = Collector resistor 

• 𝐼𝐶  = Collector current 

• 𝑉𝐶𝐸 = Collector-emitter voltage 
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Using Kirchhoff’s Voltage Law (KVL): 

𝑉𝐶𝐶 = 𝐼𝐶𝑅𝐶 + 𝑉𝐶𝐸  

Rearranged to: 

𝐼𝐶 =
𝑉𝐶𝐶 − 𝑉𝐶𝐸

𝑅𝐶
 

This is the equation of a straight line in 𝐼𝐶  vs 𝑉𝐶𝐸 plane. 

 

Key Points on Load Line 

• When 𝑉𝐶𝐸 = 0, collector current 𝐼𝐶 =
𝑉𝐶𝐶

𝑅𝐶
 (maximum current). 

• When 𝐼𝐶 = 0, 𝑉𝐶𝐸 = 𝑉𝐶𝐶 (maximum voltage). 

Plot these two points on the graph and join them with a straight line. This line is the DC 
Load Line. 

 

4. Finding the Q-Point (Quiescent Point) 
• The transistor’s output characteristic curves show 𝐼𝐶  vs 𝑉𝐶𝐸 for different base 

currents 𝐼𝐵. 

• The intersection of the DC load line with the transistor characteristic curve 
corresponding to the bias base current 𝐼𝐵 gives the Q-point. 

• The Q-point indicates the collector current 𝐼𝐶  and collector-emitter voltage 𝑉𝐶𝐸 at 
zero input signal. 

 

5. Why is Q-Point Important? 
• It ensures the transistor operates in the active region (for amplification). 

• It helps avoid transistor saturation or cutoff during signal variations. 

• Proper Q-point selection leads to maximum undistorted output signal. 
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6. Graphical Representation 
markdownCopyEditI_C (Collector Current) 
^ 
|                . 
|              . 
|            . Q-point 
|          . 
|        . 
|      . 
|    . 
|  . 
|.________________________________________> V_CE (Collector-Emitter Voltage) 
   0                           V_CC 
 
- The straight line is the DC load line. 
- Curves correspond to different base currents \( I_B \). 
- The Q-point lies at the intersection of load line and characteristic curve. 

 

7. Summary 
Parameter Description 

Load Line Graphical constraint from external circuit 

DC Load Line Derived from supply voltage and load resistor 

AC Load Line Represents signal variations around Q-point 

Q-Point Operating point (I_C, V_CE) for given bias 

Importance Determines linear amplification region 

 

 

Operating Point (Q-Point) of a BJT 
 

1. What is the Operating Point? 
• The Operating Point, also called the Quiescent Point (Q-point), is the steady-

state DC voltage and current values in a transistor circuit when no input signal is 
applied. 
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• It represents the point on the transistor's output characteristics where the 
transistor operates under biasing conditions. 

• The Q-point determines how the transistor will respond to an input signal. 

 

2. Importance of the Q-Point 
• Sets the transistor’s collector current 𝐼𝐶  and collector-emitter voltage 𝑉𝐶𝐸 for no 

input signal. 

• Ensures the transistor works in the active region for proper amplification. 

• Prevents the transistor from entering: 

o Cutoff region (no conduction, transistor OFF) 

o Saturation region (maximum conduction, transistor fully ON) 

• Determines linearity of amplification and output signal distortion. 

 

3. Location of Q-Point 
• The Q-point lies on the transistor's output characteristic curves. 

• It is found at the intersection of: 

o The load line (from external circuit constraints) 

o The transistor characteristic curve for a given base current 𝐼𝐵 or base-
emitter voltage 𝑉𝐵𝐸. 

 

4. Operating Regions Related to Q-Point 
Region Description Q-Point Location 

Cutoff Both junctions reverse biased; transistor OFF 𝐼𝐶 ≈ 0, 𝑉𝐶𝐸 ≈ 𝑉𝐶𝐶 

Active Emitter-base forward biased, collector-base 
reverse biased; transistor amplifies 

Q-point lies in middle of 
load line 

Saturation Both junctions forward biased; transistor fully 
ON 

𝐼𝐶  maximum, 𝑉𝐶𝐸 
minimum (close to 0) 
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5. How to Determine Q-Point? 
• Use load line analysis: 

o Plot the DC load line on the 𝐼𝐶  vs. 𝑉𝐶𝐸 graph. 

o For a given base current 𝐼𝐵, find the transistor’s characteristic curve. 

o The intersection is the Q-point (𝐼𝐶𝑄 , 𝑉𝐶𝐸𝑄). 

 

6. Example 
• Suppose: 

o 𝑉𝐶𝐶 = 12 𝑉 

o 𝑅𝐶 = 1 𝑘𝛺 

• DC Load line equation: 

  𝐼𝐶 =
𝑉𝐶𝐶−𝑉𝐶𝐸

𝑅𝐶
 

• At 𝑉𝐶𝐸 = 0, 𝐼𝐶 = 12 𝑚𝐴 

• At 𝐼𝐶 = 0, 𝑉𝐶𝐸 = 12 𝑉 

• Q-point might be at 𝐼𝐶 = 4 𝑚𝐴, 𝑉𝐶𝐸 = 8 𝑉 (depending on 𝐼𝐵) 

 

7. Summary 
Parameter Description 

Q-point Steady-state collector current and voltage 

Purpose Ensures proper transistor operation in active region 

Found by Intersection of load line and characteristic curve 

Affects Amplification linearity, signal distortion 
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Need for Biasing in BJT 
 

1. What is Biasing? 
• Biasing means applying DC voltages or currents to a transistor’s terminals to set 

its operating point (Q-point) at a desired position on the characteristic curve. 

• It establishes the initial operating conditions before any input signal is applied. 

 

2. Why is Biasing Needed? 

2.1 To Establish Proper Operating Point (Q-Point) 
• Without biasing, the transistor would be OFF (cutoff) or operate unpredictably. 

• Biasing sets the transistor to operate in the active region, where it behaves as a 
linear amplifier. 

2.2 To Avoid Distortion of the Output Signal 
• If the transistor is not properly biased, the output signal can be distorted due to 

clipping. 

• Proper biasing ensures the output signal swings symmetrically around the Q-point 
without entering cutoff or saturation. 

2.3 To Provide Stability 
• Biasing helps maintain the Q-point stable despite variations in temperature or 

transistor parameters. 

• Transistor characteristics can vary due to temperature changes or manufacturing 
differences; biasing compensates for these. 

2.4 To Control Amplification 
• The gain and response of the transistor depend on the Q-point. 

• Biasing controls the base current and thereby the collector current, defining the 
transistor’s amplification characteristics. 
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3. Effects of No Biasing 
• No conduction: If the transistor is not biased, no current flows; transistor remains 

OFF. 

• Non-linear operation: The transistor may enter cutoff or saturation during signal 
operation causing distortion. 

• Unstable operation: Q-point may shift with temperature or device variations 
causing unpredictable behavior. 

 

4. Summary 
Reason for Biasing Explanation 

Set Q-point Establish transistor operating point in active region 

Avoid signal distortion Prevent clipping by proper signal swing 

Ensure stability Compensate temperature and device variations 

Control gain Maintain consistent amplification behavior 

 

 

5. Conclusion 
• Biasing is essential to make the BJT function as an amplifier or switch. 

• It ensures linear and stable transistor operation. 

 

Different Biasing Circuits in BJT 
Biasing circuits provide the necessary DC voltage and current conditions for the transistor 
to operate in the active region (for amplification). The common types of BJT biasing 
circuits include: 
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🔹 1. Fixed Bias (Base Resistor Bias) 

▶️ Circuit Diagram: 
yamlCopyEdit Vcc 
  | 
  \ 
  / Rc 
  \ 
  | 
  |--------> Vce 
  | 
 C| 
   \ 
    >   NPN Transistor 
   / 
 B| 
  | 
  \ 
  / Rb 
  \ 
  | 
 GND 

▶️ Description: 
• A resistor 𝑅𝐵 is connected between the base and the supply voltage 𝑉𝐶𝐶. 

• Provides base current 𝐼𝐵 =
𝑉𝐶𝐶−𝑉𝐵𝐸

𝑅𝐵
 

▶️ Advantages: 
• Simple and easy to design. 

▶️ Disadvantages: 
• Poor thermal stability. 

• Q-point shifts with temperature and transistor parameter (𝛽) variations. 

 

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

▶️ Circuit Diagram: 
yamlCopyEdit Vcc 
  | 
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  \ 
  / Rc 
  \ 
  | 
  |--------> Vce 
  | 
 C| 
   \ 
    >   NPN Transistor 
   / 
 B| 
  |\ 
     \ 
     / Rb 
     \ 
     / 
    / 
  | 
 GND 

▶️ Description: 
• 𝑅𝐵 is connected between the collector and base. 

• Provides negative feedback: if 𝐼𝐶  increases, 𝑉𝐶 drops, reducing 𝑉𝐵𝐸, hence 
reducing 𝐼𝐵. 

▶️ Advantages: 
• Better stability than fixed bias due to feedback. 

▶️ Disadvantages: 
• Still depends on 𝛽. 

• Reduced voltage gain due to feedback. 

 

🔹 3. Voltage Divider Bias (Potential Divider Bias) 

▶️ Circuit Diagram: 
luaCopyEdit Vcc 
  | 
  \ 
  / Rc 
  \ 
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  | 
  |--------> Vce 
  | 
 C| 
   \ 
    >   NPN Transistor 
   / 
 B| 
  |\ 
     \ 
     / R2 
     \ 
     / 
    / 
  | 
  +-------+ 
  |       | 
  \       / 
  / R1    \ RE 
  \       / 
  |       | 
 GND     GND 

▶️ Description: 
• A voltage divider (R1 and R2) sets the base voltage. 

• Emitter resistor 𝑅𝐸  adds negative feedback. 

• Most widely used biasing method. 

▶️ Advantages: 
• Excellent stability. 

• Q-point is independent of 𝛽. 

• Good thermal stability. 

▶️ Disadvantages: 
• More components. 

• Slightly complex to design. 
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🔹 4. Emitter Bias 

▶️ Circuit Description: 
• Uses both positive and negative supply voltages. 

• Base is grounded through a resistor. 

• Emitter is biased with a negative voltage. 

▶️ Advantages: 
• Highly stable. 

• Allows symmetrical output swing. 

▶️ Disadvantages: 
• Requires dual power supply. 

 

🔹 5. Collector Feedback Bias 
• Similar to collector-to-base bias but combined with voltage divider. 

• Offers better feedback than fixed bias. 

 

📊 Comparison Table 
Biasing Type Stability Depends on β Complexity Feedback Present 

Fixed Bias Poor Yes Simple No 

Collector-to-Base Moderate Yes Simple Yes 

Voltage Divider Excellent No Complex Yes 

Emitter Bias Excellent No Moderate Yes 

Collector Feedback Good Slightly Moderate Yes 
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✅ Summary 
• Voltage Divider Bias is the most popular due to its Q-point stability and 

independence from transistor parameters. 

• Biasing ensures linear operation, minimal distortion, and thermal stability. 

• Proper selection of biasing depends on the application, cost, stability needs, and 
circuit complexity. 

 

 

Bias Stability in BJT 
 

✅ What is Bias Stability? 

Bias stability refers to the ability of a transistor biasing circuit to maintain a constant 
operating point (Q-point) despite changes in: 

• Temperature 

• Transistor parameters (especially current gain 𝛽) 

• Power supply variations 

A biasing circuit with good bias stability ensures predictable, linear, and distortion-free 
operation of the transistor over time. 

 

🔧 Why is Bias Stability Important? 
• Transistors are temperature-sensitive devices. 

• Small changes in temperature can cause large changes in collector current 𝐼𝐶  due 
to: 

o Increase in saturation current 𝐼𝐶𝐵𝑂 

o Change in base-emitter voltage 𝑉𝐵𝐸 

o Change in current gain 𝛽 
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Unstable biasing can lead to: 

• Thermal runaway (transistor destruction) 

• Distortion in amplifier output 

• Inconsistent performance 

 

📈 Factors Affecting Bias Stability 
1. Variation in β (beta): 

o Transistor current gain 𝛽 varies between devices and with temperature. 

o If bias depends on 𝛽, the Q-point shifts. 

2. Change in 𝑉𝐵𝐸: 

o 𝑉𝐵𝐸 typically decreases by 2.5 mV/°C. 

o Affects base current and collector current. 

3. Increase in Collector Leakage Current 𝐼𝐶𝐵𝑂: 

o Doubles approximately every 10°C rise in temperature. 

o Adds directly to 𝐼𝐶, shifting the Q-point. 

 

📘 Stability Factors 

Stability is measured using stability factors: 

1. Current Stability Factor 𝑆 

Defines sensitivity of collector current to changes in leakage current: 

𝑆 =
𝑑𝐼𝐶
𝑑𝐼𝐶𝐵𝑂

 

Lower 𝑆 → Better stability. 

2. Voltage Stability Factor 𝑆′ 

Describes change in 𝐼𝐶  with change in 𝑉𝐵𝐸: 
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𝑆′ =
𝑑𝐼𝐶
𝑑𝑉𝐵𝐸

 

3. Beta Stability Factor 𝑆″ 

Defines the change in collector current due to change in 𝛽: 

𝑆″ =
𝑑𝐼𝐶
𝑑𝛽

 

 

💡 Improving Bias Stability 

To improve bias stability, biasing circuits must: 

1. Be independent of 𝛽 as much as possible. 

2. Include negative feedback using emitter resistors 𝑅𝐸. 

3. Use voltage divider biasing for high thermal and parameter stability. 

 

⚖️ Comparison of Stability in Different Biasing Circuits 
Biasing Type Stability Depends on β Thermal Stability 

Fixed Bias Poor High Poor 

Collector-to-Base Moderate Moderate Moderate 

Voltage Divider Bias Excellent Low Excellent 

Emitter Bias Excellent Low Excellent 

 

 

🔁 Example (Thermal Instability): 

Suppose a transistor with fixed bias is working at room temperature. If temperature 
increases: 

• 𝐼𝐶𝐵𝑂 increases → 𝐼𝐶  increases 

• Increased 𝐼𝐶  causes more heating → further increase in 𝐼𝐶  
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• This leads to thermal runaway 

Solution: Use voltage divider bias with emitter resistance to stabilize current. 

 

✅ Conclusion 
• Bias stability is critical for reliable and distortion-free operation. 

• Voltage divider bias with emitter resistor is preferred for high stability. 

• Biasing should reduce dependency on 𝛽, 𝑉𝐵𝐸, and 𝐼𝐶𝐵𝑂. 

 

BJT as a Switch and Amplifier 
 

🧠 Overview 

A BJT can operate in three regions: 

Region Description Used As 

Cut-off Transistor OFF, no conduction Switch 
(OFF) 

Active Base-emitter junction forward biased, collector-base reverse 
biased 

Amplifier 

Saturation Both junctions forward biased Switch (ON) 

 

 

🔘 1. BJT as a Switch 

✅ Concept: 
• A BJT works as an electronic switch by operating it in the cut-off and saturation 

regions. 

• Commonly used in digital logic circuits, relays, LED control, etc. 
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🔄 Modes of Switching: 

Condition Transistor Region Behavior 

Base current 𝐼𝐵 = 0 Cut-off Switch is OFF (Open) 

Base current 𝐼𝐵 > 0 (sufficient) Saturation Switch is ON (Closed) 

 

🔧 Circuit Diagram: 
pgsqlCopyEdit   Vcc 
    | 
   (Load) 
    | 
    +-----> C (Collector) 
           | 
           |\ 
           | \ 
           |  >   NPN BJT 
           | / 
           |/ 
           | 
           +-----> E (Emitter) ----> GND 
 
Input 
  | 
  Rb 
  | 
  +-----> B (Base) 

📌 Application Example: 
• Driving a relay or turning an LED ON/OFF. 

👍 Advantages: 
• Fast switching 

• Easy interfacing with logic devices 

 

📢 2. BJT as an Amplifier 

✅ Concept: 
• In active region, a BJT can amplify a small input signal into a larger output signal. 
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• The base-emitter junction is forward-biased, and the collector-base junction is 
reverse-biased. 

🔧 Common Amplifier Configurations: 

Configuration Input Output Application 

Common Emitter Base Collector Voltage & current gain 

Common Base Emitter Collector High frequency circuits 

Common Collector Base Emitter Impedance matching 

 

📈 Amplifier Operation: 
1. Small AC signal applied at the base. 

2. Causes variation in base current 𝐼𝐵. 

3. Since 𝐼𝐶 = 𝛽𝐼𝐵, a small change in 𝐼𝐵 causes a large change in 𝐼𝐶. 

4. This variation in 𝐼𝐶  causes a large voltage drop across 𝑅𝐶, producing an amplified 
output. 

🔧 Common Emitter Amplifier Diagram: 
luaCopyEdit     Vcc 
      | 
     Rc 
      | 
      +----> C 
            | 
            |\ 
     Vin ---| >---- Vout 
            |/ 
            | 
           RE 
            | 
           GND 

📌 Parameters of Amplification: 

Parameter Symbol Description 

Current Gain 𝛽 or ℎ𝐹𝐸  Ratio of 𝐼𝐶/𝐼𝐵 

Voltage Gain 𝐴𝑉  𝛥𝑉𝑜𝑢𝑡/𝛥𝑉𝑖𝑛 

Power Gain 𝐴𝑃  𝐴𝑉 × Current Gain 
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🧠 Key Differences: Switch vs Amplifier 
Feature BJT as Switch BJT as Amplifier 

Region of Operation Cut-off & Saturation Active Region 

Purpose ON/OFF control Signal amplification 

Input DC signal Small AC signal 

Output Fully ON or OFF Amplified version of input 

Linear Operation No Yes 

 

 

✅ Conclusion 
• A BJT as a switch is used in digital and control systems for binary ON/OFF control. 

• A BJT as an amplifier is used in analog systems to amplify weak signals in radios, 
audio devices, sensors, etc. 

• The operation region determines the transistor’s role — cutoff/saturation for 
switching, active region for amplification. 

 

📘 Low Frequency Small Signal Model of BJT 
 

🔹 1. What is a Small Signal Model? 

A small signal model represents the behavior of a transistor under small input signal 
variations, assuming the transistor is already biased in the active region. 

• It linearizes the transistor operation around the Q-point. 

• Used to analyze amplification, gain, input/output impedance, and frequency 
response for low-frequency signals (typically < 1 MHz). 
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🔹 2. Assumptions for Low-Frequency Model 
• BJT is in the active region. 

• Signal amplitude is small compared to DC bias (so the response is linear). 

• Capacitive and inductive effects (parasitics) are negligible at low frequency. 

• Only resistive elements are considered. 

 

🔹 3. Hybrid-π Model (Low Frequency) 

This is the most commonly used small-signal model of a BJT for low-frequency analysis. 

🔧 Circuit Elements (for NPN transistor): 
• 𝑟𝜋: Small signal resistance between base and emitter 

𝑟𝜋 =
𝛽

𝑔𝑚
=
𝑉𝑇
𝐼𝐵

 

• 𝑔𝑚: Transconductance 

𝑔𝑚 =
𝐼𝐶
𝑉𝑇

 

Where 𝑉𝑇 ≈ 26 mV at room temperature 

• 𝑟𝑜: Output resistance due to Early effect (optional at low frequencies) 
𝑟𝑜 =

𝑉𝐴

𝐼𝐶
 (can be neglected if 𝑉𝐴 → ∞) 

 

🖊️ Equivalent Circuit Diagram (Hybrid-π model): 
sqlCopyEdit      Base 
        | 
        |----/\/\/\----+----> Emitter 
        |    rπ        |       
        |              | 
       Vin            ===  
                      | 
                  Controlled Current Source 
                      | 
                      | 
                  Collector 
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• Input at base-emitter: 𝑣𝑏𝑒  

• Output at collector: 𝑖𝑐 = 𝑔𝑚𝑣𝑏𝑒  

• Sometimes includes 𝑟𝑜 between collector and emitter 

 

🔹 4. T-Model (Alternative Model) 

Another representation, especially useful for common base or common collector 
amplifiers. 

Components: 
• 𝑟𝑒  = internal emitter resistance 

𝑟𝑒 =
1

𝑔𝑚
=
𝑉𝑇
𝐼𝐶

 

• Base current is 𝑖𝑏 =
𝑖𝑒

𝛽+1
 

 

T-Model Equivalent: 
diffCopyEdit       Emitter 
         | 
        === rₑ 
         | 
         +---------> Collector (gₘ·vₑ) 
         | 
        Vin 
         | 
        Base 

 

🔹 5. Summary of Parameters 
Parameter Symbol Formula 

Transconductance 𝑔𝑚 𝐼𝐶/𝑉𝑇  

Input resistance 𝑟𝜋 𝛽/𝑔𝑚 = 𝛽𝑉𝑇/𝐼𝐶  

Emitter resistance 𝑟𝑒  𝑉𝑇/𝐼𝐶  

Output resistance 𝑟𝑜 𝑉𝐴/𝐼𝐶 (optional) 
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🔹 6. Applications of Small-Signal Model 

Used for analyzing: 

• Voltage gain: 𝐴𝑣 = −𝑔𝑚𝑅𝐶  (common emitter) 

• Input impedance: 𝑍𝑖𝑛 ≈ 𝑟𝜋 

• Output impedance: Approx. 𝑟𝑜 or load-dependent 

 

✅ Example: Common Emitter Voltage Gain 

Given: 

• 𝐼𝐶 = 1 mA 

• 𝑅𝐶 = 4.7 k𝛺 

• 𝛽 = 100 

• 𝑉𝑇 = 26 mV 

Then: 

• 𝑔𝑚 =
𝐼𝐶

𝑉𝑇
=

1mA

26mV
= 38.46 mS 

• Voltage gain: 

  𝐴𝑣 = −𝑔𝑚𝑅𝐶 = −38.46 × 10−3 × 4.7 × 103 = −181 

 

✅ Conclusion 
• The low-frequency small-signal model simplifies BJT analysis for amplifier design. 

• It helps determine gain, impedance, and signal response. 

• Two models are commonly used: Hybrid-π model and T-model. 
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• This model is the foundation for designing audio, sensor, and signal processing 
circuits using BJTs. 

 

Common Emitter (CE) Amplifier 
 

1. CE Amplifier Without Feedback 

🔧 Circuit Description: 
• Input signal is applied to the base. 

• Output is taken from the collector. 

• Emitter is typically grounded (or bypassed with a capacitor). 

• Load resistor 𝑅𝐶  in the collector branch. 

🖼️ Basic Circuit Diagram (Without Feedback): 
yamlCopyEdit    Vcc 
     | 
    Rc 
     | 
     +-----> Vout (Collector) 
     | 
     C 
     | 
    |\ 
Vin | > NPN BJT 
     |/ 
     | 
     Emitter 
     | 
    GND 

⚙️ Operation: 
• Input AC signal modulates base current 𝐼𝐵. 

• Collector current 𝐼𝐶 = 𝛽𝐼𝐵 varies accordingly. 

• Variation in 𝐼𝐶  causes voltage change across 𝑅𝐶  → amplified output. 

• Voltage gain 𝐴𝑣 is high but depends on transistor parameters and load. 
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🎯 Characteristics: 

Parameter Description 

Voltage Gain 𝐴𝑣 ≈ −𝑔𝑚𝑅𝐶  (negative sign indicates phase inversion) 

Input Impedance Moderate (due to base resistance and 𝑟𝜋) 

Output Impedance High (approx. 𝑅𝐶) 

Phase Shift 180° between input and output 

 

⚠️ Drawbacks Without Feedback: 
• Gain varies with transistor 𝛽 and temperature. 

• Low input impedance may load the signal source. 

• Poor stability; Q-point may shift with temperature. 

 

2. CE Amplifier With Feedback 

🔧 Types of Feedback: 
• Emitter resistor 𝑅𝐸  is added in series with the emitter. 

• This introduces negative feedback. 

🖼️ Circuit Diagram (With Feedback): 
luaCopyEdit     Vcc 
      | 
     Rc 
      | 
      +-----> Vout (Collector) 
      | 
      C 
      | 
     |\ 
Vin--| > NPN BJT 
     |/ 
      | 
      Re 
      | 
     GND 
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⚙️ Operation with 𝑅𝐸: 
• The emitter resistor creates a voltage drop 𝑉𝐸 = 𝐼𝐸𝑅𝐸. 

• This voltage drop opposes changes in emitter current 𝐼𝐸. 

• If 𝐼𝐶  tries to increase, 𝑉𝐸 increases → reduces base-emitter voltage 𝑉𝐵𝐸. 

• This negative feedback stabilizes the operating point and gain. 

🎯 Effects of Feedback: 

Parameter Without 𝑅𝐸  With 𝑅𝐸  

Voltage Gain 𝐴𝑣 High, unstable Lower, but more stable 

Input Impedance Moderate Increased (due to 𝑅𝐸) 

Output Impedance High Slightly higher 

Thermal Stability Poor Improved 

Q-point Stability Poor Excellent 

 

 

3. Mathematical Analysis 

Voltage Gain Without Feedback: 

𝐴𝑣 = −𝑔𝑚𝑅𝐶 = −
𝐼𝐶
𝑉𝑇
𝑅𝐶  

Voltage Gain With Feedback (Emitter Resistance 𝑅𝐸): 

The gain reduces because emitter degeneration adds negative feedback: 

$$A_v = -\frac{g_m R_C}{1 + g_m R_E} \approx -\frac{R_C}{R_E} \quad \text{(if \( g_m R_E \gg 
1 \))}$$ 

 

4. Summary Table 
Feature CE Amplifier Without Feedback CE Amplifier With Feedback 

Voltage Gain High, varies with 𝛽 and 
temperature 

Lower, but stable and 
predictable 
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Feature CE Amplifier Without Feedback CE Amplifier With Feedback 

Input Impedance Moderate Higher due to 𝑅𝐸  

Output 
Impedance 

High Slightly higher 

Stability Poor Good, due to negative feedback 

Complexity Simple Slightly more complex 

 

 

5. Neat Diagram for Comparison 
mathematicaCopyEditWithout Feedback: 
 Vin ---||--- B      C --- Rc --- Vcc 
             |       | 
             |       | 
            E       Output 
             | 
            GND 
 
With Feedback: 
 Vin ---||--- B      C --- Rc --- Vcc 
             |       | 
             |       | 
            E --- Re --- GND 

 

✅ Conclusion 
• Adding emitter resistance 𝑅𝐸  provides negative feedback that stabilizes the CE 

amplifier's gain and operating point. 

• Although gain reduces, feedback greatly improves thermal stability and reduces 
dependence on transistor parameters. 

• This trade-off is often desirable in practical amplifier designs. 
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Unit 4.0: Field Effect Transistor (FET) 
 

1. Introduction to FET 
• A Field Effect Transistor (FET) is a voltage-controlled device that controls current 

flow using an electric field. 

• It has high input impedance and is mainly used for amplification and switching. 

• FET operates by controlling the width of a conducting channel through which 
charge carriers flow. 

 

2. Types of FET 
Type Description 

Junction FET (JFET) Uses a reverse-biased p-n junction to control 
current 

Metal-Oxide-Semiconductor FET 
(MOSFET) 

Uses an insulated gate separated by oxide 
layer 

 

 

3. Construction and Symbol 

a) JFET Construction 
• A bar of n-type or p-type semiconductor forms the channel. 

• Gate is formed by diffusing opposite-type semiconductor on both sides. 

• The gate is reverse biased to control channel width. 

b) JFET Symbol 
• Arrow on gate shows direction of conventional current for n-channel or p-channel. 

• Arrow points inward for p-channel (hole current). 
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• Arrow points outward for n-channel (electron current). 

 

4. Working Principle 
• Gate voltage 𝑉𝐺𝑆 controls the width of the depletion region inside the channel. 

• Increasing reverse bias on gate narrows the channel, increasing channel 
resistance. 

• At a certain 𝑉𝐺𝑆, channel closes completely → pinch-off voltage 𝑉𝑃 → current stops. 

• Drain current 𝐼𝐷  depends on 𝑉𝐺𝑆 and 𝑉𝐷𝑆. 

 

5. FET Operation Regions 
Region Condition Description 

Ohmic (Linear) 𝑉𝐷𝑆 < 𝑉𝐺𝑆 − 𝑉𝑃 FET behaves like a variable resistor 

Active (Saturation) 𝑉𝐷𝑆 ≥ 𝑉𝐺𝑆 − 𝑉𝑃 Drain current saturated and constant 

Cutoff 𝑉𝐺𝑆 < 𝑉𝑃 Channel closed, no current flows 

 

 

6. Characteristics of JFET 
• Input characteristics: Gate current 𝐼𝐺 ≈ 0 (very high input impedance) 

• Output characteristics: Drain current 𝐼𝐷  saturates at high 𝑉𝐷𝑆 

• Transfer characteristic shows 𝐼𝐷  vs 𝑉𝐺𝑆 with cutoff and pinch-off. 

 

7. Advantages of FET 
• High input impedance → minimal loading on preceding circuit. 

• Low noise generation. 

• Simple voltage control. 

• Suitable for high-frequency applications. 
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8. Applications of FET 
• Voltage amplifiers. 

• Impedance buffers. 

• Analog switches. 

• Oscillators. 

• Digital circuits (MOSFET in CMOS technology). 

 

9. Neat Diagram: JFET Symbol 
luaCopyEdit   D 
   | 
  ---- 
 |    | 
 |    |---- Gate (G) 
 |    | 
  ---- 
   | 
   S 

Arrow on gate indicates channel type. 

 

General Characteristics of FET 
 

1. Input Characteristics 
• The input terminal of an FET is the gate (G), and the input current at this terminal 

is ideally zero. 

• This is because the gate-to-channel junction is either reverse-biased (in JFET) or 
insulated by oxide (in MOSFET), so gate current 𝐼𝐺 ≈ 0. 

• This results in a very high input impedance, typically in the range of megaohms 
(MΩ) to gigaohms (GΩ). 
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Summary: 
• 𝐼𝐺 ≈ 0 

• Very high input impedance. 

• Minimal input power loss. 

 

2. Output Characteristics 
• The output current in an FET is the drain current 𝐼𝐷  controlled by the gate-source 

voltage 𝑉𝐺𝑆 and drain-source voltage 𝑉𝐷𝑆. 

• For a fixed 𝑉𝐺𝑆, 𝐼𝐷  initially increases linearly with 𝑉𝐷𝑆 (Ohmic region). 

• After reaching a certain 𝑉𝐷𝑆 called the pinch-off voltage (or saturation voltage), 𝐼𝐷  
becomes nearly constant (constant current region). 

• 𝐼𝐷  decreases with increasing reverse 𝑉𝐺𝑆 (more negative for n-channel FET), which 
reduces channel conductivity. 

Output Curve Regions: 

Region Condition Description 

Ohmic (Linear) 𝑉𝐷𝑆 < 𝑉𝐺𝑆 − 𝑉𝑃 𝐼𝐷 ∝ 𝑉𝐷𝑆 (channel behaves like a resistor) 

Active (Saturation) 𝑉𝐷𝑆 ≥ 𝑉𝐺𝑆 − 𝑉𝑃 𝐼𝐷  nearly constant, independent of 𝑉𝐷𝑆 

Cutoff 𝑉𝐺𝑆 < 𝑉𝑃 Channel is closed, 𝐼𝐷 ≈ 0 

 

 

3. Transfer Characteristics 
• Transfer characteristic shows the relationship between drain current 𝐼𝐷  and gate-

source voltage 𝑉𝐺𝑆 at a constant 𝑉𝐷𝑆. 

• As 𝑉𝐺𝑆 becomes more negative (for n-channel), the depletion region widens, 
reducing the channel width and thus 𝐼𝐷. 

• At a critical 𝑉𝐺𝑆 called the pinch-off voltage 𝑉𝑃 or threshold voltage, the channel 
closes and 𝐼𝐷  drops to zero. 
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4. Key Parameters 
Parameter Description 

𝐼𝐷  Drain current 

𝑉𝐺𝑆 Gate-source voltage 

𝑉𝐷𝑆 Drain-source voltage 

𝑉𝑃 or 𝑉𝑇𝐻 Pinch-off voltage or threshold voltage 

𝑔𝑚 Transconductance, change in 𝐼𝐷  per unit change in 𝑉𝐺𝑆 

𝑟𝑑𝑠 Drain-source resistance in saturation 

 

 

5. Important Characteristics 
• High Input Resistance: Since gate current is almost zero. 

• Voltage Controlled Device: Output current controlled by voltage 𝑉𝐺𝑆. 

• Unipolar Device: Only one type of charge carrier (electrons for n-channel or holes 
for p-channel). 

• Low Noise: Useful in sensitive amplifier circuits. 

• Temperature Sensitivity: 𝐼𝐷  varies with temperature; care needed in design. 

 

6. Typical Graphs 

a) Output Characteristics: 𝐼𝐷  vs 𝑉𝐷𝑆  at different 𝑉𝐺𝑆 
• Curves start linear (ohmic region). 

• Flatten out (saturation region). 

• Higher 𝑉𝐺𝑆 (less negative) means higher 𝐼𝐷. 

b) Transfer Characteristics: 𝐼𝐷  vs 𝑉𝐺𝑆 at constant 𝑉𝐷𝑆 
• 𝐼𝐷  increases sharply after 𝑉𝐺𝑆 exceeds 𝑉𝑃. 

• Non-linear curve with threshold voltage. 
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7. Summary Table 
Characteristic Description 

Input Current 𝐼𝐺  Approximately zero (ideal) 

Input Impedance Very high (MΩ to GΩ) 

Output Current 𝐼𝐷  Controlled by 𝑉𝐺𝑆 and 𝑉𝐷𝑆 

Operating Regions Ohmic, Saturation, Cutoff 

Control Parameter Gate-Source voltage 𝑉𝐺𝑆 

Charge Carriers Unipolar (either electrons or holes) 

Noise Low noise generation 

 

 

Comparison between FET and BJT 

Feature Field Effect Transistor (FET) Bipolar Junction Transistor 
(BJT) 

Type of Device Unipolar device (uses only 
majority carriers) 

Bipolar device (uses both 
majority and minority carriers) 

Control Parameter Voltage-controlled device 
(controlled by 𝑉𝐺𝑆) 

Current-controlled device 
(controlled by base current 𝐼𝐵) 

Input Impedance Very high (Megaohms to 
Gigaohms) 

Low to moderate (kiloohms 
range) 

Input Current Negligible gate current (almost 
zero) 

Requires base current (𝐼𝐵) 

Output 
Characteristics 

Drain current 𝐼𝐷  controlled by 
gate voltage 

Collector current 𝐼𝐶  controlled 
by base current 

Gain Voltage gain moderate, current 
gain less significant 

Both voltage and current gain 
are significant 

Noise Low noise generation Higher noise compared to FET 

Switching Speed High switching speed, suitable 
for high-frequency applications 

Slower than FET due to 
minority carrier storage 



     ENGINEERS STUDY ZONE   
2ND SEM BEU BIHAR                                                     SUBJECT:- Basic Electronics 

DOWNLOAD OUR ENGINEERS STUDY ZONE APP 
FROM PLAY STORE FOR FREE SEMESTER COURSES 

112 

Feature Field Effect Transistor (FET) Bipolar Junction Transistor 
(BJT) 

Thermal Stability Better thermal stability; less 
prone to thermal runaway 

Less stable; prone to thermal 
runaway 

Construction 
Complexity 

Simple gate structure; easier to 
fabricate 

More complex structure 
(three-layer) 

Power Dissipation Generally lower power 
dissipation 

Generally higher power 
dissipation 

Linearity Good linearity in amplification Non-linear characteristics 

Applications Voltage amplifiers, impedance 
buffers, RF amplifiers, CMOS 
logic 

Audio amplifiers, switching 
circuits, linear amplification 

Size Smaller, widely used in 
integrated circuits (ICs) 

Larger than FETs; often 
discrete components 

Symbol Has a gate, drain, and source 
terminals 

Has emitter, base, and 
collector terminals 

 

 

Summary: 

Aspect FET BJT 

Controlled By Voltage (Gate-Source Voltage) Current (Base Current) 

Input Current Almost Zero Significant 

Input Resistance Very High Moderate to Low 

Speed Faster Slower 

Thermal Stability More stable Less stable 

Noise Low Higher 

Application Focus High frequency, low power Power amplification, switching 
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Junction Field Effect Transistor (JFET) — Construction 
 

1. Basic Structure 
• The JFET is made from a single piece of semiconductor material with a narrow 

region called the channel. 

• The channel can be n-type or p-type semiconductor. 

• Two p-n junctions are formed by diffusing regions of opposite-type material on 
either side of the channel. These form the gate terminals. 

• The other two terminals are the source (S) and drain (D), connected at the ends of 
the channel. 

 

2. Components and Terminals 
Terminal Description 

Source 
(S) 

The terminal through which carriers enter the channel 

Drain (D) The terminal through which carriers leave the channel 

Gate (G) Two p-n junctions on either side of the channel, controlling the channel 
width by reverse bias 

 

 

3. N-Channel JFET Construction 
• The channel is made of n-type semiconductor. 

• Two p-type gate regions are diffused on both sides of the n-channel. 

• The gate regions are connected together to form the gate terminal. 

• The source and drain are connected to the two ends of the n-channel. 
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4. P-Channel JFET Construction 
• The channel is made of p-type semiconductor. 

• Two n-type gate regions are diffused on both sides of the p-channel. 

• Similar connections as n-channel JFET but with polarities reversed. 

 

5. Physical Description 
• The channel length determines the distance between source and drain. 

• The channel width can be modulated by applying voltage to the gate terminals. 

• The gate-channel junctions are always reverse-biased during normal operation. 

 

6. Working Principle of Construction 
• When no voltage is applied to the gate (gate-source voltage 𝑉𝐺𝑆 = 0), the channel 

allows current to flow freely between source and drain. 

• Applying a negative voltage (for n-channel) to the gate with respect to the source 
causes the depletion region around the p-n junctions to expand, narrowing the 
channel. 

• This reduces the effective channel width, increasing channel resistance and 
reducing the current flow. 

• When gate voltage reaches a critical value called the pinch-off voltage 𝑉𝑃, the 
channel closes, and the drain current stops. 

 

7. Diagram of JFET Construction 
luaCopyEdit   Gate (p-region)     Gate (p-region) 
        |                   | 
   ----|-------------------|---- 
   |   |                   |   | 
   |   |    n-type channel  |   | 
   |   |                   |   | 
   |   |                   |   | 
 Source                  Drain 
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8. Summary 
Feature Description 

Semiconductor Type n-channel or p-channel 

Gate Connection Two reverse-biased p-n junctions 

Control Mechanism Width of conducting channel varied by gate voltage 

Channel Conductivity Controlled by gate-source voltage 𝑉𝐺𝑆 

 

 

Principle of Operation of JFET 
 

1. Basic Concept 
• The JFET operates by controlling the current flow through a semiconductor 

channel using an electric field. 

• The current between Drain (D) and Source (S) is controlled by the voltage applied to 
the Gate (G). 

• It is a voltage-controlled device, where the gate voltage modulates the width of 
the conducting channel, thus controlling the drain current. 

 

2. Channel and Gate 
• The JFET has a narrow n-type (or p-type) channel. 

• On both sides of the channel, there are p-type (or n-type) gate regions forming p-n 
junctions. 

• The gate-to-channel junctions are reverse-biased, meaning no direct current flows 
through the gate. 
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3. Working Mechanism 
• When the gate-to-source voltage 𝑉𝐺𝑆 = 0 (gate and source at the same potential), 

the channel is at its maximum width, allowing maximum current to flow from drain 
to source. 

• Applying a negative voltage (for n-channel JFET) to the gate relative to the source 
causes the depletion region around the p-n junction to widen. 

• This depletion region penetrates into the channel, narrowing it. 

• Narrower channel → increased resistance → reduced drain current 𝐼𝐷. 

• Increasing the negative gate voltage further narrows the channel until it is 
completely "pinched off" at the pinch-off voltage 𝑉𝑃, stopping current flow. 

 

4. Key Points 
• No gate current flows because the gate-channel junction is reverse biased. 

• Drain current 𝐼𝐷  is controlled by gate-source voltage 𝑉𝐺𝑆 and drain-source voltage 
𝑉𝐷𝑆. 

• 𝐼𝐷  increases with 𝑉𝐷𝑆 up to pinch-off voltage, after which it saturates. 

• 𝐼𝐷  decreases as 𝑉𝐺𝑆 becomes more negative (for n-channel), controlling the 
conduction. 

 

5. Summary 
Input Parameter Effect on Channel Effect on Drain Current 𝐼𝐷  

𝑉𝐺𝑆 = 0 Channel widest Maximum 𝐼𝐷  

Negative 𝑉𝐺𝑆 Channel narrows (depletion widens) 𝐼𝐷  decreases 

𝑉𝐺𝑆 = 𝑉𝑃 Channel pinches off (closes) 𝐼𝐷 = 0 (cutoff) 
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6. Operation Regions 
Region Condition Description 

Ohmic Region 𝑉𝐷𝑆 < 𝑉𝐺𝑆 − 𝑉𝑃 FET behaves like a variable resistor 

Pinch-off/Saturation 𝑉𝐷𝑆 ≥ 𝑉𝐺𝑆 − 𝑉𝑃 Drain current saturates (constant current region) 

Cutoff Region 𝑉𝐺𝑆 < 𝑉𝑃 Channel closed, no current flows 

 

 

7. Visual Diagram 
markdownCopyEditVGS = 0: Wide channel, current flows freely 
  ________ 
 |        | 
 |========| ← Wide conduction channel 
 |________| 
 
VGS < 0: Depletion regions widen, channel narrows 
  ________ 
 |        | 
 |==    ==| ← Narrow channel (depletion regions encroach) 
 |________| 
 
VGS = VP: Channel fully pinched off, current stops 
  ________ 
 |        | 
 |        | ← No conduction path 
 |________| 

 

Shockley Equation 
 

1. What is the Shockley Equation? 

The Shockley Equation describes the relationship between the drain current 𝐼𝐷  and the 
gate-source voltage 𝑉𝐺𝑆 in a JFET when it is operating in the saturation (pinch-off) region. 
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2. Equation Form 

𝐼𝐷 = 𝐼𝐷𝑆𝑆 (1 −
𝑉𝐺𝑆
𝑉𝑃

)
2

 

Where: 

Symbol Meaning 

𝐼𝐷  Drain current at a given gate-source voltage 

𝐼𝐷𝑆𝑆 Maximum drain current when 𝑉𝐺𝑆 = 0 (drain-source saturation current) 

𝑉𝐺𝑆 Gate-to-source voltage 

𝑉𝑃 or 𝑉𝐺𝑆(𝑜𝑓𝑓) Pinch-off or cutoff voltage (negative for n-channel JFET) 

 

 

3. Explanation 
• When 𝑉𝐺𝑆 = 0, the channel is fully open, and the drain current is at its maximum, 

𝐼𝐷 = 𝐼𝐷𝑆𝑆. 

• As 𝑉𝐺𝑆 becomes more negative (for n-channel JFET), the effective channel width 
reduces, and 𝐼𝐷  decreases. 

• When 𝑉𝐺𝑆 = 𝑉𝑃 (pinch-off voltage), the channel closes completely, so 𝐼𝐷 = 0. 

 

4. Operating Range 
• The Shockley equation applies only in the saturation region, where the drain 

current 𝐼𝐷  is independent of 𝑉𝐷𝑆. 

• For 𝑉𝐺𝑆 less than 𝑉𝑃, the transistor is in cutoff and no current flows. 

• For 𝑉𝐺𝑆 greater than 0 (not typical for n-channel JFET), the equation does not hold as 
the device behavior changes. 

 

5. Graphical Representation 
• Plot of 𝐼𝐷  vs. 𝑉𝐺𝑆 shows a parabolic decrease from 𝐼𝐷𝑆𝑆 at 𝑉𝐺𝑆 = 0 down to zero at 

𝑉𝐺𝑆 = 𝑉𝑃. 
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6. Example 

If a JFET has 𝐼𝐷𝑆𝑆 = 10 𝑚𝐴 and 𝑉𝑃 = −4 𝑉, then for 𝑉𝐺𝑆 = −2 𝑉: 

𝐼𝐷 = 10 𝑚𝐴 × (1 −
−2

−4
)
2

= 10 𝑚𝐴 × (1 − 0.5)2 = 10 𝑚𝐴 × (0.5)2 = 10 𝑚𝐴 × 0.25

= 2.5 𝑚𝐴 

 

Output and Transfer Characteristics of JFET 
 

1. Output Characteristics 

Definition: 

The output characteristics of a JFET represent the relationship between the drain current 
𝐼𝐷  and the drain-source voltage 𝑉𝐷𝑆 for different constant values of gate-source voltage 
𝑉𝐺𝑆. 

 

Description: 
• The graph plots 𝐼𝐷  (y-axis) versus 𝑉𝐷𝑆 (x-axis) for several fixed 𝑉𝐺𝑆 values. 

• For each 𝑉𝐺𝑆, the current 𝐼𝐷  increases almost linearly with 𝑉𝐷𝑆 initially (ohmic 
region). 

• After a certain 𝑉𝐷𝑆 (called pinch-off voltage), the curve flattens, showing the 
saturation region where 𝐼𝐷  becomes almost constant despite further increases in 
𝑉𝐷𝑆. 

• The saturation drain current decreases as 𝑉𝐺𝑆 becomes more negative (for n-
channel JFET). 
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Regions of Operation in Output Characteristics: 

Region Condition Description 

Ohmic (Linear) Region 𝑉𝐷𝑆
< 𝑉𝐺𝑆 − 𝑉𝑃 

JFET behaves like a resistor; 𝐼𝐷 ∝ 𝑉𝐷𝑆 

Saturation (Active) 
Region 

𝑉𝐷𝑆
≥ 𝑉𝐺𝑆 − 𝑉𝑃 

𝐼𝐷  saturates and is mostly independent of 
𝑉𝐷𝑆 

Cutoff Region 𝑉𝐺𝑆 < 𝑉𝑃 Channel pinched off; 𝐼𝐷 ≈ 0 

 

 

Typical Output Characteristics Curve: 
markdownCopyEditI_D (Drain Current) 
^ 
|             _________ Saturation Region 
|            / 
|           / 
|          / 
|_________/_________________> V_DS (Drain-Source Voltage) 
   (Ohmic Region) 
Curves for different V_GS values: less negative V_GS => higher I_D saturation 

 

2. Transfer Characteristics 

Definition: 

The transfer characteristics of a JFET represent the relationship between the drain 
current 𝐼𝐷  and the gate-source voltage 𝑉𝐺𝑆 at a fixed drain-source voltage 𝑉𝐷𝑆 (usually in 
saturation region). 

 

Description: 
• The graph plots 𝐼𝐷  (y-axis) versus 𝑉𝐺𝑆 (x-axis). 

• When 𝑉𝐺𝑆 = 0, the drain current is maximum (𝐼𝐷𝑆𝑆). 

• As 𝑉𝐺𝑆 becomes more negative, the drain current decreases following a parabolic 
curve described by the Shockley equation. 

• At 𝑉𝐺𝑆 = 𝑉𝑃 (pinch-off voltage), the drain current reduces to zero. 
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Typical Transfer Characteristics Curve: 
markdownCopyEditI_D (Drain Current) 
^ 
|\ 
| \ 
|  \ 
|   \_________  (Parabolic decrease) 
|            \___________________> V_GS (Gate-Source Voltage) 
          V_P (Cutoff voltage, current = 0) 

 

3. Summary Table 
Characteristic Description 

Output Characteristics 𝐼𝐷  vs. 𝑉𝐷𝑆 at constant 𝑉𝐺𝑆 

Transfer Characteristics 𝐼𝐷  vs. 𝑉𝐺𝑆 at constant 𝑉𝐷𝑆 

Regions Ohmic, Saturation, Cutoff 

Control Parameter 𝑉𝐺𝑆 voltage controls 𝐼𝐷  

 

 

4. Importance 
• Output characteristics help understand how the JFET behaves for different load 

voltages at fixed gate bias. 

• Transfer characteristics help determine the sensitivity of the drain current to 
changes in gate voltage, critical for amplifier design. 

 

Depletion & Enhancement Type FETs 
 

1. Overview 
• Depletion-type and Enhancement-type refer to two different modes of operation 

for FETs, especially MOSFETs. 
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• Both types modulate the conductivity of a channel between the source and drain by 
applying voltage at the gate, but they differ in the initial state of the channel and how 
it is controlled. 

 

2. Depletion-Type FET 

Construction & Operation: 
• Has a channel present naturally (like a JFET or depletion MOSFET). 

• Applying a gate voltage can decrease (deplete) the number of charge carriers in the 
channel. 

• The channel conducts even at zero gate voltage (𝑉𝐺𝑆 = 0), so it can conduct 
without any gate bias. 

• Applying a gate voltage of opposite polarity to the channel depletes carriers and 
reduces the current. 

• Applying a gate voltage of the same polarity enhances the channel conductivity 
(increases current). 

Key Points: 

Aspect Description 

Channel presence Exists at 𝑉𝐺𝑆 = 0 

Operation Can deplete or enhance channel 

Gate voltage effect Negative (n-channel) or positive (p-channel) depletes channel 

Normally ON device Conducts without gate voltage 

 

Symbol: 
• Often represented with a solid line channel. 

 

3. Enhancement-Type FET 

Construction & Operation: 
• Has no channel at zero gate voltage (the channel is “off” initially). 
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• Applying a gate voltage of the same polarity as the channel type induces or 
enhances a channel. 

• No current flows between source and drain at 𝑉𝐺𝑆 = 0. 

• Channel is formed only when a suitable gate voltage is applied. 

• Most common MOSFETs used in digital circuits are enhancement-type. 

Key Points: 

Aspect Description 

Channel presence No channel at 𝑉𝐺𝑆 = 0 

Operation Channel is enhanced by gate voltage 

Gate voltage effect Positive (n-channel) or negative (p-channel) creates channel 

Normally OFF device Requires gate voltage to conduct 

 

Symbol: 
• Channel shown as a dashed line indicating the channel forms with gate voltage. 

 

4. Comparison Table 
Feature Depletion Type FET Enhancement Type FET 

Channel at 𝑉𝐺𝑆 = 0 Present (normally ON) Absent (normally OFF) 

Gate Voltage Effect Depletes or enhances the 
channel 

Enhances (creates) the 
channel 

Conduction at Zero 
Gate 

Yes No 

Application Analog switches, variable 
resistors 

Digital switching, logic 
circuits 

Symbol Solid channel Dashed channel 

 

 



     ENGINEERS STUDY ZONE   
2ND SEM BEU BIHAR                                                     SUBJECT:- Basic Electronics 

DOWNLOAD OUR ENGINEERS STUDY ZONE APP 
FROM PLAY STORE FOR FREE SEMESTER COURSES 

124 

5. Visual Diagram 
yamlCopyEditDepletion Type (N-Channel): 
Gate at 0V: Channel exists 
Gate negative: channel narrows (depletes) 
Gate positive: channel widens (enhances) 
 
Enhancement Type (N-Channel): 
Gate at 0V: No channel 
Gate positive: channel forms and conducts 
Gate negative: no conduction 

 

6. Summary 
• Depletion-type FETs can conduct without gate voltage and gate voltage controls 

the channel by depletion or enhancement. 

• Enhancement-type FETs require gate voltage to create a conducting channel and 
are normally OFF without it. 

 

MOSFET (Metal-Oxide-Semiconductor Field Effect 
Transistor) 

 

1. Construction 

Basic Structure: 
• A MOSFET is a 4-terminal device with the following terminals: 

o Source (S) 

o Drain (D) 

o Gate (G) 

o Body (or Substrate) (B) (often connected internally to the source) 

Components: 
• The MOSFET is built on a silicon substrate, which is usually p-type for an n-

channel MOSFET and n-type for a p-channel MOSFET. 
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• Two heavily doped regions called source and drain are diffused into the substrate. 

• Between the source and drain lies the channel region, which is initially non-
conductive (in enhancement MOSFETs). 

• Above the channel, a thin layer of silicon dioxide (SiO₂) is grown, acting as an 
insulating layer. 

• On top of the oxide layer, a metal or polysilicon gate electrode is placed, which 
controls the channel. 

Cross-sectional Diagram (N-channel enhancement MOSFET): 
markdownCopyEditGate (G) 
  _______________ 
 |               | 
 |   Metal or    | 
 |  Polysilicon  | 
 |_______________|  <-- Insulating oxide layer (SiO₂) 
   |           | 
  ------------------  <-- P-type substrate 
    |     |     | 
  Source  Channel  Drain 
   (N+)           (N+) 

 

2. Principle of Operation 

Key Idea: 
• The MOSFET controls current flow between source and drain by creating or 

modulating a conductive channel beneath the gate oxide using the gate voltage 
𝑉𝐺𝑆. 

• The gate terminal is electrically insulated from the channel by the oxide layer, so 
no gate current flows (very high input impedance). 

 

Operation Modes for N-channel Enhancement MOSFET: 

Gate-Source Voltage 𝑉𝐺𝑆 Channel Condition Device State 

𝑉𝐺𝑆 < 𝑉𝑡ℎ (threshold 
voltage) 

No channel formed OFF (no conduction) 
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Gate-Source Voltage 𝑉𝐺𝑆 Channel Condition Device State 

𝑉𝐺𝑆 ≥ 𝑉𝑡ℎ Inversion channel 
formed 

ON (current flows from drain to 
source) 

 

 

Step-by-Step Operation: 
1. At 𝑉𝐺𝑆 = 0: 

o No inversion layer in the p-type substrate. 

o No channel between source and drain. 

o Device is OFF; no current flows. 

2. When 𝑉𝐺𝑆 > 𝑉𝑡ℎ: 

o Positive voltage applied to gate repels holes from the surface under the gate. 

o Electrons accumulate near the oxide-semiconductor interface forming an 
inversion layer (n-type channel). 

o This channel connects the source and drain. 

o Current 𝐼𝐷  flows when a voltage 𝑉𝐷𝑆 is applied between drain and source. 

3. Increasing 𝑉𝐺𝑆: 

o Enhances the channel by attracting more electrons. 

o Channel resistance decreases. 

o Drain current increases. 

 

Operation Regions Based on 𝑉𝐷𝑆: 

Region Condition Behavior 

Ohmic (Linear) 
Region 

𝑉𝐷𝑆
< 𝑉𝐺𝑆 − 𝑉𝑡ℎ 

Device acts like a resistor; 𝐼𝐷  increases linearly 
with 𝑉𝐷𝑆 

Saturation Region 𝑉𝐷𝑆
≥ 𝑉𝐺𝑆 − 𝑉𝑡ℎ 

Channel "pinches off"; 𝐼𝐷  saturates (constant 
current region) 
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Region Condition Behavior 

Cutoff Region 𝑉𝐺𝑆 < 𝑉𝑡ℎ No channel, 𝐼𝐷 = 0 

 

 

3. Summary 
Parameter Description 

Gate Controls channel formation via voltage 

Oxide Layer Insulates gate from channel 

Source & Drain Heavily doped regions allowing current flow 

Substrate (Body) Bulk semiconductor, p-type in n-MOSFET 

Channel Formed by inversion under gate voltage 

 

 

4. Simple Diagrams 

Construction: 
markdownCopyEditGate (Metal/Poly) 
  _________ 
 |         | 
 |  Oxide  |   <- Insulator (SiO₂) 
 |_________| 
     | |     <- Inversion Channel formed here when \( V_{GS} > V_{th} \) 
 ---------------- 
 |  Substrate  | 
 |   (P-type)  | 
 |_____________| 
Source(N+)   Drain(N+) 

Operation: 
• No conduction if 𝑉𝐺𝑆 < 𝑉𝑡ℎ 

• Channel forms and current flows if 𝑉𝐺𝑆 ≥ 𝑉𝑡ℎ 
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Output and Transfer Characteristics of MOSFET 
 

1. Output Characteristics 

Definition: 
• Output characteristics show the relationship between the drain current 𝐼𝐷  and the 

drain-source voltage 𝑉𝐷𝑆 for various constant values of gate-source voltage 𝑉𝐺𝑆. 

 

Description: 
• For a fixed 𝑉𝐺𝑆, 𝐼𝐷  increases almost linearly with 𝑉𝐷𝑆 at low voltages (Ohmic or linear 

region). 

• As 𝑉𝐷𝑆 increases beyond a certain point called 𝑉𝐷𝑆(𝑠𝑎𝑡) = 𝑉𝐺𝑆 − 𝑉𝑡ℎ, the MOSFET 
enters the saturation region, where 𝐼𝐷  becomes almost constant (independent of 
𝑉𝐷𝑆). 

• The drain current 𝐼𝐷  increases with increasing 𝑉𝐺𝑆 because a stronger inversion 
channel forms. 

 

Regions of Operation (on output curve): 

Region Condition Description 

Cutoff 𝑉𝐺𝑆 < 𝑉𝑡ℎ No conduction, 𝐼𝐷 ≈ 0 

Ohmic 
(Linear) 

𝑉𝐺𝑆 > 𝑉𝑡ℎ and 𝑉𝐷𝑆 <
𝑉𝐺𝑆 − 𝑉𝑡ℎ 

MOSFET behaves like a variable resistor; 𝐼𝐷  
increases linearly with 𝑉𝐷𝑆 

Saturation 𝑉𝐷𝑆 ≥ 𝑉𝐺𝑆 − 𝑉𝑡ℎ Channel pinches off; 𝐼𝐷  saturates 

 

 

Mathematical Expressions: 
• Ohmic Region: 

𝐼𝐷 = 𝑘′ [(𝑉𝐺𝑆 − 𝑉𝑡ℎ)𝑉𝐷𝑆 −
𝑉𝐷𝑆
2

2
] 
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• Saturation Region: 

𝐼𝐷 =
𝑘′

2
(𝑉𝐺𝑆 − 𝑉𝑡ℎ)

2 

Where, 

• 𝑘′ = 𝜇𝑛𝐶𝑜𝑥
𝑊

𝐿
 

• 𝜇𝑛 = electron mobility 

• 𝐶𝑜𝑥 = oxide capacitance per unit area 

• 𝑊, 𝐿 = width and length of the MOSFET channel 

 

Output Characteristics Curve (sketch): 
markdownCopyEditI_D (Drain Current) 
^ 
|                  _________ Saturation region (flat) 
|                 / 
|                / 
|               / 
|______________/__________________> V_DS (Drain-Source Voltage) 
           Ohmic (linear) region 
Multiple curves shown for different \( V_{GS} \): 
Higher \( V_{GS} \) → higher \( I_D \) 

 

2. Transfer Characteristics 

Definition: 
• Transfer characteristics show the relationship between the drain current 𝐼𝐷  and the 

gate-source voltage 𝑉𝐺𝑆 at a fixed drain-source voltage 𝑉𝐷𝑆 (usually chosen to be in 
saturation region). 

 

Description: 
• The drain current 𝐼𝐷  is zero until 𝑉𝐺𝑆 reaches the threshold voltage 𝑉𝑡ℎ. 

• For 𝑉𝐺𝑆 > 𝑉𝑡ℎ, 𝐼𝐷  increases quadratically with 𝑉𝐺𝑆 (in saturation). 
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• This curve is important to understand how effectively the MOSFET switches on and 
off with gate voltage. 

 

Mathematical Expression: 

$$I_D = \frac{k'}{2} (V_{GS} - V_{th})^2 \quad \text{(for \( V_{GS} > V_{th} \))}$$ 

 

Transfer Characteristics Curve (sketch): 
markdownCopyEditI_D (Drain Current) 
^ 
|          / 
|         / 
|        / 
|_______/____________________> V_GS (Gate-Source Voltage) 
          V_th (threshold voltage) 

 

3. Summary 
Characteristics Description 

Output 𝐼𝐷  vs. 𝑉𝐷𝑆 at fixed 𝑉𝐺𝑆 

Transfer 𝐼𝐷  vs. 𝑉𝐺𝑆 at fixed 𝑉𝐷𝑆 

Threshold Voltage Minimum 𝑉𝐺𝑆 to create channel and allow conduction 

Regions of Operation Cutoff, Ohmic (Linear), Saturation 
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Unit 5.0: Operational Amplifier (Op-Amp) 
 

1. Introduction 
• An Operational Amplifier (Op-Amp) is a high-gain electronic voltage amplifier with 

a differential input and usually a single-ended output. 

• It is designed to perform mathematical operations such as addition, subtraction, 
integration, and differentiation. 

• Op-Amps are widely used in analog electronics for signal conditioning, filtering, and 
mathematical operations. 

 

2. Construction 

Internal Block Diagram 
• The typical Op-Amp consists of three stages: 

Stage Description 

Input Stage Differential amplifier providing high input impedance and amplifies 
the voltage difference between inverting (-) and non-inverting (+) 
inputs. 

Intermediate 
Stage 

Voltage gain stage for further amplification. 

Output Stage Provides low output impedance for driving loads. 
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Typical Symbol: 
yamlCopyEdit      +Vcc 
       | 
       | 
       | 
  +---|---+ 
  |       | 
  |  Op   | 
--|   Amp |-- 
  |       | 
  +---|---+ 
      | 
     -Vcc 
 
Inputs: + (Non-inverting), - (Inverting) 
Output: single-ended 

 

3. Characteristics of an Ideal Op-Amp 

Parameter Ideal 
Value Description 

Input Impedance Infinite No input current 

Output Impedance Zero Can drive any load 

Gain (Open-loop) Infinite Very high voltage gain 

Bandwidth Infinite Amplifies all frequencies 

Offset Voltage Zero No output without input 

Common-mode Rejection Ratio 
(CMRR) 

Infinite Rejects signals common to both 
inputs 

Noise Zero No added noise 

 

 

4. Parameters and Terms 
Parameter Meaning 

Input Offset Voltage Differential input voltage needed for zero output 
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Parameter Meaning 

Bias Current Small current entering the input terminals 

Slew Rate Maximum rate of output voltage change (V/μs) 

Gain Bandwidth Product Frequency at which gain drops to 1 

 

 

5. Basic Op-Amp Configurations 

a) Inverting Amplifier 
• Input signal applied to the inverting terminal (-). 

• Non-inverting terminal (+) connected to ground. 

• Output is 180° out of phase with input. 

Voltage gain: 

𝐴𝑣 = −
𝑅𝑓

𝑅𝑖𝑛
 

Where 𝑅𝑓  is feedback resistor, 𝑅𝑖𝑛 is input resistor. 

 

b) Non-inverting Amplifier 
• Input signal applied to non-inverting terminal (+). 

• Inverting terminal (-) connected to output through feedback. 

Voltage gain: 

𝐴𝑣 = 1 +
𝑅𝑓

𝑅𝑖𝑛
 

 

c) Voltage Follower (Buffer) 
• Output connected directly to inverting input (-). 

• Non-inverting input (+) receives input signal. 
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• Gain = 1, used for impedance matching. 

 

6. Applications 
Application Description 

Adder (Summing Amplifier) Adds multiple input signals 

Subtractor Provides difference between inputs 

Integrator Output proportional to integral of input 

Differentiator Output proportional to derivative of input 

Comparator Compares two voltages, output switches high/low 

Filters Active low-pass, high-pass filters 

 

 

7. Typical Op-Amp ICs 
IC Number Description 

741 General-purpose Op-Amp 

TL081/TL071 Low noise, JFET input Op-Amps 

LF356 Low noise, high-speed Op-Amp 

 

 

8. Summary 
Topic Key Point 

Op-Amp definition High gain differential amplifier 

Ideal Op-Amp properties Infinite gain, input impedance; zero output impedance 

Basic configurations Inverting, Non-inverting, Buffer 

Applications Amplifiers, filters, integrators, comparators 
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Block Diagram of an Operational Amplifier 
luaCopyEdit             +Vcc (Positive Power Supply) 
                     | 
                     | 
                 +-------+ 
                 |       | 
    + Input ( + )|       | 
    -----------  |       |           Output 
                |       | ----------- 
    - Input ( - )|       | 
    -----------  |       | 
                 +-------+ 
                     | 
                    -Vcc (Negative Power Supply) 
 
Internal Stages: 
-------------------------- 
+----------------------------------------------+ 
|                                              | 
|   Differential Input Stage                    | 
|   (High input impedance, amplifies difference)  | 
|            |                                 | 
|            V                                 | 
|   Gain Stage (Voltage Amplifier)              | 
|            |                                 | 
|            V                                 | 
|   Output Stage (Push-Pull or Class AB)        | 
|   Provides low output impedance and high current | 
|                                              | 
+----------------------------------------------+ 

 

Explanation of Each Stage: 
1. Differential Input Stage: 
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o Compares voltages at the inverting (-) and non-inverting (+) inputs. 

o Amplifies the difference. 

o Provides high input impedance to avoid loading the signal source. 

2. Voltage Gain Stage: 

o Further amplifies the signal from the differential stage. 

o Provides the majority of voltage gain in the amplifier. 

3. Output Stage: 

o Provides current gain. 

o Delivers the output voltage to the load with low output impedance. 

o Often a push-pull or class AB stage to provide both sourcing and sinking 
current. 

 

Additional Notes: 
• Power Supply Inputs (+Vcc and -Vcc): Provide the necessary operating voltages 

for the internal transistors. 

• Inputs: 

o Non-inverting input (+): Signal input that does not invert the phase. 

o Inverting input (-): Signal input that inverts the phase at the output. 

• Output: The amplified signal. 

 

Operational Amplifier Schematic Symbol 
luaCopyEdit          +Vcc 
           | 
           | 
           | 
           | 
          ----- 
         |     | 
   (+) --|     |-- Output (V_out) 
         |     | 
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   (-) --|     | 
         |     | 
          ----- 
           | 
           | 
          -Vcc 

 

Symbol Description 
• Triangle shape pointing to the right. 

• Inputs: 

o Non-inverting input (+): Marked with a plus (+) sign at one of the input 
terminals (usually on the left side). 

o Inverting input (-): Marked with a minus (–) sign, usually just below or above 
the non-inverting input. 

• Output: On the right side, the single output terminal. 

• Power Supply pins (+Vcc and –Vcc) are often not shown in simplified diagrams but 
are connected externally. 

 

Typical pin configuration in an IC like 741 Op-Amp (for reference): 

Pin Number Function 

2 Inverting input (-) 

3 Non-inverting input (+) 

6 Output 

4 Negative supply (–Vcc) 

7 Positive supply (+Vcc) 
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Characteristics of an Operational Amplifier 

Parameter Ideal Operational Amplifier Practical Operational 
Amplifier 

Input Impedance 𝑍𝑖𝑛 Infinite (no input current 
flows) 

Very high but finite (typically 
megaohms to gigaohms) 

Output Impedance 
𝑍𝑜𝑢𝑡 

Zero (can drive any load 
without voltage drop) 

Low but non-zero (a few 
ohms to tens of ohms) 

Open-Loop Gain 𝐴𝑂𝐿  Infinite (very large gain) Very high but finite (typically 
105 to 107) 

Bandwidth Infinite (amplifies all 
frequencies) 

Limited bandwidth, gain 
decreases at high 
frequencies 

Slew Rate Infinite (instantaneous output 
change) 

Limited (a few V/μs to 
hundreds V/μs) 

Offset Voltage Zero (output is zero when 
inputs are equal) 

Small but non-zero (few 
microvolts to millivolts) 

Common-Mode 
Rejection Ratio 
(CMRR) 

Infinite (rejects all common-
mode signals) 

High but finite (typically 70 dB 
to 120 dB) 

Power Supply 
Rejection Ratio (PSRR) 

Infinite (output unaffected by 
power supply variations) 

High but finite (typically 70 dB 
to 100 dB) 

Noise Zero (no internal noise) Present (depends on design, 
low noise variants available) 

Input Bias Current Zero (no current into input 
terminals) 

Very small (picoamps to 
nanoamps) 

Input Offset Current Zero Small (nanoamps range) 

Temperature Stability Perfect (no change with 
temperature) 

Finite, parameters vary with 
temperature 

 

 

Summary Table: 

Characteristic Ideal Op-Amp Practical Op-Amp 

Input impedance Infinite Very High (MΩ to GΩ) 
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Characteristic Ideal Op-Amp Practical Op-Amp 

Output impedance Zero Low (a few Ω) 

Gain (Open-loop) Infinite High but finite (105–107) 

Bandwidth Infinite Limited 

Slew rate Infinite Limited (V/μs) 

Input offset voltage Zero Small (mV to μV) 

Noise None Present 

Input bias current Zero Very small 

Common-mode rejection Infinite High but finite 

 

 

Concept of Virtual Ground 
 

What is Virtual Ground? 
• Virtual ground is a point in a circuit that acts like a ground (0 V) in terms of voltage, 

but is not actually connected to the physical ground. 

• In an operational amplifier, particularly in the inverting amplifier configuration, 
the inverting input terminal behaves like a virtual ground. 

 

Why Does Virtual Ground Occur? 
• An ideal op-amp has infinite open-loop gain. 

• For the op-amp to produce a finite output voltage, the voltage difference between 
its inverting (-) and non-inverting (+) terminals must be virtually zero. 

• If the non-inverting input (+) is connected to ground (0 V), the inverting input (-) is 
held at approximately 0 V by the op-amp feedback action — even though it is not 
physically connected to ground. 

• This node at the inverting input is called a virtual ground. 
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Key Points: 

Property Explanation 

Voltage at inverting 
input 

Approximately 0 V (same as non-inverting input) 

Current at inverting 
input 

Almost zero (due to high input impedance) 

Not physically 
grounded 

No direct connection to ground, just behaves as ground 
voltage-wise 

 

 

Visualizing Virtual Ground in an Inverting Amplifier 
luaCopyEdit       Vin 
        | 
       R_in 
        | 
   (-)---|------ Op-Amp 
         | 
        Rf 
         | 
        Vout 
   (+)---- Ground (0V) 

• Non-inverting input (+) is grounded (0 V). 

• Because of feedback and high gain, voltage at inverting input (-) is held at nearly 0 V. 

• The inverting input node is called the virtual ground. 

 

Why is Virtual Ground Useful? 
• Simplifies circuit analysis. 

• Allows input current 𝐼𝑖𝑛 to flow entirely through feedback resistor 𝑅𝑓  since the input 
node voltage is zero. 

• Enables precise control of current and voltage in amplifier circuits. 
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Summary 

Concept Description 

Virtual Ground Node held at 0 V potential but not physically grounded 

Condition 𝑉+ = 𝑉− due to high gain and feedback 

Usage Commonly in inverting amplifier configurations 

 

 

 

 

Inverting and Non-Inverting Amplifiers 
 

1. Inverting Amplifier 

Circuit Diagram 
pgsqlCopyEdit          Vin 
           | 
          R_in 
           | 
   --------|--------(-) Op-Amp input 
           |           \ 
           |            \ 
          ---           Output (V_out) 
          --- R_f         | 
           |              | 
          GND            Ground 
   Non-inverting input (+) connected to Ground (0V) 

Working 
• Input signal 𝑉𝑖𝑛 is applied to the inverting input (-) through resistor 𝑅𝑖𝑛. 

• The non-inverting input (+) is connected to ground (0 V). 

• Feedback resistor 𝑅𝑓  connects output back to the inverting input. 

• Due to the virtual ground concept, the inverting input node is at 0 V. 
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• The current through 𝑅𝑖𝑛 is: 

𝐼𝑖𝑛 =
𝑉𝑖𝑛 − 0

𝑅𝑖𝑛
=
𝑉𝑖𝑛
𝑅𝑖𝑛

 

• Since input current into Op-Amp is zero, the same current flows through 𝑅𝑓: 

𝐼𝑓 =
0 − 𝑉𝑜𝑢𝑡

𝑅𝑓
= −

𝑉𝑜𝑢𝑡
𝑅𝑓

 

• Equating currents 𝐼𝑖𝑛 = 𝐼𝑓: 

𝑉𝑖𝑛
𝑅𝑖𝑛

= −
𝑉𝑜𝑢𝑡
𝑅𝑓

⟹ 𝑉𝑜𝑢𝑡 = −
𝑅𝑓

𝑅𝑖𝑛
𝑉𝑖𝑛 

 

Key Formula 

𝑉𝑜𝑢𝑡 = −
𝑅𝑓

𝑅𝑖𝑛
𝑉𝑖𝑛  

• Gain 𝐴𝑣 = −
𝑅𝑓

𝑅𝑖𝑛
 

• Negative sign indicates output is 180° out of phase with input. 

 

2. Non-Inverting Amplifier 

Circuit Diagram 
yamlCopyEdit         Vin 
          | 
          | 
   -------|------- (+) Op-Amp input 
          |        
         GND      
           
   Inverting input (-) connected to: 
        Output (V_out) via R_f 
        To Ground via R_in 

Working 
• Input signal 𝑉𝑖𝑛 is applied to the non-inverting input (+). 
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• The inverting input (-) is connected to a voltage divider formed by 𝑅𝑓  and 𝑅𝑖𝑛 
between output and ground. 

• Output voltage 𝑉𝑜𝑢𝑡 adjusts to maintain: 

𝑉− = 𝑉+ = 𝑉𝑖𝑛 

• Using voltage divider at inverting input: 

𝑉− = 𝑉𝑜𝑢𝑡 ⋅
𝑅𝑖𝑛

𝑅𝑖𝑛 + 𝑅𝑓
 

• Since 𝑉− = 𝑉𝑖𝑛: 

𝑉𝑖𝑛 = 𝑉𝑜𝑢𝑡 ⋅
𝑅𝑖𝑛

𝑅𝑖𝑛 + 𝑅𝑓
⟹ 𝑉𝑜𝑢𝑡 = 𝑉𝑖𝑛 (1 +

𝑅𝑓

𝑅𝑖𝑛
) 

 

Key Formula 

𝑉𝑜𝑢𝑡 = (1 +
𝑅𝑓

𝑅𝑖𝑛
)𝑉𝑖𝑛  

• Gain 𝐴𝑣 = 1 +
𝑅𝑓

𝑅𝑖𝑛
 

• Output is in phase with input. 

 

3. Comparison Table 
Feature Inverting Amplifier Non-Inverting Amplifier 

Input terminal Inverting (-) Non-inverting (+) 

Phase 
relationship 

Output inverted (180° phase 
shift) 

Output in phase with input 

Input impedance 𝑅𝑖𝑛 (low) Very high (input impedance of Op-
Amp) 

Voltage gain 𝐴𝑣 
−
𝑅𝑓

𝑅𝑖𝑛
 1 +

𝑅𝑓

𝑅𝑖𝑛
 

Output voltage 
𝑉𝑜𝑢𝑡 = −

𝑅𝑓

𝑅𝑖𝑛
𝑉𝑖𝑛 𝑉𝑜𝑢𝑡 = (1 +

𝑅𝑓

𝑅𝑖𝑛
)𝑉𝑖𝑛 
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Voltage Follower (Buffer Amplifier) 
 

1. Circuit Diagram 
luaCopyEdit       Vin 
        | 
        |---------+ 
        |         | 
       (+)       (–) 
       Op-Amp 
         |         | 
         |---------+ 
                 Vout 

• The input voltage 𝑉𝑖𝑛 is applied to the non-inverting input (+) of the Op-Amp. 

• The output is directly connected to the inverting input (–). 

• This forms a unity gain feedback loop. 

 

2. Working Principle 
• The output tries to make the voltage at the inverting input equal to the voltage at the 

non-inverting input. 

• Since output is connected to the inverting input directly, 𝑉𝑜𝑢𝑡 = 𝑉−. 

• The Op-Amp adjusts its output so that: 

𝑉𝑜𝑢𝑡 = 𝑉𝑖𝑛 
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3. Key Characteristics 
Parameter Value/Explanation 

Voltage Gain 𝐴𝑣 Approximately 1 (unity gain) 

Input Impedance Very high (same as the Op-Amp input impedance) 

Output Impedance Very low 

Phase Relationship Output is in phase with input 

Purpose Acts as a buffer between circuits 

 

 

4. Why Use a Voltage Follower? 
• Impedance Matching: Because it has very high input impedance and low output 

impedance, it can connect a high-impedance source to a low-impedance load 
without loading down the source. 

• Signal Isolation: Prevents the previous stage from being affected by the next stage. 

• No Amplification: Voltage is passed unchanged, but current driving capability is 
improved. 

 

5. Summary 
Parameter Voltage Follower 

Gain 𝐴𝑣 1 (unity) 

Input impedance Very high (ideal infinite) 

Output impedance Very low 

Phase shift None (output in phase with input) 

Application Buffer, impedance matching, isolation 
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Adder and Subtractor Circuits Using Op-Amps 
 

1. Adder (Summing Amplifier) 

Circuit Description 
• An inverting summing amplifier adds multiple input voltages. 

• Each input voltage is connected to the inverting input (-) through its own resistor. 

• The non-inverting input (+) is grounded. 

• Feedback resistor 𝑅𝑓  connects output to the inverting input. 

Circuit Diagram (Inverting Adder) 
pgsqlCopyEdit      V1 --- R1 --- 
                   | 
      V2 --- R2 ---|---(-) Op-Amp input 
                   |       | 
      V3 --- R3 ---         Rf 
                           | 
                          Output (Vout) 
      Non-inverting input (+) connected to ground 

Output Voltage 

𝑉𝑜𝑢𝑡 = −𝑅𝑓 (
𝑉1
𝑅1

+
𝑉2
𝑅2

+
𝑉3
𝑅3

+⋯) 

• If all 𝑅1 = 𝑅2 = 𝑅3 = 𝑅, then 

𝑉𝑜𝑢𝑡 = −
𝑅𝑓

𝑅
(𝑉1 + 𝑉2 + 𝑉3 +⋯) 

• Output is the inverted sum of input voltages. 

 

2. Subtractor (Difference Amplifier) 

Circuit Description 
• The difference amplifier subtracts one input voltage from another. 

• Uses both inverting (-) and non-inverting (+) inputs. 
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• Consists of four resistors arranged so that output voltage is proportional to the 
difference. 

Circuit Diagram 
luaCopyEdit       V2 ---- R2 ----(+) 
                      | 
                      | 
                     Op-Amp 
                      | 
                      |---- Vout 
                      | 
       V1 ---- R1 ----(-) 
                      | 
                      Rf 
                      | 
                     Ground 

Output Voltage Formula 

For the resistor values 𝑅1 = 𝑅2 = 𝑅𝑓 = 𝑅, the output voltage is: 

𝑉𝑜𝑢𝑡 = (
𝑅𝑓

𝑅1
) (𝑉2 − 𝑉1) 

If all resistors are equal: 

𝑉𝑜𝑢𝑡 = 𝑉2 − 𝑉1 

 

3. Summary Table 

Circuit Function Output Voltage 
Formula Phase Relation 

Adder Sum multiple inputs 
𝑉𝑜𝑢𝑡 = −𝑅𝑓∑

𝑉𝑖
𝑅𝑖

 
Output inverted sum 

Subtractor Find difference of two 
inputs 𝑉𝑜𝑢𝑡 =

𝑅𝑓

𝑅1
(𝑉2 − 𝑉1) 

Output proportional to 
difference 
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Integrator and Differentiator Circuits Using Op-Amps 
 

1. Integrator 

Circuit Description 
• The integrator produces an output voltage proportional to the integral of the input 

voltage over time. 

• The input resistor 𝑅 is connected to the inverting input (-) of the Op-Amp. 

• The feedback element is a capacitor 𝐶 connected between the output and the 
inverting input. 

• The non-inverting input (+) is grounded. 

Circuit Diagram 
pgsqlCopyEdit       Vin 
        | 
        R 
        | 
   ----(-) Op-Amp input 
        | 
        C 
        | 
      Output (Vout) 
   Non-inverting input (+) connected to Ground 

Output Voltage 

𝑉𝑜𝑢𝑡(𝑡) = −
1

𝑅𝐶
∫ 𝑉𝑖𝑛

𝑡

0

(𝑡) 𝑑𝑡 + 𝑉𝑜𝑢𝑡(0) 

• The output voltage is the negative integral of the input voltage. 

• 𝑉𝑜𝑢𝑡(0) is the initial output voltage (usually zero). 

Applications 
• Signal integration in analog computers. 

• Waveform generation. 

• Low-pass filtering. 
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2. Differentiator 

Circuit Description 
• The differentiator produces an output voltage proportional to the derivative of the 

input voltage with respect to time. 

• The input capacitor 𝐶 is connected to the inverting input (-). 

• The feedback element is a resistor 𝑅 connected between output and inverting input. 

• The non-inverting input (+) is grounded. 

Circuit Diagram 
pgsqlCopyEdit       Vin 
        | 
        C 
        | 
   ----(-) Op-Amp input 
        | 
        R 
        | 
      Output (Vout) 
   Non-inverting input (+) connected to Ground 

Output Voltage 

𝑉𝑜𝑢𝑡(𝑡) = −𝑅𝐶
𝑑𝑉𝑖𝑛(𝑡)

𝑑𝑡
 

• The output voltage is the negative derivative of the input voltage. 

Applications 
• Edge detection in signals. 

• High-pass filtering. 

• Signal processing. 
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3. Summary Table 

Circuit Input 
Element 

Feedback 
Element 

Output Voltage Operation 

Integrator Resistor 𝑅 Capacitor 𝐶 𝑉𝑜𝑢𝑡

= −
1

𝑅𝐶
∫ 𝑉𝑖𝑛𝑑𝑡 

Integration of input 
signal 

Differentiator Capacitor 𝐶 Resistor 𝑅 
𝑉𝑜𝑢𝑡 = −𝑅𝐶

𝑑𝑉𝑖𝑛
𝑑𝑡

 
Differentiation of 
input signal 

 

 

 

 

 

 

 

Unit 6.0: Fundamentals of Digital Electronics 
 

1. Introduction to Digital Electronics 
• Digital Electronics deals with electronic circuits that operate using digital 

signals—signals that have discrete levels, typically two: 0 and 1. 

• These signals represent binary data, essential for computers, digital systems, 
communication, and control. 

 

2. Analog vs Digital Signals 
Feature Analog Signal Digital Signal 

Signal Levels Continuous range of values Discrete levels (usually two levels: 
0 & 1) 

Representation Varies smoothly over time Changes in steps or pulses 
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Feature Analog Signal Digital Signal 

Noise 
Immunity 

Low – noise can distort signal High – noise less affects digital 
signals 

Examples Audio signals, temperature 
readings 

Binary data, logic signals 

 

 

3. Digital Signal Levels 
• Logic 0 (LOW): Represents binary '0', often 0 V or near 0 V. 

• Logic 1 (HIGH): Represents binary '1', often +5 V or +3.3 V depending on technology. 

• The voltage ranges defining logic levels vary by logic families (TTL, CMOS). 

 

4. Binary Number System 
• Digital electronics primarily use the binary number system. 

• Binary digits (bits) are either 0 or 1. 

• Multi-bit binary numbers represent numerical values or codes. 

 

5. Basic Digital Components 

a) Logic Gates 
• Perform basic logical operations. 

• Common gates: AND, OR, NOT, NAND, NOR, XOR, XNOR. 

b) Flip-Flops 
• Bistable devices that store one bit of data. 

• Types: SR, JK, D, T flip-flops. 

c) Counters 
• Sequential circuits that count pulses. 
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• Can be synchronous or asynchronous. 

d) Multiplexers / Demultiplexers 
• Multiplexer (MUX): selects one input from many. 

• Demultiplexer (DEMUX): routes input to one of many outputs. 

 

6. Boolean Algebra 
• Mathematical foundation of digital logic. 

• Uses variables and operators (AND, OR, NOT). 

• Simplifies logic circuit design. 

 

7. Number Systems and Conversions 
• Binary, Octal, Decimal, Hexadecimal. 

• Converting between these systems is essential for digital design. 

 

8. Basic Digital Circuit Design Process 
• Define logic function. 

• Express function in Boolean algebra. 

• Simplify the function. 

• Implement using logic gates. 

 

9. Logic Families Overview 
• TTL (Transistor-Transistor Logic) 

• CMOS (Complementary Metal-Oxide-Semiconductor) 

• Characteristics: speed, power consumption, voltage levels. 
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10. Neat Diagram Example: Basic Logic Gates 
graphqlCopyEditAND Gate: 
Input A ----| & |---- Output = A · B 
Input B ----| 
 
OR Gate: 
Input A ----|≥1|---- Output = A + B 
Input B ----| 
 
NOT Gate (Inverter): 
Input A ----|>o|---- Output = Ā (NOT A) 

 

Introduction to Number Systems 
 

1. What is a Number System? 
• A number system is a way to represent numbers using a consistent set of symbols 

or digits. 

• In digital electronics and computing, different number systems are used to 
represent and manipulate data efficiently. 

 

2. Common Number Systems 

a) Decimal Number System (Base 10) 
• Most familiar system for humans. 

• Uses digits from 0 to 9. 

• Each digit’s position represents a power of 10. 

Example: 

23410 = 2 × 102 + 3 × 101 + 4 × 100 = 200 + 30 + 4 

 

b) Binary Number System (Base 2) 
• Used in digital electronics and computers. 
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• Uses two digits: 0 and 1. 

• Each bit represents a power of 2. 

Example: 

10112 = 1 × 23 + 0 × 22 + 1 × 21 + 1 × 20 = 8 + 0 + 2 + 1 = 1110 

 

c) Octal Number System (Base 8) 
• Uses digits from 0 to 7. 

• Each digit represents a power of 8. 

• Used as a compact representation of binary numbers (each octal digit represents 3 
bits). 

Example: 

2378 = 2 × 82 + 3 × 81 + 7 × 80 = 128 + 24 + 7 = 15910 

 

d) Hexadecimal Number System (Base 16) 
• Uses digits from 0 to 9 and letters A to F (A=10, B=11,... F=15). 

• Each digit represents a power of 16. 

• Widely used in computing because it compactly represents binary numbers (each 
hex digit = 4 bits). 

Example: 

3𝐹16 = 3 × 161 + 15 × 160 = 48 + 15 = 6310 

 

3. Why Different Number Systems? 
• Binary: Machines operate using two states (0 and 1), so binary is natural for 

electronics. 

• Octal & Hexadecimal: Provide a compact way to express binary numbers, making 
reading and writing easier. 

• Decimal: Used for human interface and calculations. 
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4. General Representation of a Number 

Any number 𝑁 in base 𝑟 with digits 𝑑𝑛𝑑𝑛−1…𝑑1𝑑0 is: 

𝑁 = 𝑑𝑛 × 𝑟𝑛 + 𝑑𝑛−1 × 𝑟𝑛−1 +⋯+ 𝑑1 × 𝑟1 + 𝑑0 × 𝑟0 

Where: 

• 𝑟 = base or radix 

• 𝑑𝑖 = digit at position 𝑖, 0 ≤ 𝑑𝑖 < 𝑟 

 

5. Example: Converting Binary to Decimal 

Convert 11012 to decimal: 

1 × 23 + 1 × 22 + 0 × 21 + 1 × 20 = 8 + 4 + 0 + 1 = 1310 

 

 

Octal Number System (Base 8) 
 

1. Definition 
• The Octal number system is a base-8 numbering system. 

• It uses 8 digits: 

  0,1,2,3,4,5,6,7 

• Each digit represents a power of 8 depending on its position. 

 

2. Place Values in Octal 
Position from right 0 1 2 3 ... 

Octal digit 𝑑0 𝑑1 𝑑2 𝑑3 ... 

Place value 80 = 1 81 = 8 82 = 64 83 = 512 ... 
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3. Octal Number Representation 
• A number in octal is expressed as: 

𝑁8 = 𝑑𝑛𝑑𝑛−1…𝑑1𝑑0 

Where each 𝑑𝑖 is a digit from 0 to 7. 

 

4. Conversion of Octal to Decimal 

To convert an octal number to decimal, multiply each digit by the corresponding power of 8 
and add the results. 

Example: 

Convert 2378 to decimal. 

= 2 × 82 + 3 × 81 + 7 × 80 = 2 × 64 + 3 × 8 + 7 × 1 = 128 + 24 + 7 = 15910 

 

5. Conversion of Decimal to Octal 
• Divide the decimal number by 8 repeatedly. 

• Write down the remainder at each division. 

• The octal number is the remainders read from bottom to top. 

Example: 

Convert 10010 to octal. 

Division Quotient Remainder 

100 ÷ 8 12 4 

12 ÷ 8 1 4 

1 ÷ 8 0 1 

 

Reading remainders from bottom to top: 
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10010 = 1448 

 

6. Octal and Binary Relationship 
• Each octal digit corresponds exactly to 3 binary bits because: 

8 = 23 

• This makes converting between octal and binary simple and useful in digital 
electronics. 

Example: 

Convert 2378 to binary. 

Octal Digit Binary Equivalent (3 bits) 

2 010 

3 011 

7 111 

 

So, 

2378 = 010 011 1112 = 10011112 

 

7. Why Use Octal? 
• Compact representation of binary numbers. 

• Easier to read than long binary strings. 

• Used in some programming and digital systems. 

 

Hexadecimal Number System (Base 16) 
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1. Definition 
• The Hexadecimal number system is a base-16 numbering system. 

• It uses 16 digits: 

  0,1,2,3,4,5,6,7,8,9, 𝐴, 𝐵, 𝐶, 𝐷, 𝐸, 𝐹 

• The letters 𝐴 to 𝐹 represent decimal values 10 to 15 respectively. 

 

2. Place Values in Hexadecimal 
Position from right 0 1 2 3 ... 

Hex digit 𝑑0 𝑑1 𝑑2 𝑑3 ... 

Place value 160 = 1 161 = 16 162 = 256 163 = 4096 ... 

 

 

3. Hexadecimal Number Representation 
• A hexadecimal number is written as: 

𝑁16 = 𝑑𝑛𝑑𝑛−1…𝑑1𝑑0 

Where each digit 𝑑𝑖 is between 0 and F (0 to 15 decimal). 

 

4. Conversion of Hexadecimal to Decimal 

Multiply each digit by its corresponding power of 16 and sum. 

Example: 

Convert 3𝐹16 to decimal. 

= 3 × 161 + 𝐹 × 160 = 3 × 16 + 15 × 1 = 48 + 15 = 6310 

 

5. Conversion of Decimal to Hexadecimal 
• Divide the decimal number by 16 repeatedly. 
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• Write down the remainders. 

• The hexadecimal number is the remainders read from bottom to top. 

Example: 

Convert 25410 to hexadecimal. 

Division Quotient Remainder (Hex Digit) 

254 ÷ 16 15 14 (E) 

15 ÷ 16 0 15 (F) 

 

Reading remainders bottom to top: 

25410 = 𝐹𝐸16 

 

6. Hexadecimal and Binary Relationship 
• Each hex digit corresponds exactly to 4 binary bits because: 

16 = 24 

• This makes it easy to convert between hex and binary. 

Example: 

Convert 3𝐹16 to binary. 

Hex Digit Binary Equivalent (4 bits) 

3 0011 

F 1111 

 

So, 

3𝐹16 = 0011 11112 = 1111112 
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7. Why Use Hexadecimal? 
• Provides a compact and readable way to express large binary numbers. 

• Widely used in programming, memory addressing, and debugging. 

• Easier for humans to read than binary. 

 

Binary Numbers 
 

1. Definition 
• The binary number system is a base-2 numbering system. 

• It uses only two digits: 

  0 and 1 

• These digits are called bits (binary digits). 

 

2. Place Values in Binary 
Position from right 0 1 2 3 ... 

Binary digit 𝑏0 𝑏1 𝑏2 𝑏3 ... 

Place value 20 = 1 21 = 2 22 = 4 23 = 8 ... 

 

 

3. Binary Number Representation 
• A binary number is represented as: 

𝑁2 = 𝑏𝑛𝑏𝑛−1…𝑏1𝑏0 

Where each bit 𝑏𝑖 is either 0 or 1. 

 



     ENGINEERS STUDY ZONE   
2ND SEM BEU BIHAR                                                     SUBJECT:- Basic Electronics 

DOWNLOAD OUR ENGINEERS STUDY ZONE APP 
FROM PLAY STORE FOR FREE SEMESTER COURSES 

161 

4. Conversion from Binary to Decimal 

Multiply each bit by its corresponding power of 2 and add. 

Example: 

Convert 10112 to decimal. 

= 1 × 23 + 0 × 22 + 1 × 21 + 1 × 20 = 8 + 0 + 2 + 1 = 1110 

 

5. Conversion from Decimal to Binary 
• Divide the decimal number by 2 repeatedly. 

• Write down the remainder at each division. 

• The binary number is the remainders read bottom to top. 

Example: 

Convert 1310 to binary. 

Division Quotient Remainder 

13 ÷ 2 6 1 

6 ÷ 2 3 0 

3 ÷ 2 1 1 

1 ÷ 2 0 1 

 

Reading remainders bottom to top: 

1310 = 11012 

 

6. Why Binary? 
• Digital devices use two voltage levels: LOW (0) and HIGH (1). 

• Binary makes circuit design simpler and more reliable. 

• It's the foundation for all digital computing and communication. 

 



     ENGINEERS STUDY ZONE   
2ND SEM BEU BIHAR                                                     SUBJECT:- Basic Electronics 

DOWNLOAD OUR ENGINEERS STUDY ZONE APP 
FROM PLAY STORE FOR FREE SEMESTER COURSES 

162 

7. Binary Arithmetic 
• Addition: Like decimal but base 2; carry when sum ≥ 2. 

• Subtraction, multiplication, division also follow binary rules. 

 

8. Example: Binary Addition 

Add 10112 + 11012: 

Carry 1 1 1 0 

First num 1 0 1 1 

Second num 1 1 0 1 

Sum 1 1 0 0 

 

Result: 110002 

 

🔢 Binary Addition Using 1’s and 2’s Complement 
 

✅ Purpose 

These methods are used for binary subtraction, particularly in digital systems like ALUs. 
Instead of designing separate hardware for subtraction, subtraction is performed by 
adding a complement of the subtrahend. 

Let’s define: 

• A = Minuend (number from which we subtract) 

• B = Subtrahend (number to subtract) 
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📘 1's Complement Method 

Steps: 
1. Find the 1’s complement of B (invert all bits). 

2. Add the 1’s complement of B to A. 

3. If there’s a carry-out, add it back to the result (end-around carry). 

4. If no carry, the result is negative in 1’s complement form — take the 1’s 
complement again to get magnitude, and put a minus (–) sign. 

 

🔍 Example 1: 

Subtract 910 − 510 using 4-bit binary: 

• A = 9 → 10012 

• B = 5 → 01012 

Step 1: 1’s complement of B 

0101 → 1010 

Step 2: Add A + 1’s complement of B 

1001 + 1010 = 10011 

(5-bit result; ignore overflow bit) 

Step 3: Add carry to LSB 

0011 + 1 = 0100 ⇒ 410 

   Final Answer: 1001 − 0101 = 01002 → 4 

 

🔍 Example 2: 

Subtract 510 − 910 using 4-bit binary: 

• A = 5 → 01012 

• B = 9 → 10012 
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Step 1: 1’s complement of B 

1001 → 0110 

Step 2: Add A + 1’s complement of B 

0101 + 0110 = 1011 

No carry generated → number is negative. 
Take 1’s complement of result: 

1011 → 0100 = 410 

  Final Answer: −4 

 

📗 2's Complement Method 

Steps: 
1. Find 2’s complement of B: 

o Invert all bits (1’s complement), then add 1. 

2. Add the 2’s complement of B to A. 

3. If carry-out, discard it — result is positive. 

4. If no carry-out, result is negative in 2’s complement form — take 2’s complement 
to get magnitude, and add minus (–) sign. 

 

🔍 Example 1: 

Subtract 9 − 5: 

A = 1001, B = 0101 

Step 1: 2’s complement of B 

0101 → 1010 + 1 = 1011 

Step 2: Add A + 2’s complement of B 

1001 + 1011 = 10100 

Ignore carry (5th bit), result = 0100 = 4 
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   Final Answer: 9 − 5 = 4 

 

🔍 Example 2: 

Subtract 5 − 9: 

A = 0101, B = 1001 

Step 1: 2’s complement of B 

1001 → 0110 + 1 = 0111 

Step 2: Add A + 2’s complement of B 

0101 + 0111 = 1100 

No carry → result is negative (in 2’s complement) 
2’s complement of 1100 = 0011 + 1 = 0100 = 4 

  Final Answer: 5 − 9 = −4 

 

📝 Summary Table 

Operation Method Carry-
out Action Result 

Type 

A - B (A > 
B) 

1’s or 2’s 
comp 

Yes Add or discard carry Positive 

A - B (A < 
B) 

1’s or 2’s 
comp 

No Complement result, mark as 
negative 

Negative 

 

 

🔐 Logic Gates – Complete Overview 
 

✅ What are Logic Gates? 
• Logic gates are electronic devices that perform Boolean logic operations (AND, 

OR, NOT, etc.). 
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• They take binary inputs (0 or 1) and produce a binary output based on a specific 
logic rule. 

• Used in: digital computers, calculators, mobile devices, control systems, etc. 

 

🔢 Types of Basic Logic Gates 
Gate Symbol Boolean Expression Description 

AND ⋀ Y = A ⋀ B or Y = AB Output is 1 only if all inputs are 1 

OR ⋁ Y = A ⋁ B or Y = A + B Output is 1 if any input is 1 

NOT ¬ Y = ¬A or Y = A ̅ Inverts the input (1 becomes 0, and 0 becomes 1) 

 

 

🔹 1. AND Gate 

Symbol: 

luaCopyEdit  A ----| 
        |&|----- Y = A · B 
  B ----| 

Truth Table: 

A B Y = A ⋀ B 

0 0 0 

0 1 0 

1 0 0 

1 1 1 

 

 

🔹 2. OR Gate 

Symbol: 
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luaCopyEdit  A ----| 
        |≥1|---- Y = A + B 
  B ----| 

Truth Table: 

A B Y = A + B 

0 0 0 

0 1 1 

1 0 1 

1 1 1 

 

 

🔹 3. NOT Gate 

Symbol: 

luaCopyEdit  A ----|>o---- Y = A̅ 

Truth Table: 

A Y = ¬A 

0 1 

1 0 

 

 

🔁 Universal Logic Gates 

These gates can be used to build any digital circuit: 

🔹 4. NAND Gate (NOT + AND) 
• Output is NOT of AND. 

• Boolean: Y = ¬(A ⋀ B) 

Truth Table: 
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A B Y = A NAND B 

0 0 1 

0 1 1 

1 0 1 

1 1 0 

 

 

🔹 5. NOR Gate (NOT + OR) 
• Output is NOT of OR. 

• Boolean: Y = ¬(A ⋁ B) 

Truth Table: 

A B Y = A NOR B 

0 0 1 

0 1 0 

1 0 0 

1 1 0 

 

 

⛓️ Exclusive Logic Gates 

These are used in advanced logic operations: 

🔹 6. XOR Gate (Exclusive OR) 
• Output is 1 only when inputs are different. 

• Boolean: Y = A ⊕ B = A ̅B + AB̅ 

Truth Table: 

A B Y = A ⊕ B 

0 0 0 
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A B Y = A ⊕ B 

0 1 1 

1 0 1 

1 1 0 

 

 

🔹 7. XNOR Gate (Exclusive NOR) 
• Output is 1 when inputs are the same. 

• Boolean: Y = A ⊕ B̅ 

Truth Table: 

A B Y = A XNOR B 

0 0 1 

0 1 0 

1 0 0 

1 1 1 

 

 

🧠 Summary Diagram 
lessCopyEditBasic Logic Gates: 
 
Input A --\ 
           AND -- Y (A·B) 
Input B --/ 
 
Input A --\ 
           OR  -- Y (A+B) 
Input B --/ 
 
Input A ---> NOT -- Y (A̅) 
 
Universal Gates: 
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Input A --\ 
           NAND -- Y (¬(A·B)) 
Input B --/ 
 
Input A --\ 
           NOR  -- Y (¬(A+B)) 
Input B --/ 
 
Exclusive Gates: 
 
Input A --\ 
           XOR  -- Y (A⊕B) 
Input B --/ 
 
Input A --\ 
           XNOR -- Y (A XNOR B) 
Input B --/ 

 

🔁 Universal Gates: NAND and NOR 
 

✅ What Are Universal Gates? 
• A universal gate is a logic gate that can be used to implement any other basic gate 

(AND, OR, NOT). 

• There are two universal gates: 

o NAND (NOT AND) 

o NOR (NOT OR) 

 

🔹 1. NAND Gate (NOT + AND) 

🔸 Symbol: 
markdownCopyEditA ─┬─── 
    |    &──o── Y = ¬(A · B) 
B ─┘ 
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🔸 Boolean Expression: 

𝑌 = 𝐴 ⋅ 𝐵 

🔸 Truth Table: 

A B A·B Y = ¬(A·B) 

0 0 0 1 

0 1 0 1 

1 0 0 1 

1 1 1 0 

 

 

💡 Realization of Other Gates Using Only NAND 
🔸 NOT Gate using NAND: 

Y = \overline{A \cdot A} = A ̅ 

Circuit: 

markdownCopyEditA ─┬────── 
    |     &──o── Y = A̅ 
A ─┘ 

 

🔸 AND Gate using NAND: 

𝑌 = 𝐴 ⋅ 𝐵 = 𝐴 ⋅ 𝐵 

Circuit: 

• First NAND → ¬(A·B) 

• Second NAND with both inputs from output → NOT of NAND → AND 

 

🔸 OR Gate using NAND: 

𝐴 + 𝐵 = 𝐴 ⋅ 𝐵 
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• Use NAND to make NOT A and NOT B 

• Then NAND those two 

 

🔹 2. NOR Gate (NOT + OR) 

🔸 Symbol: 
markdownCopyEditA ─┬─── 
    |    ≥1──o── Y = ¬(A + B) 
B ─┘ 

🔸 Boolean Expression: 

𝑌 = 𝐴 + 𝐵 

🔸 Truth Table: 

A B A + B Y = ¬(A + B) 

0 0 0 1 

0 1 1 0 

1 0 1 0 

1 1 1 0 

 

 

💡 Realization of Other Gates Using Only NOR 
🔸 NOT Gate using NOR: 

Y = \overline{A + A} = A ̅ 

 

🔸 OR Gate using NOR: 

𝑌 = 𝐴 + 𝐵 = 𝐴 + 𝐵 
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🔸 AND Gate using NOR: 

𝐴 ⋅ 𝐵 = 𝐴 + 𝐵 

• Use NOR to create A ̅ and B̅ 

• Use NOR again to get their sum and negate it 

 

📌 Summary: Gate Construction with Universal Gates 
Logic Gate With NAND Only With NOR Only 

NOT A NAND A A NOR A 

AND (A NAND B) NAND (A NAND B) NOR-based combination 

OR (A NAND A) NAND (B NAND B) (A NOR B) NOR (A NOR B) 

 

 

🧠 Why Universal Gates Are Important? 
• Hardware Simplification: Only NAND or NOR ICs are needed. 

• Cost-effective in circuit design and production. 

• Used in Programmable Logic Devices and Microprocessors. 

 

🔣 Boolean Algebra – Complete Overview 
 

✅ What is Boolean Algebra? 
• Boolean Algebra is a branch of algebra dealing with binary variables and logical 

operations. 

• Variables take values 0 (False) or 1 (True). 

• It simplifies and analyzes digital logic circuits. 
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🧮 Basic Boolean Variables and Operations 
Operation Symbol Meaning Result Examples 

AND ⋅ or no symbol Logical multiplication 1 ⋅ 0 = 0 

OR + Logical addition 1 + 0 = 1 

NOT (Complement)  or ′ Logical negation/inversion 1 = 0 

 

 

🔢 Boolean Variables 
• Represented by uppercase letters: 𝐴, 𝐵, 𝐶, … 

• Each variable can only be 0 or 1. 

 

🔧 Fundamental Boolean Laws and Properties 
Law Name Expression Explanation 

Identity Law 𝐴 ⋅ 1 = 𝐴 AND with 1 leaves variable 
same 

Null Law 𝐴 ⋅ 0 = 0 AND with 0 is always 0 

Domination Law 𝐴 + 1 = 1 OR with 1 is always 1 

Null Law 𝐴 + 0 = 𝐴 OR with 0 leaves variable 
same 

Idempotent Law 𝐴 + 𝐴 = 𝐴, 𝐴 ⋅ 𝐴 = 𝐴 Repetition has no effect 

Complement 
Law 

𝐴 + 𝐴 = 1 A or NOT A is always 1 

Complement 
Law 

𝐴 ⋅ 𝐴 = 0 A and NOT A is always 0 

Commutative 
Law 

𝐴 + 𝐵 = 𝐵 + 𝐴, 𝐴 ⋅ 𝐵 = 𝐵 ⋅ 𝐴 Order does not matter 

Associative Law 𝐴 + (𝐵 + 𝐶) = (𝐴 + 𝐵) + 𝐶, 𝐴 ⋅ (𝐵 ⋅
𝐶) = (𝐴 ⋅ 𝐵) ⋅ 𝐶 

Grouping does not matter 

Distributive Law 𝐴 ⋅ (𝐵 + 𝐶) = (𝐴 ⋅ 𝐵) + (𝐴 ⋅ 𝐶) AND distributes over OR 
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🔄 De Morgan’s Theorems 

Very important in simplifying logic expressions and designing logic circuits: 

1.  

\overline{A \cdot B} = \overline{A} + \overline{B} 
] 

2.  

\overline{A + B} = \overline{A} \cdot \overline{B} 
] 

 

📝 Examples of Boolean Expressions 
• 𝑌 = 𝐴 ⋅ 𝐵 + 𝐴 ⋅ 𝐵 (XOR operation) 

• 𝑌 = 𝐴 + 𝐵 (NOR operation) 

• 𝑌 = (𝐴 + 𝐵) ⋅ (𝐴 + 𝐵) 

 

✂️ Simplification of Boolean Expressions 

Goal: 
• Reduce expressions to simplest form (least number of terms/gates). 

Example: 

Simplify: 

𝑌 = 𝐴 ⋅ 𝐵 + 𝐴 ⋅ 𝐵 

Solution: 

𝑌 = 𝐴 ⋅ (𝐵 + 𝐵) = 𝐴 ⋅ 1 = 𝐴 
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🔗 Boolean Algebra & Logic Gates 
• Boolean variables correspond to gate inputs. 

• Operations correspond to gate types: 

o AND = multiplication 

o OR = addition 

o NOT = complement 

 

📊 Truth Table Example 
A B 𝐵 𝐴 ⋅ 𝐵 𝐴 ⋅ 𝐵 𝑌 = 𝐴 ⋅ 𝐵 + 𝐴 ⋅ 𝐵 

0 0 1 0 0 0 

0 1 0 0 0 0 

1 0 1 1 0 1 

1 1 0 0 1 1 

 

 

🔄 De Morgan’s Theorems – Detailed Explanation 
 

✅ What are De Morgan’s Theorems? 
• De Morgan’s Theorems describe how negations (NOT) distribute over AND and OR 

operations. 

• They provide a way to simplify logic expressions and to implement logic gates using 
NAND or NOR gates. 
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📜 The Two Theorems 

1️⃣ First Theorem: 

𝐴 ⋅ 𝐵 = 𝐴 + 𝐵 

• The complement of an AND operation is equal to the OR of the complements. 

• In words: "NOT (A AND B) = (NOT A) OR (NOT B)" 

 

2️⃣ Second Theorem: 

𝐴 + 𝐵 = 𝐴 ⋅ 𝐵 

• The complement of an OR operation is equal to the AND of the complements. 

• In words: "NOT (A OR B) = (NOT A) AND (NOT B)" 

 

🔍 Intuitive Understanding 
• Negating a combination of variables connected by AND flips it into an OR of negated 

variables. 

• Negating variables connected by OR flips it into an AND of negated variables. 

 

🔧 Truth Table Verification 
A B A·B 𝐴 ⋅ 𝐵 𝐴 𝐵 𝐴 + 𝐵 

0 0 0 1 1 1 1 

0 1 0 1 1 0 1 

1 0 0 1 0 1 1 

1 1 1 0 0 0 0 
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A B A + B 𝐴 + 𝐵 𝐴 𝐵 𝐴 ⋅ 𝐵 

0 0 0 1 1 1 1 

0 1 1 0 1 0 0 

1 0 1 0 0 1 0 

1 1 1 0 0 0 0 

 

 

🛠 Application in Logic Circuit Design 
• Useful in converting AND-OR logic into NAND or NOR logic. 

• Helps to implement logic functions efficiently using universal gates. 

 

✍ Example Simplification Using De Morgan’s Theorem 

Simplify: 

𝑌 = 𝐴 + 𝐵 

Using De Morgan’s 2nd theorem: 

𝑌 = 𝐴 + 𝐵 = 𝐴 ⋅ 𝐵 

 

🧠 Visual Summary 
Original Expression Using De Morgan’s Theorem 

𝐴 ⋅ 𝐵 𝐴 + 𝐵 

𝐴 + 𝐵 𝐴 ⋅ 𝐵 

 

 

✂️ Boolean Expression Simplification 
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✅ Why Simplify? 
• To reduce the number of logic gates needed in a circuit. 

• Simplified expressions lead to cost-effective, faster, and less complex digital 
circuits. 

• Easier to analyze and troubleshoot. 

 

🧰 Common Techniques for Simplification 

1. Using Boolean Algebra Laws 
• Apply the basic laws and theorems (identity, null, complement, distributive, 

associative, commutative, De Morgan’s theorems, etc.) to reduce expressions. 

2. Using Karnaugh Maps (K-Maps) 
• A visual method to minimize Boolean expressions, especially effective for up to 4-6 

variables. 

• Groups adjacent 1s to find simplified terms. 

3. Using Quine-McCluskey Method 
• Tabular method for large variables, systematic but complex. 

 

📝 Simplification by Boolean Algebra – Stepwise Examples 

Example 1: 

Simplify: 

𝑌 = 𝐴 ⋅ 𝐵 + 𝐴 ⋅ 𝐵 

Step 1: Factor out 𝐴: 

𝑌 = 𝐴(𝐵 + 𝐵) 

Step 2: Use complement law 𝐵 + 𝐵 = 1: 

𝑌 = 𝐴 × 1 = 𝐴 
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Example 2: 

Simplify: 

𝑌 = 𝐴 ⋅ 𝐵 + 𝐴 ⋅ 𝐵 

Step 1: Factor out 𝐵: 

𝑌 = 𝐵(𝐴 + 𝐴) 

Step 2: 𝐴 + 𝐴 = 1, so: 

𝑌 = 𝐵 × 1 = 𝐵 

 

Example 3: 

Simplify: 

𝑌 = (𝐴 + 𝐵)(𝐴 + 𝐵) 

Step 1: Use distributive law: 

𝑌 = 𝐴 ⋅ 𝐴 + 𝐴 ⋅ 𝐵 + 𝐵 ⋅ 𝐴 + 𝐵 ⋅ 𝐵 

Step 2: Simplify terms: 

• 𝐴 ⋅ 𝐴 = 𝐴 

• 𝐵 ⋅ 𝐵 = 0 

So: 

𝑌 = 𝐴 + 𝐴 ⋅ 𝐵 + 𝐵 ⋅ 𝐴 + 0 

Step 3: Note 𝐴 ⋅ 𝐵 + 𝐵 ⋅ 𝐴 = 𝐴(𝐵 + 𝐵) = 𝐴 × 1 = 𝐴 

So: 

𝑌 = 𝐴 + 𝐴 = 𝐴 

 

🔑 Key Tips While Simplifying 
• Always look for common factors. 

• Apply complementarity: 𝑋 + 𝑋 = 1, 𝑋 ⋅ 𝑋 = 0. 
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• Use Idempotent laws: 𝑋 + 𝑋 = 𝑋, 𝑋 ⋅ 𝑋 = 𝑋. 

• Use absorption law: 𝑋 + 𝑋𝑌 = 𝑋, 𝑋(𝑋 + 𝑌) = 𝑋. 

• Apply De Morgan’s theorems when dealing with complements of sums or 
products. 

 

📊 Karnaugh Map (K-Map) Simplification – Brief Overview 
• Plot the truth table outputs in a grid format. 

• Group 1s in powers of two (1, 2, 4, 8...). 

• Each group corresponds to a product term with fewer variables. 

• Combine the groups to form the simplified sum-of-products expression. 

 

⚙️ Realization of Boolean Expressions Using Basic Gates 
and NAND Gates 

 

1️⃣ Realization Using Basic Gates (AND, OR, NOT) 
 

Steps: 
1. Write the Boolean expression in standard form (Sum of Products or Product of 

Sums). 

2. Identify operations: AND for multiplication, OR for addition, NOT for complement. 

3. Draw circuit: 

o Use AND gates for product terms. 

o Use OR gate to sum the products. 

o Use NOT gates for complemented variables. 
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Example: 

Given: 

𝑌 = 𝐴 ⋅ 𝐵 + 𝐴 ⋅ 𝐵 

• This is the XOR function. 

• Realize using: 

Operation Gate 

𝐴 ⋅ 𝐵 AND + NOT 

𝐴 ⋅ 𝐵 AND + NOT 

Sum (OR) OR 

 

 

Circuit Diagram (Conceptual): 
• NOT gate on B → 𝐵 

• AND gate for 𝐴 ⋅ 𝐵 

• NOT gate on A → 𝐴 

• AND gate for 𝐴 ⋅ 𝐵 

• OR gate to combine both AND outputs → Y 

 

2️⃣ Realization Using NAND Gates Only 
 

Why NAND Gates? 
• NAND gates are universal gates. 

• Any Boolean function can be implemented using only NAND gates. 

• Often used in integrated circuits for simplicity and cost-effectiveness. 
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NAND Gate Equivalences: 

Basic Gate Realization Using NAND Gates 

NOT Connect both inputs of NAND to same variable: 𝐴 → 𝐴 

AND 𝐴 ⋅ 𝐵 = 𝐴 ⋅ 𝐵 = NAND followed by NOT 

OR 𝐴 + 𝐵 = 𝐴 ⋅ 𝐵 (using De Morgan) 

 

 

Stepwise Realization of 𝑌 = 𝐴 ⋅ 𝐵 + 𝐴 ⋅ 𝐵 Using NAND 

 

Step 1: Express in terms of NAND only 

Recall: 

• NOT 𝐴 = 𝐴 NAND 𝐴 

• AND 𝐴 ⋅ 𝐵 = NAND(NAND(𝐴, 𝐵),NAND(𝐴, 𝐵)) 

• OR 𝐴 + 𝐵 = NAND(NAND(𝐴, 𝐴),NAND(𝐵, 𝐵)) 

 

Step 2: Construct 𝐵 and 𝐴: 

• 𝐵 = 𝐵 NAND 𝐵 

• 𝐴 = 𝐴 NAND 𝐴 

 

Step 3: Construct AND terms: 

• 𝐴 ⋅ 𝐵 = NAND (NAND(𝐴, 𝐵),NAND(𝐴, 𝐵)) 

• 𝐴 ⋅ 𝐵 = NAND (NAND(𝐴, 𝐵),NAND(𝐴, 𝐵)) 

 

Step 4: Construct OR operation (sum of products): 

𝑌 = (𝐴 ⋅ 𝐵) + (𝐴 ⋅ 𝐵) = NAND (NAND(𝐴 ⋅ 𝐵, 𝐴 ⋅ 𝐵),NAND(𝐴 ⋅ 𝐵, 𝐴 ⋅ 𝐵)) 
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• Which translates to: 

𝑌 = NAND (NAND(𝐴 ⋅ 𝐵, 𝐴 ⋅ 𝐵),NAND(𝐴 ⋅ 𝐵, 𝐴 ⋅ 𝐵)) 

 

Summary Diagram (Conceptual) 
sqlCopyEditA ----|           |          |           |---- AND 1 -----| 
      | NAND (NOT)|--\       | NAND (AND)|                | 
B ----|          |   |----\  |           |                | 
      |          |   |     \-|           |                |--- NAND (OR) ---- 
Y 
B ----| NAND (NOT)|---/                        
 
A ----| NAND (NOT)|----\                         
      |          |     |--- NAND (AND) ---|     
B ----|           |----/                    
 
(NAND gates interconnect as per above logic) 

 

📌 Summary 
Expression Realization Style Key Points 

Basic AND, OR, NOT 
gates 

Straightforward implementation 

NAND only NAND gates only Use NAND as NOT, AND (double NAND), OR (De 
Morgan) 

 

 
 


