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FOREWORD

Foreword

This course is designed to provide second-year undergraduate students in the field of Science and
Technology, specialty Electronics / Electrotechnics / Automatics, with the fundamental knowledge
and theoretical as well as practical concepts necessary to understand the basic principles of electronics
and their various applications. It follows the official syllabus for the module "Fundamental

Electronics 1".

This course, titled Fundamental Electronics 1, enables students to perform calculations, analyze, and
interpret electronic circuits. It also helps them understand the properties, electrical models, and
characteristics of electronic components such as diodes, bipolar transistors, and operational amplifiers.

The course is divided into five chapters:

1. The first chapter presents general concepts related to the application of Ohm’s and
Kirchhoff’s laws, as well as methods for analyzing DC circuits (including the theorems of
Norton, Thévenin, Superposition, Kennelly, Millman, and Maximum Power Transfer).

2. The second chapter covers passive two-port networks (quadripoles) in detail. Topics include:
matrix representations of two-port networks, combinations of quadripoles, relationships
between parameters, and the quantities characterizing a quadripole's behavior in a circuit, such
as input and output impedance, and current and voltage gain. This chapter also includes
frequency analysis of RC, CR, and RLC filters (transfer functions and Bode plots), to
highlight the frequency-filtering properties of these electrical circuits.

3. The third chapter provides a review of semiconductors as an introduction to PN junctions
and junction diodes. It also studies circuits based on diodes, such as half-wave and full-wave
rectifiers, along with different types of diodes (Zener diode, Schottky diode, Varicap diode,
light-emitting diodes, and photodiodes).

4. The fourth chapter is dedicated to the static and dynamic operation of bipolar junction
transistors (BJTs), including various configurations such as common-emitter, common-base,
and common-collector setups, as well as multi-stage amplifiers.

5. The final chapter addresses the operation of one of the most widely used and popular
integrated circuits: the operational amplifier. It covers different types of configurations,

particularly linear applications such as adders, subtractors, integrators, and differentiators
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Fundamental Electronics 01 Chapter 01 : DC NETWORK THEOREMS

1 DC NETWORK THEOREMS

Learning Objectives :

By studying the information and completing the exercises in this chapter, the student will be able to:

e Understand the fundamental laws used in DC circuit analysis.

e Explain the structure and behavior of electric circuits and networks.

e Understand the voltage—current relationship of resistors according to Ohm’s Law.

e Identify and understand the basic elements of electrical circuits, including nodes, loops, and
branches.

e Calculate equivalent resistances in series and parallel configurations.

e  Apply Kirchhoff’s Laws (KCL & KVL) to analyze electrical circuits.

e Use the Voltage Divider Rule (VDR) to determine voltages in series circuits.

e  Use the Current Divider Rule (CDR) to determine currents in parallel circuits.

o Apply the Superposition Theorem to analyze circuits with multiple independent sources.

e Apply Thevenin’s and Norton’s theorems to simplify complex electrical networks.

e  Convert between Thevenin and Norton equivalent circuits and understand their relationship.

e Use source transformation techniques in circuit simplification.

e  Understand the concept and significance of Millman’s Theorem in circuit analysis.

o Apply Kennelly (A-Y / Y-A) transformation for simplifying circuit networks.

e Understand and apply the Maximum Power Transfer Theorem to determine optimal load conditions.
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1.1 Definitions and Terminologies
e Electric Network A combination of various electric elements, connected in any

manner whatsoever, is called an electric network.

e Parameters. The various elements of an electric circuit are called its parameters like
resistance, inductance and capacitance. These parameters may be Ilumped or
distributed.

e Node A connection point of several circuit elements is termed as a node. For instance,
A, B, C, and D are foure nodes in the electric network of Figure 1-1.

e Loop. It is a close path in a circuit in which no element or node is epcountered more
than once.

e Branch is that part of a network which lies between two juncions.

AB, AD, BD,DC and BC are six branches in the network of Figure 1-1.

Figure 1-1: Electric Network

1.2 Circuit symbol
A circuit symbol is a simple picture that is used to represent an electrical component

when drawing a circuit diagram (Tablel-2).
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Table 1-1 : Circuit symbol

Schematic Circuit Element Schematic Circuit Element

Wire T L Battrey

— Junctions VT Voltage source

%— Wires crossing I Current source

— Resistor T aVv Dependent voltage source

—| |— Capacitor ¢
—

bl Dependent current source

L§ " Inductor Ground
> Diode B_@ Transistor
E
I I +Vee
VLT+ Q 7;;: Two porte :[;>_ Operatienl opmlifier
o - Electrique Ve

—@— Ampermetre 4®— Voltmeter

Dr Salem CHABACHI University of Adrar 5



Fundamental Electronics 01 Chapter 01 : DC NETWORK THEOREMS

1.3 Electric current
Electric current is the time rate of change of charge, measured in amperes (A).

D —

|}
+ 171

Battery

Figure 1-2: Electric current due to flow of electronic charge in a conductor

Mathematically, the relationship between current i, charge ¢, and time t is

. dq
ek | 1.1
=5 1.

where:
I= current
g= total charge moved (in coulombs)

t = time taken (in seconds)

Two common types of current:

1.3.1 Alternating current (AC):
An alternating current (AC) is a current that varies with time (sinusoidally Figure 1-3.a)

1.3.2 Direct current (DC):
A direct current (DC) is a current that remains constant with time Figure 1-3.b

\\_O/ \\/ 1 b)

a)

Figure 1-3 :Two common types of current: (a) alternating current (AC). (b) direct current (DC)

Dr Salem CHABACHI University of Adrar 6



Fundamental Electronics 01 Chapter 01 : DC NETWORK THEOREMS

1.4 Voltage (or potential difference)
Voltage (or potential difference) between points A and B, is defined to be the change in

potential energy of a charge g moved from A to B, divided by the charge, measured in volts
(V). a

R Vab

b
Figure 1-4: Polarity of voltage

mathematically,

Vy, = dw 2.2
dq

Vap: potential difference between points aand b

w: work done to move charge q

g : amount of charge moved

1.5 Passive and active elements
v" Active elements is one which contains one or more than one source of e.m.f.

exemple : voltage and curent sources.
v’ Passif elements: is one which contains no source of e.m.f in it example : résistances,

capacité and bobine.

1.5.1 Passif elements
1.5.1.1 What is resistor?
The Resistors is a passive electrical component with the primary function to limit the amount
of current or to produce a desired drop in voltage.
L

- R

V
Figure 1-5: Resistor

Ohm’s Law
Ohm’s law establishes a direct proportional relationship between the voltage across a
resistor and the current through it:
V =RI (1.3)
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1.5.1.2 Resistor in series

Consider figure 1-6 with one voltage source and two resistors connected in series to
form a single mesh with current I.

I R:

I - a

Figure 1-6 : Series combination of two resistors

Applying KVL, we get:
E=U,+U,=RI+R,I=(R +R,)l =R_|I (1.4)

eq

Ry =R +R, (L.5)

The equivalent resistance of any number of resistors connected in series is the sum of the

individual resistances.

Ry =2 R (1.6)

For N resistors in series then

1.5.1.3 Resistors in Parallel
Consider figure 1-7 with a single current source and two resistors connected in parallel. All
parallel circuit elements have the same voltage, V across themi.e. Vi =V, =E

»

]
|
m
)

—E Ry R, -

Applying KCL, we get:

I=I1+I2=R£+—:E[—+—J @.7)
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B @
Req R, R,

The equivalent resistance of two parallel resistors is equal to the product of their resistances

divided by their sum.

R

1 D1

R 9

parallel

Table 1-2 : The main characteristics of series circuit and parallel circuit

The main characteristics of series circuit are

The main characteristics of a parallel circuit are :

1. All components have the same (equal) current

1- Current through each component add to equal total

current

2. voltage drops are additive.

2. All components have the same (equal) voltage

3- resistances are additive.

3. conductances are additive

4- powers are additive

4- powers are additive

1.5.2 Active elements

There are two types of sources (Voltage source and current source). Sources can be either

independent or dependent upon some other quantities.

Source

Voltage

Sources
Ideal Practical
Voltage Voltage
Sources Sources

Current

Sources
Ideal Practical
Current Current
Sources Sources

Figure 1-8 : Sources Types

1.5.2.1 The Ideal Voltage Source

An ideal voltage source, shown

independent of the variations in load. In

in figure 1-9(a), has a terminal voltage which is

other words, for an ideal voltage source, the supply
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current alters with changes in load but the terminal voltage, U always remains constant. This
characteristic is depicted in figure 1-9(b).

AU
(en Volt)
E
A Lt B E
'
>
u
0 I >
(en Ampére)
(a) An ideal voltage source. (b) characteristics of an ideal voltage source.

Figure 1-9 : Schematic and characteristics of an ideal voltage source

1.5.2.2 Ideal Current Source .
An ideal current source is defined as a two-terminal circuit element that supplies a

constant current regardless of the voltage across it.

A Uns (V)
A | B
A
< w > | (A)
Uns
a) An ideal Current source. (b) characteristics of an ideal Current source.

Figure 1-10 : Schematic and characteristics of an ideal current source

1.5.2.3 Practical Voltage Source and Practical Current Source

v’ Practical Voltage Source
A practical voltage source is a real-world source that provides voltage to a circuit but also
has an internal resistance in series with an ideal voltage source. This internal resistance

causes the output voltage to decrease slightly when current flows (Figure 1-11.b).

v Practical Current Source:
A practical current source is a real-world source that supplies current to a circuit but
has a finite internal resistance connected in parallel with an ideal current source. Because of
this internal resistance, the current delivered to the load varies slightly with changes in load

resistance (Figure 1-11.a).
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IQ:JS"R I Ideal
' g S \ Vi
Ir Re = 00 / I Re
S R~ Vour Slope = -Re I T
out
0 vV
(a) Practical Current Source
v
1 -R Ve Ideal
A s % :
| 1 I i.Rs
Rs=0
— v, Vour Slope<-Rs e : ch
¢>
0 i(A)

(b) Practical Voltage Source

Figure 1-11 : Practical Voltage Source and Practical Current Source
1.6 Circuit Theorems

1.6.1 Kirchoff’s Laws
Arguably the most common and useful set of laws for solving electric circuits are the

Kirchoff’s voltage and current laws. Several other useful relationships can be derived based

on these laws.

1.6.1.1 Kirchoff’s Current Law (KCL)
The algebraic sum of all the currents entering or leaving a node in an electric circuit is

equal to zero.Mathematically, KCL can be expressed as

i, =0 (1.10)

where

N : is the number of branches connected to the node.

In: is the current in the nth branch (positive for currents entering and negative for those
leaving the node).

At the node shown in Figure 1-12, applying Kirchhoff’s Current Law (KCL) yields:

L+, =1+, +1+1 (1.13

Dr Salem CHABACHI University of Adrar 11
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Figure 1-12 : Kirchoff’s Current Law (KCL)

1.6.1.2 Kirchoff’s Voltage Law (KVL)
The sum of all the voltages around a closed loop is equal to zero.”

Mathematically, KVL can be expressed as:

ivm =0 (1.12)

Where
M : is the number of voltages (or branches) in the loop,

Vm is the voltage across the m-th element.

Uco
Figure 1-13 : Kirchoff’s Voltage Law (KVL)

At the Loop shown in Figure 1-13, applying Kirchhoff’s Voltage Law (KVL) yields:

VAD _VAB _VBC _VCD =0 (1-13)

1.6.2 Voltage Divider Rule (VDR)
The Voltage Divider Rule (VDR) states that the voltage across an element in a series

circuit is equal to the resistance of the element divided by the total resistance of the series

circuit and multiplied by the total impressed voltage in figure 1-14:

U -—" g (L.14)
R, +R,

u,-——"e g (L.15)
R, +R,

Dr Salem CHABACHI University of Adrar 12
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Where:

U;, U, voltage across the element or series combination,
« E: total applied voltage,

R, Ry: resistance of the element or combination.

it

Figure 1-14 : : Voltage Divider Rule (VDR)

1.6.3 Current Divider Rule (CDR)
The Current Divider Rule (CDR) states that the current through one of two parallel
branches is equal to the resistance of the other branch divided by the sum of the resistances of

the two parallel branches and multiplied by the total current entering the two parallel
branches. That is, figure 1-15:

R
I, = 2| 1.16
TR AR T (1.16)
I, = Ry I @.17)
R, +R,

Where:
1. Iy: total current entering the node,
2. Iy, I: currents through each branch,

R1, Ry: resistances of the two parallel branches

Figure 1-15 : Current Divider Rule (CDR)
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1.6.4 Superposition Theorem
The Superposition Theorem states that in any linear circuit containing multiple

independent sources (voltage or current), the current or voltage across any element can be
determined by adding the individual effects of each source acting alone, with all other sources

turned off during each calculation.

1.6.4.1 Steps to Apply Superposition Principle
1. Keep only one source active at a time and turn off the others:

» Replace voltage sources with short circuits (wires).
» Replace current sources with open circuits
2. Determine the current or voltage produced by the active source.
3. Algebraically add all the individual contributions (considering signs and directions)

to obtain the total current or voltage

Example
With the help of superposition theorem, obtain the value of current i the circuit of the resistor

R, figure 1-16.
R;=10Q |
—L 1 —>
HRZZSQ

- ElleV |0=01A
—— E,=20v

Figure 1-16 : Superposition Theorems

Solution.

As usual, we will break down the problem into three parts involving one source each

First Step: As shown in Figure. 1-17 (b), current source Iy has been replaced by an open-
circuit. the voltage source E; has been replaced by a short circuit.

Second Step:

As shown in Figure. 1-17 (b), the voltage source E; has been replaced by a short circuit. the
voltage source E; has been replaced by a short circuit.

Third Step: As shown in figure. 1-17 (c), current source lp has been replaced by an open-

circuit. the voltage source E; has been replaced by a short circuit.
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L8 — >t N e B
Rlzl()Q Rlzlog R]_:lOQ
R2—5 R2:5 R2:5
—LE,;=10v ® + 9 ¢
- 1,=0.1A
* ’ 3 ®  E=0v——
(a) (b) (©)

Figure 1-17 : Superposition Theorems

Figure 1-17.a Using KVL, we get

E 10
E.=RR+ R)I,=1,= L __ - =0.66A 1.18
1 ( 1 2) A A Rl + RZ 10+5 ( )
Figure 1-17..b Using Current Divider principle, we get
I = R I, = 10 x0.1=0.06A 2.19
R + R, 10+5
Figure 1-17.c Using KVL, we get
E 20
E,=—(R + R))l.=>1.=- 2 __ = =-1.33A 1.20
e =Rt Re)le = e =—p =170 (120)
Fourthly step Using Superposition principle, we get
l=1,+1;+1. =1=0.66+0.06-1.33=-0.61A 1.2

1.6.5 Noron’s Theorem
Norton’s theorem states that a linear two-terminal circuit can be replaced by an equivalent

circuit consisting of a current source Iy in parallel with a resistor Ry (Figure 1-18).

A [ A

Linear

R
circuit R -

z
X
z

5 Lo B

Figure 1-18 : Norton equivalent circuit
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Where
v’ Iy is the short-circuit current through the terminals
v' Ry is the equivalent resistance at the terminals when the independent sources are

turned off.

1.6.5.1 How to Nortonize a given circuit ?
Step 1: Remove that portion of the network across which the norton equivalent circuit is

found.

Step 2: make the terminals of the remaning two-terminal network

Step 3: Calculate Ry by first setting all sources to zero (voltage sources are replaced by short
circuits, and current sources by open circuits) and then finding the resultant resistance
between the two marked terminals.

Step 4: Calculate Iy by first returning all sources to their original position and finding the
short-circuit current between the marked terminals.

Step 5: Draw the Norton equivalent circuit with the portion of the circuit previously removed

replaced between the terminals of the equivalent circuit.

1.6.6 Thevenin’s theorem
Thevenin’s theorem states that a linear two-terminal circuit can be replaced by an equivalent

circuit consisting of a voltage source V1, in series with a resistor R, (Figure 1-19).

A

[
|

Linear : (=
|
|

circuit Ru

> L __1 B

Figure 1-19 : Thevenin equivalent circuit

Where
V1 is the open-circuit voltage at the terminals and

Ry, is the equivalent resistance at the terminals when the independent sources are turned off.

1.6.6.1 How to Thevenize a given circuit?
Step 1: Remove that portion of the network across which the Thevenine equivalent circuit is

found

Step 2: make the terminals of the remaning two-terminal network
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Step 3: Calculate Rty by first setting all sources to zero (voltage sources are replaced by short
circuits, and current sources by open circuits) and then finding the resultant resistance
between the two marked terminals.

Step 4: Calculate Ety by first returning all sources to their original position and finding the
short-circuit current between the marked terminals.

Step 5: Draw the Thevenin equivalent circuit with the portion of the circuit previously
removed replaced between the terminals of the equivalent circuit.

1.6.7 Source Transformation
A source transformation is the process of replacing a voltage source Ety in series with a

resistor Rty by a current source Iy is in parallel with a resistor Ry, or vice versa (Figurel-20).
Ry = Rry; Ryl =Vry (1.22)

m
4
T

| T
I |
RL J— : In Ry : Re
| |
' |
Figure 1-20 : Source Transformation

1.6.8 Delta/Star Transformation and Star/Delta Transformation
It allows for the conversion between a network of three resistors connected in a star

configuration and a network of three resistors connected in a delta configuration, and vice

Versa 1—
1— 2

2

Rs

w
N
w

(@) (b)
Figure 1-21 : Two forms of the same network: (a) Y, (b) T

| I
R3 RB
RA Rc RA Rc
3 4 3 4
(a)

(b)

Figure 1-22 : Two forms of the same network: (a), (b)
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1.6.8.1 Star/Delta Transformation

This transformation can be easily done by the following equations (Figure 1-23):

(1.23)

(1.24)

(1.25)

Figure 1-23 : Conversion between Y and A networks.
See text for conversion formulas

e How to Remember?
Each resistor in the Y network is the product of the resistors in the two adjacent A branches,

divided by the sum of the three A resistors
1.6.8.2 Delta/Star Transformation

This transformation can be easily done by the following equations (Figure 1-22):

RR, +RR; +R,R,

YA:R, = (1.26)
R1
RR, +RR,+R,R
YA:R, =—2 RiR, + RRy 1.27)
RZ
VAR, = RR, +RR, +R,R, 129

RS
e How to Remember?

Each resistor in the A network is the sum of all possible products of Y resistors taken
two at a time, divided by the opposite Y resistor.
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1.6.9 Millman's theorem

Millman's theorem is a specific form of Kirchhoff's current law expressed in terms of
voltage. In an electrical network with parallel branches, where each branch contains a perfect
voltage source in series with a linear element, the voltage across the branches is equal to the
sum of the electromotive forces, each multiplied by the conductance. of the corresponding

branch, divided by the sum of the conductance (Figure 1-24).

=
Zi:lﬁi Zln E.G,

Vg = Vs = = 1.29)
n 1 " G.
ZilRi Zi:l '
I .A
Rl R2 R3 Rn
Une
—E —FE — E —E,
- 1= 1- T oB

Figure 1-24 : Eample of Millman’s theorem to find Vag

It can also be generalized to include current sources (Figure 1-25). If there are, still in parallel,
currents (such as those from current sources) known to be injected into the same point M, then

it can be written as :

n Ei n
T Db SeesT

VAB =
n 1 AB n G
Zizli i=1

(1.30)

It is noted that the presence of current sources does not change the denominator.

oA
R1 R> R3 R4 Ry
Ua
—-—E e E2 I]_ I2 —E
T ' T T " oB

Figure 1-25 : Application du Théoréeme de Millman

Dr Salem CHABACHI University of Adrar 19



Fundamental Electronics 01 Chapter 01 : DC NETWORK THEOREMS

1.6.10 Maximum Power Transfer Theorem

The maximum power transfer theorem states the following:
A load will receive maximum power from a linear bilateral DC network when its total
resistive value is exactly equal to the Thévenin resistance of the network as “seen” by the load
(Figure 1-26).

A A
Linear . — Rin
circuit - Vry RL
L e
B : .
B

Figure 1-26 : The circuit used for maximum power transfer

According to this theorem, R_ will abstract maximum power from the network when
Ry =R_

Circuit current

| =t (1.31)
RTH + RL
Power consumed by the load is
E 2
P =V.I =R’ :RL(¢j 1.32)
RTH + RL
. P
For P, to be maximum =0
L
dP 1 d d
= — ((RTH +R = (E2R )~ E2R, — (Ryy + RL)ZJ (1.33)
dR, [(RTH + RL) ] dR, dR,
dP 1

drR ) (R +R )4 ((RTH + RL)Z Efy —EfR % 2(RTH +R )) (1.34)
L TH L

dP — E'I?H (RTH + RL)
dRL (RTH + RL )4

(RTH +R, _2RL) (1.35)

dP EZ,
= R, —R 1.36
dRL (RTH n RL )3 ( TH L) ( )
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dP

E =0 RCH = RTH (137)

It is worth noting that under these conditions, the voltage across the load is hold the open-
circuit voltage at the terminals A and B.

— TH i RTH _ (ETH )2
_ Ew) R _ (1.38)
" (R +Rr ) 4Ry

The following figure shows the waveform of the power consumed by the load as a function of
its resistance. Maximum power is obtained when the load resistance is equal to the Thévenin

resistance (Figure 1-27).

Figure 1-27 : Load power curve as a function of its resistance
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Table 1-3 : Sammry DC network theorems

D ik =0
K=1

KCL

ik =0
K=

KVL

VDR L < . Tm y R,

" RHR,
: I, I, = = RzR |
CDR T g 1t R,
RN
A ————— A | = R +R I
Norton theorem | [ n TR
| L
B :_ _____ B V=R
A e A | | = Ery
Thevenin theorem L- REI—En | R, TVL Ry + R,
i '
B L____18 V., =R/l
Re RA > allcrossproductsin Y
Ri R, - oppositeR in Y
AT Y RA e RY — product of two adjacent R inA

ZaIIRinA

. A
Millman theorem R
|j Ry |j 2 Rs R4 Lj Rn TUAB v - zin:l EiGi +Z::l IJ

T E, AB

n
B i:lGi

Ri=Rm

MPTT Puax = (ETH )2 /4RTH
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1.7 Glossary
Farncais English A pdl
Résistance Resistance da glia
Puissance Power dslaiuy)
Energie Energy 43Ul
Courant Current okl
Tension Electric potential el
Réseau Network PEIRA|
Neeud Node 5 a8al)
Branche Branch g Al
Maille Mesh 3 gadl

Current Divider Rule

Diviseur de Courant

M Dawia saeld

Voltae Divider Rule

Diviseur de Tension

KVEQHI POV I X
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DC NETWORK THEOREMS

Exercises

Exercise 01.1 : Calculate the equivalent resistance
For the circuit shown in figure 1-28, calculate :
a- the equivalent resistance between the following point A and B

b- the equivalent resistance between the following point C and D

— A —3 Db ——
| IS |
R: R3 Rs

R, Ry

Figure 1-28 : Circuit for Exercise 01.1 .
Exercise 01.2: Kirchhoff’s Laws
For the circuit shown in Figure 1-29, use Kirchhoff ’s Laws
to calculate (a) the current flowing in each branch of the circuit.
E, =12V,E, =6V,R, =8Q,R, =12Qand R, = 4Q
A R.. 1,81, R

Figure 1-29 : Circuit for Exercise 01.2

Exercise 01.3: Current Divider Rule / Potential Divider Rule U
A LBl ¥— ¢
Considering the circuit of figure 1-30 calculated,

a- The current drawn from the source R,=6Q :| U

5
b- The currents I; and I, using the Current divider B

E=3V Rs=8Q

c- The Potentials U4 and Us using the voltage divider T

F D

E
Figure 1-30 : Circuit for Exercise 01. 3
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Exercise 01.4: Thevenin’s Theorem and Norton’s theorem

Considering the circuit of figure 1-31: _| ! ! ! A
Determine the current flowing through resistor R Ri=1Q R=4Q '
a- by using Norton’s theorem. E=I0V—/— 2 RaSﬁ R=10Q
b- by using thevenin’s theorem B

Figure 1-31 : Circuit for Exercise 01.4

Exercise 01.5: Star/delta transformations

Calculate the current flowing through the of Figure 1-32

by using any method.
E=12V,R, =R, =R, =6Q and R, =R; =R, =9Q

Figure 1-32 : Circuit for Exercise 01.5

Exercise 01.6 : Millman Theorem
Use Millman’s theorem, to find the common voltage across terminals M and N and the load
current in the circuit of Figure. 1-33.

M
|

Ri=5Q R,=4Q Rs=2Q

L 1

Figure 1-33 : Circuit for Exercise 01.6

RC:?)Q

E.=10 E,=120V Es=120V

N

Exercise 01.7: Maximum Power Transfer Theorem
Consider the network in Figure 1-34
a- Determine the value of the resistance R allowing maximum power transfer.

b- Then calculate the power supplied to this resistance

] N
R7:20Q
R=120Q
3 Ag% R=40Q Re
T E=120V
N

Figure 1-34 : Circuit for Exercise 01.7
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DC NETWORK THEOREMS

Solutions

Exercise 01.1 : Calculate the equivalent resistance
a- The equivalent resistance between the following point A and B
To determine the total resistance of the circuit, we need to look at the combination of the

resistors in series and in paralle.

— A —3 Db ——
—_

R1 RS R5

IE

(]

R, Ry
1
Figure 1.27
— A [ ] D
R
In the circuit Rs and Rg are in series (Figure 1-27.a) : Ry *
T o % oL
R7
Rg
R56:R5+R6:5+5210Q | — 5 | — e
Figure 1-27.a
A [ 1 D
. L 1 | IS |
Rse and R, are in parallel (Figure 1.27.b) R, Rs
R Rses
R.. xR 10x5 |:| 2
ooy = — 2= = =3.330 Ry
R +R, 10+5 Rs
L | B L | C
Figure 1-27.b
_ _ — A
Rses Rz and Ryare in series (Figure 1-27.c) '—'Rl
|::| R, |::| Rsea37
Regssr = Regy + Ry + R, =3.33+5+5=13.33Q2 Rg
]
L 1 B
Figure 1-27.c
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A
R; and Rypare in series (Figure 1-27.d)
Jo O+ O
R =R, +R, =5+5=10Q
B
Figure 1-7.d

The equivalent resistance between the following point A and B (Figure 1-27.¢)

Regszr ¥ R, X Ry, ~ 13.33x5x10
Rgisr X Ry + Rigy X Ry + Ryoy X Regsgy  13.33x5+10x5+10x13.33

R, = = 2,660

ow

AO
L

RAB
Figure 1-27.e

b- The equivalent resistance between the following point B and C
We can save a lot of time in this second part by using the principle of symmetry. Indeed, if
the circuit were rotated around its transverse axis in such a way that points A and B become
points C and D, as shown in the figure below, the circuit would remain unchanged. Thus, the
resistance of the circuit as seen from terminals C and D is the same as that seen from
terminals A and B, which we analyzed in the previous question. Therefore, the resistance is
R.p = 2.66Q.

\:_/ D
A L 1 L 1
Rs Rs
R ,
I [
R Ile
LI e e ¢
Figure 1-27.f
Exercise 01.3: Kirchhoff’ s Laws
Applying KCL to node B, we get: ElT
IL+1,-1,=0 I,+1,=1,

Applying KVL to node B, we get:
E,-RI,—R;1,=0
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Applying KCL to node B, we get:
I,+1,-1,=0

R, +R;l, =E;
_Rsls _Rzlz = Ez

I1=|3_|2

R,(1,—1,)+R,l, =E,
R, I, +R3I3 —E,

Rl,—Rl,+R,l, =E,
2|2+R3|3 E2

{
K
{Rllz +(R+R)Is = E,
¥
L
B

R,l, +R,l, =—E,

8l, + 8+4 ;=12
121, +41,=-6

8I2+12I =12
121, + 41,

RR+RI_E1 -8 12]1,] [12
.| |-E, 12 41| |-6
We obtain the determinants

AR = {_ R Rt Rﬂ =(=R)R,)-(R, YR, +R,)

RZ R3

AR = {_8 12} =(-8)4)-(12)12)=-32-144=-176

12 4
Thus
{El R1+R3} {12 12}
_ -6 4 (=
- E, R |- _12x4 (6x12):48+72:_0168A
AR -176 ~176 ~176
{Rl El} [8 12}
R, —E 12 -6] -6x8- -
| LR ) | — _—6x8-(12x12) 48 144 _ 1 54n
AR AR ~176 ~176
Finally

l,=1,—1,=054—(-0.68) =1.22 A
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Exercise 01.3: Current Divider Rule/ Potential Divider Rule
The equivalent resistance Between the following point A and F
To determine the total resistance of the circuit, we need to look at the combination of the

resistors in series and in paralle.

Figure 1-29
Resistors R4 and Rs are acting in series, so we add their resistances up to find (Figure 1-29.a) :

I

[

R=14Q | Th
R2:6Q
Ry = R, + Ry =5+5=100 E=3v— Ren=10€2
A‘» R3ZSQ
Figure 1-29.a

Resistors R, and R are acting in series, so we add their resistances up to find(Figure 1-29.b):

I,

R, =R; +R, =6+8=14Q — > |1'
E=3VT Réq2:6Q |::| Rea1=10€Q2
Figure 1-29.b

The equivalent resistor Req is acting in parallel with the equivalent resistor Reqz and to find

the equivalent resistor Reqs (Figure 1-29.c)we use:

_ RxR,, 10x14

}Reqf 5,83Q
“ R +R,, 10+14

5.83Q2

' Figure 1-29.c

The equivalent resistor Reqs is acting in sersis with the equivalent resistor R; and to find the

total resistance Rag (Figure 1-29.b)

Dr Salem CHABACHI University of Adrar 29



Fundamental Electronics 01 Chapter 01 : DC NETWORK THEOREMS

Ry =R, +R,, =14+5.83=19.830 E=3V——

C- The current | drawn from the source
Applying KVL to the mesh, we get ( Figure 1-29.d)

E-R, l=l=C -3 _015A

R, 19.83

C- The currents I, and I, using the Current divider

Using Current Divider principle, we get (Figure 1-29.b)

R,
___ e __ 10 4515 _go625A
Rep +Rep 10414

Réqz 14

| = 0.15.= ~0.0857A
Rus + Ry, 10+14

D- The Potentials U, et U3 using the voltage divider
Using Voltage Divider principle, we get (Figure 1-29)

R5

U, =—2 U
> R.+R, =

Using Voltage Divider principle, we get (Figure 1-29.c)

R,
U, _ T p_ 983 o ggay
Rys + Ry 5.83+14
5
U, =———0.88=-0.44V
5+5
5
U, =——0.88=0.44V
5+5

Exercise 01.4 : Thevenin’s Theorem and Norton’s theorem

A- Norton’s theorem

1

:| Rar=19,83Q

' Figure 1-29.c

Step 1 and 2 produce the network of Figure 1-30.a. Note that de load resistor R, has been

removed and the two “’holding’’ terminals have been defined as A and B

Using Voltage Divider principle, we get (Figure 1-30.a)
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A
_ RN I |
R, +R_ " g@ I=" J Ry=? | |R.=10Q

1

) B
Figure 1-30.a

Step 3: remplacing the voltage source E withe a short-circuit equivalent and the resistance

determined between terminals A and B

— 1 oA
R]_:lQ & R2:4Q
Ry=(R, +R, /IR, T o R&=5Q Rn
RN:(R1+R2)><R3 :(1+4)x5:§:2'59 '
(R +R,)+R, (1+4)+5 10 Figure 1-30.b

Step 4: To find we short-circuit terminals a and b, as shown in figure 1.30.c. We ignore the

resistor Rz because it has been short-circuited.

] 2
R=1Q R=4Q In
E=10

2A S R=5Q
T

Figure 1-30.c B
Applying mesh analysis, we obtain
Sy 2 W A
Ri=1Q R,=4Q Ing ‘ Ri=1Q R=4Q Iz
Q
E=10V —= ° Rs=5Q + ‘ 2 A g@ R3=5Q
B B
Figure 1-30.c1 Figure 1-0.c2
Figure 1-30.c1 | Figure 1-30.c2
Applying KVL to the mesh, we get Using Current Divider principle, we get
E 10 i
E:(R1+R2)IN1:>IN1: = = by, = i A= - 2.=0.4A
R +R, 1+4 ! R, +R, 1+4
Iy =ly+1y,.=2+04=24A
Step 5: Is shown in figure 1-30.d A
|
=24 | [Rv=25 | (R =10Q
Ry 25 g@
| = I, = 2.4=0.48A
Ry +R, 25+10

Figure 1-30.d
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B-Thevenin’s theorem
Step 1 and 2 produce the network of figure 30.e Note that de load resistor Rch has been

removed and the two “’holding’’ terminals have been defined as A and B

R=7? |
Applying KVL to the mesh, we get —En=? b R =100
- : L=
E
ETH :(RTH +RL)I >l=—
Ry +R, Figure 1-30.e

Step 3: remplacing the voltage source E withe a short-circuit equivalent and the resistance
determined between terminals A and B

R:y=(R, +R,)//R, =R, =2.5Q

Step 4: To find we short-circuit terminals a and b, as shown in figure 1.30.f. We ignore the

resistor R3 because it has been short-circuited.

— 1 L1
Rlzlg R2:4Q
E=10

2 A g@ Ry=5Q
T

0>

Ern

=

W O

Figure 1-30.f

Applying mesh analysis, we obtain

>

I
R1: 1Q R2=4Q

Etma + 2A g@ R=5Q

Eti

WO —m» O

Figure 1-30.f1 Figure 1-30.f2

Figure 1-30.f1 Figure 1-30.12

Using Voltge Divider principle, we get
R, E_ 5 1
R, +R, + R, 1+4+5

Applying KVL to the mesh, we get

Ervz = Rsl

ETHl =

Using Current Divider principle, we get

| = Ry
R, +R, + R,

1
1+4+5

E., =Ryl =5x0.2=1V

I 2.=0.2A
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Ewy =Eq +Eqyp. =5+1=6V

Step 5: Is shown in figure 1-30.g
Applying KVL to the mesh, we get

En, 6
Ry +R. 10+25

Ery :(RTH +RL)I =>1=

Exercise 01.5: Star/delta transformations

1. First Methode

Star/Delta Transformation Y[ R1,R2etR3]-A

R. — RR; +R;R, +RR,

|
L A
RTH: 2.5Q
- ETH:6V RL:].OQ
- B
Figure 1-30.g

D R3
:9*9+9*9+9*9:27Q Figure 1-31.a
9
R, =Rz =R: =27Q —>
: Rec
Figure 1.31.b: ——E Rap
Re and Rcare in parallel Rer
R:R 27*6 - -
o = - ETC —R,, =Ry = — 490 Figure 1-31.b
c +Re 27+6
Figure 1.31.c -
Rec and Rgrare in serice —E Rao Reqt
Ry = Rec + Rge =4.9+4.9=9.8Q
Figure 1-31.c
Figure 1.31.d
The equivalent resistance between the following point A and B
o
RTOT _ RAD Réq _ 4,9*9,8 =3,2Q ____E RTOT
Rp +Ry  49+98
| = E = E =3.75A Figure 1-31.d
TOT
33
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2-Second Methode
Delta/Star* Transformation A[R, ,R;etR_.]-Y

_ R,R,  6%6
“ R,+R;+R. 18
R, =R, =R, =2Q

=20

Ry and Ry are in parallel

_ RR,9%2
“ R +R, 942

=R, =Ry; =16Q

Figure 1-31.f
The equivalent resistance between the following point A and B
Rior =Ry, + Ry, =1.6+1.6 =320 g
—_ E Rror
| = E = 12 =3.75A
TOT
Figure 1-31.9

Exercise 01.6 : Millman Theorem’s
The common voltage across terminals M and N and the load current in the circuit of
Figure 1-32
The minus sign is used for E; /R, because that supply has the opposite polarity of the other
two. The chosen reference direction is therefore that of E; and Es. The total conductance is

unaffected by the direction, And

El EZ E3 0
7_7_’_7 J—
VL — Fil Fiz F;g F;-L _ 2-4+4+0 _1563 V
R 0,20+0,25+0,25+0,33
Rl RZ R3 RL
1, = 198 _g521a
L 3

Exercise 01.7 : Maximum Power Transfer Theorem

Determine the value of R, that will draw the maximum power from the rest of the circuit in
figure 1-33.
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We need to find the Thevenin resistance and the Thevenin voltage across the terminals a-b.

To get we use the circuit in figure 1-33.a and obtain

A
Rru="? I
_——_ETH:? RL: ?
Figure 1-33.a 8
A- Calculate Rry

. O

A
R = (R, +R,)/IR, R,=20Q

(@)
_ 60x120 _ 7200 _ o R1=4OQH Ry=120Q R
60x120 180
oB
Ry =R, =40Q Figure 1-33.b

Calculate the maximum power
To find we short-circuit terminals a and b, as shown in figure 1-33.c. We ignore the resistor

R; because it has been short-circuited.

R2=120Q

TH

e

E=120V

T

Figure 1-33.b

N
1
Y
. L
S
o) [ i
wy ——— 0>

Using Superposition principle, we get
A=0A et E=120V

I—I
R,=20Q
R3=120Q
R1—4OQ
o

A=3A et E=0V

O

=

+
O
]

3 A
E=120V

g —m8M8M8M8™

Figure 1-33.b2

Figure 1-33.b1
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Figure 1-33.b1 Figure 1-33.b2

Applying KVL to the mesh, we get
Erny = Rslg

Applying KVL to the mesh, we get
Erz =E-Ryl

Using Current Divider principle, we get: E=(R+R,+R))I

R 3= 120 =0,66A

- E 120
° R+R,+R, 180

== === =0,66A
R +R,+R, 180

Eruy = Ryl, =120x0,66 = 79,2V

|
i
i
i
i
i
|
|
i
i
i
i
i
: E;,, =120-120x0,66 = 40,8V
i

Ery = Eqyy + Eqpy =79,2+408V =120V

1

LI A
RTH: 40Q
—_ Ey=120V R.=40
o _(Ew) 1200
YCAR,,  4x40 5
Figure 1-33.c
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2 TWO-PORT NETWORKS

Learning Objectives

By studying this chapter and completing the related exercises, you will be able to:

Understand the concept of a two-port network and an (N)-port network.

Identify and define the different parameters used in two-port network analysis.
Understand the relationships and interrelations between two-port network parameters.
Determine the conditions of reciprocity and symmetry in two-port networks.

Analyze the interconnection of two-port networks.

Study the characteristics of terminated two-port networks.

Understand the concept and purpose of electrical filters.

Identify the different types of filters and their applications.

© 0o N o g bk~ 0w DdPF

Understand the concepts of bandwidth and cut-off frequency.
10. Interpret and analyze Bode plots.

11. Analyze the operation and characteristics of low-pass and high-pass filters.
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2.1 What is two-port network ?
A two-port network is an electrical network with two separate ports for input and output
(figure 2-1). The most general description of a linear two-port is expressed in the s-domain

with variables V|, Vo, |, and lo.

— > | Linear —> | Linear [4
Vi T network Vi T Network TVO
(). (b)

Figure 2-1 : a) One-port network, (b) two-port

2.1.1 Whatis N port network ?
A network having N numbers of ports; is called N port network (Figure 2-2).

Port 2 Port 3

Linear
network

Figure 2-2 : N port network

2.2 The two ports parametres
There are various parameters needed to analyze a Two-Port network. For examples :

- Z parametres
- Y parametres
- H parametres
- G parametres
- ABCD parametres

- abcd parametres

2.2.1 Z parametres
Z Parameters Known as impedance parameters, Z parameters represent voltages as
functions of  currents in Two-Port network analysis and the units is ohm (). The voltages are

represented as:
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Vl = lell +212|2
V2 2221|1+222|2 (2.1)

\4 _ 2y Ly |k 29
v, - Zy Ly, (22

The values of the parameters can be evaluated by setting 1;=0 (input port open-circuited) or

In matrix form as:

1,=0 (output port open-circuited) Table 2-1.

I lo =0 I, =0 lo
—_—— z —— — z ——
11 12
V| T T VO V| T TVO
Zy Zy
(a). (b)

Figure 2-3 : Determination of the z parameters: (a)finding Z;; and Z,,,

Table 2-1 : The values of the Z parameters

Z, = \%) open — circuit input impedance [Q]
1/1,=0
Z,= ﬁ open — circuit transfer impedance port 1 to from port 2. [Q]
VZ 1,=0
Z, = \ﬁ open — circuit transfer impedance from port 2 to port 1. [Q]
1, 1,=0
Y _— .
Z,, = |—2 open — circuit output impedance. [Q]
2 /=

2.2.1.1 Equivalent Circuit of Z-Parameters:
Figure 2-4 shows the impedance model of a two-port network.

I2

I,
Zy % ; Zy,
V, Z,l, Zyl, Vv,

Figure 2-4 : Equivalent Circuit of Z-Parameters

Dr Salem CHABACHI University of Adrar 40



Fundamental Electronics 01 Chapter 02 : TWO-PORT NETWORKS

2.2.2 Y Parameters
Y Parameters: Known as admittance parameters , In a Two-Port network, the input currents

I and lo can be expressed in terms of input and output voltages V, and Vo respectively as [I]
=[YIIV]

I, =Y.V, +Y.,V,

I, =Y, Vi + Y5V, (2.3)

Iy _ Yo Yo [V 24
|2_Y21 Yo IV, (24)

The values of the parameters can be determined by setting (input port short-circuited) or (output

In matrix form as:

port short-circuited) Table 2-2.
Il |

2 I iO I,
Yu hl g Y1,
Vl V2 =0 V1 =0 Vz
Yau Y2
(a). (b)

Figure 2-5 : : Determination of the Y parameters: (a)finding Y, and Y,

Table 2-2 : The value of Y parametres

I L .
Y, = \71J Short-circuit input admittance [Q—ll
1/v,=0
le = I_lj Short-circuit transfer admittance from port 2 to port 1. [Q_ll
V
2 /v;=0
Y21 = I_ZJ Short-circuit transfer admittance from port 1 to port 2. [Qfll
V.
1/v,=0
| - .
Y, = V_ZJ Short-circuit Ouput admittance [Qfll
2 /v;=0

2.2.2.1 Equivalent Circuit of Y-Parameters
Figure 2-6 shows the admittance model of a two-port network.

|
|1A 2

> | <
VlT Y élevz ® YoV Y,, TVZ

Figure 2-6 : Equivalent Circuit of Y-Parameters
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2.2.3 H Parameters
The Z and Y-parameters of a two-port network do not always exist. A Two-Port network

can be represented using the h-parameters. The two-port equations in terms of the hybrid
parameters are

Vi=Hyul +H,V,

I, =H, I, +H,V, (2.5

A _ Hy Hy | 1y 26
|2_H21 Ho LV, (20)

The values of the parameters can be determined by setting 1,=0 (input port open-circuited) or
V,=0 (output port short-circuited) Table 2-3

In matrix form as:

Iy

|2 |1 =0 IZ
| Hiy « 2 Hi, 4
V, =0 T V, V,
H,, Hx,
V, (a). (b)

Figure 2-7 : Determination of the H parameters: (a)finding Hy; and H,,

Table 2-3 : The value of H Parameters

V, L .
Hy, = m Short-circuit input impedance [Q]
I Vos=0
\Y - . . .
Hy, = _ Open-circuit reverse voltage gain dimensionless
VO 1,=0
| - : . .
H, = o Short-circuit forward current gain dimensionless
Il Vo=0
I - .
H,, = V—O Open-circuit output admittance [Q—l]
0 /1,=0

2.2.3.1 Equivalent Circuit of H —Parameters
Figure 2-8 shows the hyblrid model of a two-port network.
I
| :I < 0]

V
H,Vod* Hyli| [Hy, ©

Figure 2-8 : Equivalent Circuit of H -Parameters
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2.2.4 G Parameters
A set of parameters closely related to the /4 parameters are the g parameters or inverse

hybrid parameters. These are used to describe the terminal currents and voltages as

|1 = G11V1 +Glzlz
V, =G,V, +G,I, (2.7)

I, _ Gy G, | Vi
vller ]t &

The values of the parameters can be determined by setting V1=0 (input port short-circuited) or

In matrix form as:

I, =0 (output port open-circuited) Table 2-4.

l 1,=0 Iy I,
Gy i Gy,
Vl V2 Vl =0 v
Gy Gy, 2
(a). (b)

Figure 2-9 : Determination of the G parameters: (a)finding Gy; and G,
(b) finding Gy,and Go,.

Table 2-4 : The value of G Parameters

I
G, = \le Open-circuit input idmittance [Q—l]
1/1,=0
I
G, = —1j Short-circuit reverse current gain dimensionless
I, V,=0
Vv
G, = V—ZJ Open-circuit forward voltage gain dimensionless
1/1,=0
\Y
G,, = I—Z) Short-circuit output impedance [Q]
2 /v,=0

2.2.4.1 Equivalent Circuit of G -Parameters
Figure 2-10 shows the g-parameter model of a two-port network.

G |—|:|—<|—2

Gy
+ V
Vi G, GV, <_ Guly 2

Figure 2-10 : Equivalent Circuit of G -Parameters
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2.25 T (ABCD) Parameters
ABCD parameters are used to model transmission lines in a two-port network, linking input

and output voltages and currents.
V, =AV, -BI,
I, =CV, - DI, (2.9)

NE M o0

The values of the parameters can be determined by setting V, (ouput port short-circuited) or I,

In matrix form as:

(output port open-circuited) Table 2-5.

s 1,=0 I l,
— A > — B >
Vs, T T \ T Vi V2=0
C D
(a). (b)

Figure 2-11 : Determination of the T parameters: (a)finding A and C,
(b) finding B and D.

Table 2-5 : The value of ABCD Parameters

V. - . . .
A= (_1] open — circuit Voltage ratio dimensionless
V2 1,=0
V . - .
B = (_ -1 Negative Short-circuit transfer impedance [Q]
I 2 /v,=0
I, - .
C, = [V_ open — circuit transfer admittance [Q—l]
2 /1,=0
| . - . . .
D= (_ L Negative short-circuit current ratio dimensionless
I 2
V,=0

Note:
Equations (2.9) and (2.10) link the input variables (I; and V;) to the output variables (V, and

-1), Notice that in computing the transmission parameters, -1, is used rather than I, because
the current is considered to be leaving the network, as shown in Fig 2-10 In this context, I» is
defined as the current leaving the network, as illustrated in figure. 2-1, This is done merely for

conventional reasons; when you cascade two-ports (output to input), it is most logical to think
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of 1, as leaving the two-port. It is also cus tomary in the power industry to consider I, as

leaving the two-port.
Our last set of parameters may be defined by expressing the variables at the output port in

terms of the variables at the input port. We obtain
V, =aV, -bl,
I, =cV, —dl, (2.11)

D/Z } ) E ﬂ—v ij (2.12)

The values of the parameters can be determined by setting V1 (ouput port short-circuited) or o

In matrix form as:

(output port open-circuited) Table 2-6.

Table 2-6 : The value of abcd Parameters (inverse transmission)

Vv I . . .
a= _2] open — circuit Voltage ratio dimensionless
vy 1,=0
Vv . A .
bh=|- _Zj Negative Short-circuit transfer impedance [Q]
Il V;=0
I - .
c= _ZJ open — circuit transfer admittance [Qfl]
V, I
| . - . . .
d= L_ -2z Negative short-circuit current ratio dimensionless
Il
V,=0

2.4 Relationships Between Parameters
As a first example, let us determine the Z parameters from the H parameters.

From Eq. (2.1),

Vi=2Z,1,+Z,l, (2.13a)
V,=2Z,1,+Z,l, (2.13b)
Also, from Eq. (2.5),
V, =H,l,+H,V, (2.14.8)
I,=H, 1, +H,V, (2.14.8)

Dr Salem CHABACHI University of Adrar 45



Fundamental Electronics 01

Chapter 02 : TWO-PORT NETWORKS

From Eq. (2.13.3),

\Y,
Z,= (—ZJ (2.15.a8)
I, 1,=0
From Eq. (2.14.b),
0=H,I, +H,V, (2.16.a)
H, I, =—H,V, (2.16.b)
v, = Hals (2.17)
H22
H21
Vi= H11_H_H12 I (2.18)
22
\L:(H”HZZ_HHHHJ: AH (2.19)
Il HZZ HZZ
Z, = ﬂ (2.20)
H22
From Eq. (2.13.3),
Z,= (ﬁJ (2.22)
|2 1,=0
From Eq. (2.14.b),
V,=H,V, (2.22)
I,=H,V, (2.23)
Z,= i (2.24.)
H22
From Eq. (2.13.3),
\Y,
Z, - H (229)
1, 1,=0
From Eq. (2.14.b),
O0=H,l,+H,V, (2.26)
H,l,=—H),V, (2.27)
Z, = —M (2.28)
H22
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From Eqg. (2.13.b),

Z,, = T (2.29)
2
- /J1,=0
From Eq. (2.14.b),
I, =HyV, (2.30)
1
ZZZ——|_| (2.3))
22
2.3 Interrelation of parameters
Similarly all parameters can be related as shown in Table 2-7
Table 2-7 : Two-port parameter conversion table
Disered ABCD z Y H
parameters
B Zy AZ] [Yp 1] [_AH _H,
ABCD {C D} ZZl ZZl Y21 Y21 H21 H21
1 Zy AY Yy _H, 1
ZZl ZZl 21 Y21 H 21 H 21
A AT AH - Hy,
Z C C Zy Ly Yo Yo H, H,,
1 D Z, Z, AY AY H, 1
~ -~ Y Y.
C C __a 1 H, H,
AY AY
D AT | Zp _Zy 1 _He
v B B AZ  AZ Yu Yo H, H,
_1 é _ﬁ ﬁ Y21 Y22 Hgl ﬂ
B B AVARNY.VA H,, H,
B _AT AL 2y 1 Y
H D D Z, Z, Y Yiu {H“ H12:|
R T T Py v Ha Hy
D D Z22 Z22 Yll Y1l

AZ = Z11222 - Z12221
AT =AB-CD

2.4 Condition for reciprocity

AY = Y11Y22 _Y12Y21

If the ratio of voltage at one port to the current at other port is same to the ratio if the

positions of voltage and current are interchanged, then the network is said to be Condition for
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Reciprocal Two-Port Network. The transfer impedances can be measured as shown in figure -
2.12 (a) and (b).

Il |2 ||

P
Linear - g Linear
Vo VlT network VzT \ A% 1’1,,V|T network VZT Vo

(a). (b)
Figure 2-12 : Condition for reciprocity

(4.4

(\iJ (2.33)
l, V,=0
In terms of Z Parameters
From Eq. (2.1),
Vi=Z,1,+Z,l, (2.34.8)
V,=2Z,1,+Z,l, (2.34b)
V,=Vy; l,=-1, and V,=0 (2.35)
From Eq. (2.34.3),
0=2,1,-7Z,l, (2.36)
. Z,,
0=2,1,-Z,l, =1, =—=%1, (2.37)
ZZl
Vo = {zﬂﬁ— zujl; = (Z“Zﬂ ~Zulu ]I'Z ~ L0, (239
ZZl ZZl Z21
Vo_ 2 (2.39)
|2 Z21
V, =Vg; I, =—1, and V, =0 (24)
(\i (2.40)
1, V,=0
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From Eq. (2.34.b),

Vg =—Z, 1, +Z,,1, (2.42)
Z

0= Zn|1+212|2:>|2 | (2.43)

Z . 2.7
Vo:(_zzl_zzzz_lljll [ n-z J 1 (2-44)

12
Z

_0:_ 2.45
Lz, (2.45)

(4,45

i = Zi =>2Z,=24y (2.47)

ZZl 12

Conditions for Reciprocity and symmetry for Two-Port Networks in terms of the various parameters

Table 2-8 : Reciprocal And symmetry of Two-Port Circuits

Parametres Conditions for Reciprocity Conditions for symmetry
Z Z1y5=Zn Zy=2yp
Y Yo=Y Y=Yz
H Hip=-Hz AH =1
ABCD AD-BC=1 A=D

2.5 Interconnection of Two-Port Networks
Two-port circuits may be interconnected in five ways :
v’ Series-series connection
v’ Parallel-parallel connection
v' Series-parallel connection
v’ Parallel-series connection
v

Cascade connection
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2.5.1 Series-Series connection
When two-ports are connected in a series-series configuration as shown in Figure 2-13.

the best choice of two-port parameter is the Z-parameters. The y-parameters of the combined

network are found by matrix addition of the two individual Z-parameter matrices.

1 I |21 I,

Vi T N 1 Tv21
Vl V2
iz )
V12T N2 Tvzz

Figure 2-13 : Series-Series connection

Form network 1

V21 = (221 )1 |11 + (Zzz )1 |21 (2-48)
And for network 2

sz = (221)2 I12 + (Zzz )1 I 22 (2-49)
We notice from figure 2-13 that
L=1,=1, (2.50)
I, =15 =15 (2.5))
and that
V) =V, +V, = [(le )1 + (Zn )2 ]|11 + [(le )1 + (212 )2]' 21
V, =Vy +V,, = [(221)1 + (221 )2]'11 + [(Zzz )1 + (Zzz )z]l 21 (2.52)

Thus, the zparameters for the overall network are

Zy Zy _ (le )1 + (le )2 (le )1 + (le )2
(221 222] _((221)1 +(221)2 (222 )1 +(222 )?_J (2.53)
[Z]:[Z]1+[Z]2 (2.54)
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2.5.2 Parallel-parallel connection

When two-ports are connected in a parallel-parallel configuration as shown in Figure 2-14,

the best choice of two-port parameter is the y-parameters. The y-parameters of the combined

network are found by matrix addition of the two individual y-parameter matrices.

Figure 2-14 : Parallel-parallel connection

Form network 1

I, = (Yll )1V11 + (Y12 )1\/21
l, = (Y21 )1V11 + (Y22 )1V21

Form network 2

l,, = (Yll )2V12 + (le )2V22
l,, = (YZl )2V12 + (Yzz )1\/22
We notice from Figure 2-14 that

V1 :Vll :V12 ; V2 :VZl :sz
|1 = |11+ |12; Iz = |21+ I22
and that

I, = [(Yll )1 + (Yll)z }‘/1 + [(le )1 + (Y12 )2 }‘/2
I, = [(Y21 )1 + (Y21 )2 }‘/1 + [(Yzz )1 + (Yzz )z }‘/2

Thus, the Y parameters for the overall network are

(Yll )1 + (Yll )2 (Y12 )1 + (Y12 )2

v st v o

or

[Y]=[rk+vk

(2.55)

(2.56)

(2.57)
(2.58)

(2.59)

(2.60)

(2.61)
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2.5.3 Series-Parallel connection
When two-ports are connected in a series-parallel configuration as shown in Figure 2-15,

the best choice of two-port parameter is the h-parameters. The h-parameters of the combined

network are found by matrix addition of the two individual h-parameter matrices

Lo Iy "
vil] N1
Vi
e
Viz T N2

Form network 1

(P (HZl)l l; + (sz )1\/21 (2.62)

Form network 2

|22 = (H21)2 |12 + (sz )1V22 (2-63)

We notice from Figure 2-15 that
V1 :Vll +V12 ; V2 :V21 :V22 (2-64)
|1:|11:|12; |2:|21+|22 (2-65)

and that

V= [(Hll)l +(H11)2]|1 + [(H12)1 + (le)z}‘/z
|2 = [(H21)1 + (HZI)Z]Il + [(HZZ )1 + (HZZ )2 }\/2 (266)
Thus, the H parameters for the overall network are

Hy Hp _ (H11)1+(H11)2 (H12)1+(H12)2
[Hﬂ szj_((H21)l+(H21)2 (H22)1+(H22)2j (2'67)
[H]: [H ]1 + [H ]2 (2.68)
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2.5.4 Parallel-Series connection
When two-ports are connected in a parallel-series configuration as shown in Figure 2-16,

the best choice of two-port parameter is the g-parameters. The g-parameters of the combined

network are found by matrix addition of the two individual g-parameter matrices

21 I,
N1 TVzl
V,
N 2 T Vs,

Figure 2-16 : Parallel-Series connection

Form network 1

|11 = (Gll )1V11 + (GIZ )1 I 21
V21 = (G21 )1\/11 + (Gzz )1 I 21 (2.69)

Form network 2
(Gll )2V12 + (GlZ )2 I 22

l, =
V,, =(G,,),Vi, +(Gy, ), 1 (2.70)
We notice from Figure 2-16 that
V,=V,=V,; V, =V, +V,, (2.77)
L=1,+1,; I,=1,,=1, (2.72)

and that

l, = [(Gll)l + (Gll )2 }‘/1 + [(Glz )1 + (Glz )2 ]I 2

V2 = [(621 )1 + (G21 )2 }\/l + [(GZZ )1 + (G22 )2 ]I 2 (273)
Thus, the G parameters for the overall network are
(Gll Gle — [(Gll )1 + (Gll )2 (612 )l + (612 )2 j (274)
G21 G22 (G2l )1 + (621)2 (G22 )1 + (GZZ )2

or

[c]=[c]. +[GL (2.75)
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2.5.5 Cascade connection
When two-ports are connected with the output port of the first connected to the input port

of the second (a cascade connection) as shown in Figure 2-17, the best choice of two-port
parameter is the ABCD-parameters. The a-parameters of the combined network are found by

matrix multiplication of the two individual a-parameter matrices

|
I |11 |21 I12
»>e —> < >

VlT Vi T N1 f Va1 Vip T N 2 TVZZT Vo

Figure 2-17 : Cascade connection

The transmission parameters can be obtained by simple matrix multiplication:
For the two networks,

Form network 1

wlle ol
= (2.76)
Va C DA-Iy

V22 — A' BI V12 (2 77)
|22 CI DI - |12
From Figure 2-17,

I D R S 1 S et e

Substituting these into Egs. (2.71) and (2.72),

{VZ}Z{A B}{AZ B'I_Vl_ (279
l,] | D] |[c DJ-1

Form network 2

[VZ}:{AA'#BC'I ABI'+BD" A (2,80
I,|] |[CA+DC CB +DD | -1,
or [Tl=[T]x[TL (2.81)

For n=1 to N Q’s connected in cascade:

(Vlj = ]‘[n_lTn[_V2 J (2.82)
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2.5.6 Summary of the interconnection of Two Port Network
Similarly all interconnection of Two Port Network as shown in Table 2-9

Table 2-9 : Summary of the interconnection of Two Port Networks

Parametres
N1
Il [2]-[z]. +[z],
S-S connection
1 N1
i 1 [Y]=[YL+[Y],
] M N2 5
P-P connection
N1
[ I [H]=[H] +[H],
S-P connection | N :
i N1
P-S connection H N2 :[ [G] = [G]1 + [G]z
] N1 1 N2 T
Cascade connection T i il Tl=[TL <[],
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2.6 Characteristics of Terminated Two-Ports
Four characteristics of a terminated two-port circuit define its terminal behavior:

v The Input Impedance
v The current gain

v" The voltage gain

v" The output Impedance

2.6.1 Characteristics in terms of z Parameters
We derive the 4 characteristics in terms of z parameters.

Ls

iy i

Tvl N @ z

Figure 2-18 : Loaded two- port

Recall the circuit relation for the Z parameters:

Vl = lell + lelz
V2 = Zle2 + Zzzl2 (2.83)

Connection with the source and termination with the load imposes the following equations:
V,=-Z1, (2.84)
V, =V, +Z.1, (2.85)

The characteristics are obtained by using the equations relevant for the computation

2.6.2 The Input Impedance
In order to obtain the input impedance, we first obtain port-2 current in terms of port-1

current:

Z, =\|Li (2.86)

V,=Z,1,+Z,l, (2.87.a)
V,=Z,l,+Z,1,=-Z1, (2.87.b)

Zl +Z,l,=-Z 1, =>—Z, +Z, ), =Z,], (2.88)
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ZZl

l,=——"2—1 2..89
=77z (2..89)
We then use this in the equation for port-1 voltage
V, = (zn +ﬂ}1 (2.90)
Z, +7Z,
In this fashion, we obtain the input impedance as:
z, =1 - (zn  Lla J (2.91)
I1 ZL + Z22
2.6.3 The Current Gain
G, =|—2 (2.92)
Il
The current gain is easily found from
Zyli+Zyl,=-21, :_(ZZZ—'_ZL)IZ =2yl (293
G, :I_ZZ_L (2.94)
Il Z22 + ZL
2.6.4 The Voltage Gain
V.
G, =-% 2.95
V) (2.95)
To find the voltage gain, we recall that:
Z12221
V,=2ZI,=|Z,+—=|l,and V,=-Z 1, (2.96)
Z +2Z,
Using the current gain derived above, we find:
GV =\£=_ZL|2 — _ZL Z21 (297)
Vi Z 1 le_ﬁzzz"'ZL
Z +7Z,
Z7Z
T (2.2.42.2,-7.7 (298
+ —
( 11=L 11722 12 21}222 + ZL
Z, +2Z,
2 Z, 2 Z,

G, = = (2.99)
leZL + lezZZ - Z12221 lezL + AZ
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2.6.5 Thevenin Parameters seen from Port-2

Thevenin impedance is found by setting the source voltage to zero finding the ratio

Z, _Ve (2.100)
|2
Zl+Z,0,=0-2Z 1, =(Z,+Z)1, = Z,1, (2.100)
T3 T Y O J— N (2.102)
g Z,+Z,

V(Lz} @109

Z,+Z,

The Thevenin impedance is hence obtained as:
7. =Ve_| Zatn L5 (2.104)

, (Z,+Z,

2.7 What is a Filter?
A filter is a circuit designed to allow signals with desired frequencies to pass through while
rejecting or attenuating others.
2.8 Types of Electrical Filters
» Passive filters are composed of only passive components (resistors, capacitors,
inductors) and do not provide amplification
> Active filters is a filter consists of active elements (such as transistors and op-amps)
in addition to passive elements R, L, and C.

2.9 Passive Filters
2.9.1 Low-pass filter:
A low-pass filter passes low frequencies and stops high frequencies, as shown ideally in
Figure 2-19 4AG(dB)

BP

F (£12)

fc

Figure 2-19 : Low-pass filter
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2.9.2 High-pass filter
A high-pass filter passes high frequencies and rejects low frequencies, as shown ideally in

Figure 2-20
G(dB)

BP

F (Hz)
fc g
Figure 2-20 : High-pass filter

2.9.3 Band-pass filter
A band-pass filter passes frequencies within a frequency band and blocks or attenuates

frequencies outside the band, as shown ideally in Figure 2-21

G(dB)

BP

F (Hz)
fes fou -

Figure 2-21 : Band-pass filter

2.9.4 Band-stop filter
A band-stop filter passes frequencies outside a frequency band and blocks or attenuates

frequencies within the band, as shown ideally in Figure 2-22.

AG(dB)

BP BP

»F (Hz)

fe1 2

Figure 2-22 : Band-stop filter

2.10 Bode plot
A Bode plot is a graphical representation of a linear, time-invariant system's frequency

response. It consists of two separate plots:

v Magnitude Plot: Shows how the amplitude of the system's output varies with frequency

v Phase Plot: Shows how the phase shift of the system's output varies with frequency.
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Magnitude Plot . 5| | logarithmic scale Gain dB
— |H(Jw)|:W 20logHja|
Transfert
function
. V,
H(io)= V_O Phase
|
V
Phase Plot > go(a)) = arg|H (a’) = arg{v_o}
|
=argV, —argV,

Figure 2-23 : Determination of gain and phase shift

2.11 Transfer Function
The transfer function of a circuit is the ratio of a phasor output Y( w) (an element voltage
or current) to a phasor input X( w) (source voltage or current) that changes with frequency

H(jw)=% (2.105)

Linear
X (a)) —>  network ——>Y (a))

II/ \
@)

Figure 2-24 : A block diagram representation of a linear network

2.12 The Decible (dg) :
The decibel (dB) is a logarithmic unit used to measure sound level. dB (decibel) is a logarithmic

unit used to express the ratio between two values, typically power, intensity, or voltage

Gain
Powerr Gain Voltage Gain Current Gain
P V, |
GdelOIogloFO GdB:ZOIong—O GdB:20Ioglol—o
1 I I

Figure 2-25 : Power gain Voltage gain and current gain
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2.13 Importance of logarithmic scales:
Since the range of frequencies applied to electrical circuits is very wide, logarithmic scales

are used when plotting transfer functions.

Figure 2-26 : logarithmic scales and Linear scale

2.14 Behavior of R L and C impedances as a function of frequency
Table 2-10 shows the Behavior of R L and C impedances as a function of frequency

Table 2-10 : Qualitative analysis of filters

Resistor Capacitor Condctor
Impdance Z. =R 7 1 Z =jLo
¢ jCw
Impedance module Z:|=R Z.|= 1 Z =Lo
ol==
Co
High frequency R lim|ze| = 1 0 g|J|_r)g|ZL| = +o0
W—>0 c Cxoo
R - 1 i p— p—
Low frequency I|m|ZC| _ = oo LJLT;|Z,_| Lx0=0
-0 Cx0
Equivanlent model
(HF) —A{— 1+ | —e e
Equivanlent model
(HF) ——F— | — e — v
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2.15 Cut-off frequency of a filter
Cut-off frequencies are the frequency limits of a filter’s passband, they are defined by the
following condition on the magnitudes:
H
H(f,)=—Max 2.106
(f)="7 (2.106)

2010gG(f,)= ZOlog% —2010gG,,,, —20l0gv2 =G, ~3dB  (2.107)

2.16 Low-pass RC filters

A typical lowpass filter is formed when the output of an RC circuit is taken off the
capacitor as shown in Figure 2-27

Figure 2-27:Low-pass RC filters circuit

e Asymptotic behavior

Table 2-11 shows the asympototic behavior of Low-pass RC filter

Table 2-11: Asymptotic behavior

System diagrram Study of the output conlusion
Signal value

Behavior at low
frequencies

The system passes

Ve # 0V low frequecies

Behavior at high
frequencies

Ve =0V The system cuts high
frequencies

Dr Salem CHABACHI University of Adrar 62



Fundamental Electronics 01 Chapter 02 : TWO-PORT NETWORKS

e The transfer function
By applying the voltage divider Rule, we can determine The transfer function
VO

H(jo)= v (2.108)
|
Vo = Ze V, (2.109)
Z.+Z,
Z. v, 1 1
. Vo Z.+Z jCw jCw
H w)= _0 _ C R = = — 2110
lio)=5 V, o, 1 Reor1 MO
jCw jCw
H(ja)):; (2.112)
1+ jRCw
e Cut-off pulse of afilter
The cut-off pulse can be calculated as follows
H(o, )= H\/ME (2.112)
Hy =H@—>0)=1m——* -1 (2113
J+RC? 2
1+(RCa. ) =2 (2.114)
RCaw. =1 (2.115)
1
a- Magnitude Plot
From Eq. (2.111),
H(jo)=——— 2.117
Go)= 1 rea (2117)
The magnitude of the transfer function (Gain) is:

. 1 1 1

H(jo)=|— |= = - (2119
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2
G(jw). =20logH (jo)=20log —— [=_10log 1+| -2 | | (2119
| ( )dB | ( X 2
14| 2 “
@c

e Phase Plot
The argument of the transfer function (Phase) is:

p(w)=arg[H(w)]=arg =arg[l]- arg[l+ j 2} (2.120)
1+ jﬁ @o
Wy
o(w)=arctg[0]- arctg{ﬂ} =— arctg{ﬂ} (2.121)
@, @,

Table 2-12 : Magnitude and pase reponse vs freuency for first-order loww-pass filter

[0
© 0 a,_c o. | 10w 0
H(jo) 1 - 1 1 0
V2 | V10
G(jw),, =20logH (jo) 0 - | -3dB | -20dB | -0
¢ 0 - T - r
4 2

Figure 2-28 shown the Bode plots for magnitude plot and phase plor

(p(rad)

Approximate

|G(ja)]dB Approximate /
A o,

@, 10w,

0 | > 0 »
—3dB .z a - Bact
4
/‘ 20dB/décade 7 ¥

A

2
—20dB

/
Exact
b)

a)
Figure 2-28 : Bode plots : (a) magnitude plot, (b) phase plot
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These curves characterize a low-pass filter (the system attenuates high frequencies). The

frequency band [0, w¢] is called the passband of the filter.

Note :
e decade
e Onedecade is aunit for measuring ratios on a logarithmic scale, with one decade
corresponding to a ratio of 10 between two numbers.
e octave
One octave is alogarithmic unit for ratios between frequencies, with one octave

corresponding to a doubling of frequency

2.17 High-pass Filters

A highpass filter is formed when the output of an RC circuit is taken off the resistor as
shown in Figure 2-29

Figure 2-29 : High-pass filter

Table 2-10 shows the asympototic behavior of high-pass RC filter

Table 2-13: Asymptotic behavior

System diagrram Study of the output conlussion
Signal value
The system cuts low

. — frequecies
Behavior at low
frequencies v, R A V, =0V

The system passes
high frequecies
Behavior at high Vi #0V gnired
f - V| R VR
requencies
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a- The transfer function

By applying the voltage divider Rule, we can determine

The transfer function

H(ja)):\@ (2.122)
VI
ZR

V, = V, (2.123

Z.+7Z,
Z, |
H(jo)=Yo-“%c*%e ___ R (2.124)
V, V, R4 1
jCw

= (2.125)
Ficola) [
JCow \ R JRCw
1

RCw
Cut-off pulse of a filter

The cut-off pulse

= 212
e (2.127)
Magnitude Plot

From Eq. (2.126), The magnitude of the transfer function (Gain) is:

|H(Jw)|=‘ 1j L SHE (2.128)
_ 1
"t \/“(Rij J“(ac)oj

G(jo),, =20logH (je) =20log

.t =—10Iog[1+[&jj (2.129)
1+[%T ?

@
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b- Phase Plot

The argument of the transfer function (Phase) is:

o(w)=arg[H (w)]=arg — |= arg[i]— arg{l— j a)ﬂ} (2.130)
1-j » 0
o(w)= arctg[0]+ arctg{ﬂ} = arctg{ﬁ} (2.131)
@, @,

Table 2-14 : Magnitude and pase reponse vs freuency for first-order high-pass filter

@ 0 w O 10w, 0
o
H(jo) 0 1L 1
10| 2 -
G(jow),, =20logH(jw) | — |20dB | -3dB - 0
P Vs - Vs - 0
2 4

Figure 2-30 shown the Bode plots for magnitude plot and phase plot

“|G(ja))|da - ¢lrad) Approximate
“ E A
. o 7 Exact
0 | ¢ » @ g
V[ E—— T o
o)
200B/dec/” ™\ Exact 0 o,
_20dBl-- Approximate
b)

a)

Figure 2-30 : Bode plots : (a) magnitude plot, (b) phase plot
(haigh passfilter)

This curve characterizes a high-pass filter (the system attenuates low frequencies). The
frequency band [wc, o] is called the passband of the filter.
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2.18 Glossary

Francais English A el

Les quadripdles Quadripole sl clely
Impédances Impedance dailaall
Admittances Admittance daalidll
Hybrides Hybrid Ll
Transmission Transmission S saill
Les filtres Filter Tl
Filtre passe bas Low-pass filter paddie el gl e
Filtre passe haut High-pass filter dlle 3y yad el e
Filtre coupe bande Band-stop filter s Al glaill i e
Filtre passe bande Band-pass filter Sl e i e
La fréquence de coupure The cut-off frequency el i) 58
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TWO-PORTE NETWORKS

Exercises

Exercise 2.1: Calculation of the impedance Matrix of a Two-Port Networks
Determine the impedance parameters of the T network

shown in Figure 2-31.

Figure 2-31 : Circuit for Exercise 02.1

Exercise 2.2 : Calculation of the Hybrid Matrix of a Two-Port Network
Determine the hybrid parameters of the T network
shown in Figure 2-31

Exercise 2.3 : Calculation of the impedance Matrix of a Two-Port Network from its transmission
Matrix
Determine the impedance matrix (Z) of Two-Port networks, for a given matrix (ABCD)

Exercise 2.4 : Parallel-Parallel Association of Two-Port Networks

We consider the two-port network in Figure 2-32, composed of a T-network (with resistor R; and
capacitor C) bridged by a resistor R

Demonstrate that this two-port network can be considered as the parallel association of two two-port

networks, and draw the corresponding diagrams.

R
]
L 1
|1 |2
R: Ry
Vl C VZ

Figure 2-32 : Circuit for Exercise 02.4
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Exercise 2.5: Determination of a Transfer Matrix by Cascade Decomposition

1- Calculate the transmission parameters of figure using the short-circuit and open-circuit

method.

2- Figure 2-33 consists of a cascade association of two two-port networks, Q; and Q- (see
dotted lines). Calculate the chain parameters for Q; and Q, . Deduce the chain
parameters of the two-port network formed by the cascade association of these two

two-port networks.

__________________

Figure 2-33 : Circuit for Exercise 02.5

Exercise 2. 6 : Low-Pass Filtre

a- Find the transfer function of the circuit in Figure 2-34 and express it in the
specified form.
b- Plot the Bode diagram of this function.

—'>—||—|:|TR
. T 0

Figure 2-34 : Circuit for Exercise 02.34
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TWO-PORT NETWORKS

Solutions

Exercise 2.1: Calculation of the impedance Matrix of a Two-Port Network
To find Z;; and Zy; , the output terminals are open circuited. Also connect a voltage

source V; to the input terminals. This gives a circuit diagram as shown in Figure 2-31.a.

2y = [\%j =? _>_|| - Pra
1/1,=0 R1=2Q R,=3Q
Vv
Applying KVL to the left-mesh, we get T ' R3=6Q T Ve
V.= (Rl + RS)Il
Figure 2-31.a

Il Il

Z,, :[\ij _RHRIL g LR 246280
1,=0

Applying KVL to the right-mesh, we get
V, =R,I,

To find Z3, and Zy, , the output terminals are open circuited. Also connect a voltage source

V/ to the input terminals. This gives a circuit diagram as shown in Figure 2-31.b.

(4] -
2/1,=0

Applying KVL to the right-mesh, we get

V1:R2|2

Figure 2-31.b
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Applying KVL to the left-mesh, we get
Vv, = (Rz + RS)Il

Z, =[\ﬁj :M:R2+R3 ~6+3=90
1,=0

|2 Il

It may be noted that,Z;,=Z,,. Thus,in matrix form we have
A B 8 6|1,
V,| |6 9|1,

Exercise 2.2: Calculation of the Hybrid Matrix of a Two-Port Network

To find Hy, and Hy; short-circuit the output terminals so that V, =0. Also connect a current

source Iy to the input port as in Figure 2-31. c

V.
Hy, :[I_l] =7? I [
1 /v,=0 —1>—| e
. . : R,=20 R,=30
Referring to Figure 2-31.c, we find that ' ’ V,=0
Vi R3=6Q
v, o[ RexRs gl
R, + R,
Figure 2-31.c
vV [22x§3+RlJll R, xR
+
H,=|-2* _\M2 Ty _ e X 3+R1=3X6+2=4Q
L)y o I, R, + R, 3+6

2
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6 I
1
V,=0

2
1, I, 6+3 9 3

To obtain Hi, and Hy,, open-circuit the input port and connect a voltage source V; to the

output port as in Figure 2-31.d

1,=0 |
Y g |
H, = (—1j =? R,=2Q R,=3Q
Vs 1,=0 le R =60 V,
Using the principle of voltage division, Figure 2-31. d
R
V, SV 0

= = V
R,+R, © 6+3°

6
.V
V)L, Vs 6+3 3

Also,

|
H,=|-% =7
N (szulo

Vz :(Rz + R3)|2

Ve ), Re+RI, (R 4Ry (6+3) 9

It may be noted that,H;,=-H,;. Thus,in matrix form we have
2
vl_| 4 3 [n
Ve — g 1 S I,
3 9

Exercise 2.3: Calculation of the impedance Matrix of a Two-Port Network from its
transmission Matrix
Us proceed to find z parameters in terms of ABCD parameters. The ABCD parameters of a

two-port network are defined by
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V, = AV, —BI,
|, =CV, - DI,

1
=V, :E(I, +Dl,)

I, D l, D
=V, :EI+E|° (A)V, :A(E'+EIOJ—BIO

(B)

V, :A'—'+(£—leo
c (c

Comparing equations A and B with

Vi :leli +212|0
Vo :Zzll| +222|o

respectively, we find that

A AD - BC 1
21126’ 212:T1 Z2126 and 222:

0O|o

Exercise 2.4: Parallel-Parallel Association of Two-Port Networks
Figure 2-32.a show the Parallel-Parallel Association of Two-Port Networks

I,a R2 Ia’z

otn SO N
A M

Vl T I’
Izl R 1
V’I —c v’

p—

Figure 2-32.a
r , I’y |
1 I’ B I S——
—— — —<— R
R, R, 2
Val | C V’Z v 2
Figure 2-32.c: Bridged

Figure 2-32.b: T-network
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Form Eg. (2.3)
{Il = Y11\/1 +Y12V2 ( A)
I2 :Y21V1 +Y22|2

1=y el ]

T nertwork
For this two-port network, which is passive and symmetric, we can write:

{Il1:Yl11V'1+YI12V'2 {YI12:Y|21
|'2=YI21V'1+YI22VI2 YI11=YI22

To find Y’1; and Y21 y short the output terminals and connect a current source I’; to the

input terminals. The resulting circuit diagram is as shown in Figure 2-32.d

1 Il' ’ R R I’
Yll:\/_llv-:o , —4 b &
V’l —C V’2=O
Applying KVL to the loop, we get
Figure 2-32.d

Vll = ZR1|I1+(ZR1 //Zc)lll
(Y 1

s . =
VY ZR1+(ZR1//ZC)

1
R, x
Zl1zg=— o _ R
e 1 1+JRCw
R, +— !
JCw
o 1 _ 1+JRCw
Vi p, R (1+JRCw)R, +R,
' 1+JRCw
, 1+ JRCw ,

" R(2+JRCw)  Z
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1
I 1

V_'

21v,'=0

Y= =?

Applying KVL to the loop, we get
VY -Z,1'+Z,1,'=0
Vi=Zpyl'1=Zply

Using the principle of current division 1,'=— Ze L'= 1 —Z°+ZR1I2'
ZC+ R1 ZC
1 ZRl 1 1
Vl:_z_(ZC+ZRl)Il_ZRlIl
C
L 1
v ! i(Zc +ZR1)+ZR1
C
L 1 _ 1
Vi R (1 +le+Rl RJCe| LHRIC@ o
1 (JCw JCw
JCw
_ 1
R, (1+R,JCw)+R,
-
¥ JRCw+2R 7
1+ JRCw 1
v R(2+JRCw) JR’Cw+2R,
1 1+ JRCw

JR’Co+2R, R/(2+JRCw)

Two-Port Bridged

For this two-port network, which is passive and symmetric Figure 2-32.c

, We can write:
{Illl:Yllllv||1_'_Y||12V||2 (B) {Y||12:Y||21
|||2:Y||21V||1+Y||22V||2 Ynll:Ynz2
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Applying KVL to the loop, we get (Figure 2-32.c)

|"1=iv"1_iv"2
Inl _IHZ RZ R2
V' V' =R, I o 1 1 ©)
R ", =—=—V"+—V",
R2 RZ
Comparing equations B and C with
1 1
N R R
(V)= R
R2 RZ
1+ JRCw 1 1

1
—+_ JEEEEEEE————,
V] YUY Y'u+Y, | | R(2+JRCe) R, JR'Ce+2R, R,
Yo+ YiptY'y 1 1 1+JRCe 1
R

2— —+_
JR’Cw+2R, R, R(2+JRCw) R,

Exercise 2.5: Determination of a Transfer Matrix by Cascade Decomposition

1- Calculate the transmission parameters of figure using the short-circuit and open-circuit
method.

Using the equation for T-parameters for a-network

To determine A and C, we leave the output port open as in Figure 2-34.a so that I,= 0 and
place a voltage source at the input port. We have

L — 170
3
A= ﬁ le R, R, T V,
V2 1,=0
Figure 2-3.a
Using the principle of voltage division,
R
2=R2+3R31 R =R,=R;=R
R 1
V,=—V, ==V
2 2R 1 2 1
) i
V2 |1:0 2V1
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211,20

Applying KVL to the right-mesh, we get

V,=R,l, =RI,

Using the principle of Current division,
Rl

SR S R =R,=R,=R
° R+R,+R, '
R 1
l=— 1 ==
3 3R 1 3 1
1
v2=R§|l
C:I—l = Il :i
A gll R

To find the parameters B and D, short-circuit the output port and connect a voltage source V;

to the input port as shown in figure 2-33.b.

Vv R
B:——:L :r) V]_T R]_ R2 V2:0
I, V,=0
Applying KVL to the right-mesh, we get Figure 2-33.b
R? R
V1:(R1//R3)I=EI1=EI1 R,=R,=R,=R
Using the principle of Current division,
R R 1
l,=———2"l=——1L=-=1,=1=-2I
> R+R,° 2RY 27177 2
R? 2R
Vlz(R1//R3)Il:EI1:—7|2:_R|2
gVl _RL_p
|2 V,=0 |2
|2 V,=0 |2 V,=0 |2

Wz 2 [
1 — 3 2
l, E(S) 2 -1,
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1- Cascade association of two two-port networks

To determine A’ and C’, we leave the output port open as in Figure 2-33.c so that I,=
0 and place a voltage source at the input port. We have

|1 |2:0

1,=0 le Ry TVZ

Applying KVL to the right-mesh, we get

2

Figure 2-33.c
Vi=R]l, =Rl =V,

A':ﬁ :\ﬁzl
Vol o Vi
I1

c=-1 =7
v, 1,=0

Applying KVL to the right-mesh, we get
V. =Rl =R,

C =-L
V2

1,=0

To find the parameters B and D', short-circuit the output port and connect a voltage
source V; to the input port as shown in figure 2-33.d.

B =t

I]_ IZ N
=7?
I2

VZ:O V T
1 R]_ V2=O
Applying KVL to the right-mesh, we get

V,=0=V, Figure 2-33.d
B =_V1  _p

|2 V,=0

I, ' I, I,
D =—21 =2 l, =-1, D=-2 =-2=1

2lv,=0 l, V,=0 I,
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To determine A” and C”’, we leave the output port open as in Figure 2-33.e so that 1,= 0

and place a voltage source at the input port. We have

NP . VlT
V. 1,=0

Using the principle of voltage division,
R, v R 1

V: —_—— p—y
? R,+R, ' 2R 2"

A = ﬁ = Vi =2
V2 1,=0 ;Vl
" |l
Cc'=-1 =7
V2 1,=0

Applying KVL to the right-mesh, we get
V,=R,l, =Rl

C'=-t
V2

1,=0
To find the parameters B” and D’ short-circuit the output port and connect a voltage

source V; to the input port as shown in figure 2-33.f.

B=_Vi o

I,

V,=0

Applying KVL to the right-mesh, we get Figure 2-33.f

V,=—R,l, =—RlI,

B = Vi = RI, =R
I2 \V,=0 I2

. I I I

D'=—L4 =9 I, =—I, D =—14 =-2%=1
|2 V,=0 |2 V,=0 |2
2 R(QY)

For B =

or T %(S) 1
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Overall T

ToT WT - A C § A" B') (AA+BC" AB +BD
ATE D) c" D) (CA+DC" CB +DD’

1 0 2 R 1><2+0><1 IxR+0x1 2 R
T=T,xTg=1 . |x|1 = R —| 3
R

1 — 1 .
1><2+1><i 1><R+ 1x1
R R R

O:

R

Exercise 2. Low-Pass Filtre
a- transfer function of the circuit in Figure 2-34 and express it in the

To By applying the voltage divider Rule, we can determine. The transfer function

1
o} Z ZC | JCCZ VI
+27 R+
jCw
1
\i_ ICo 1 _1 1
V, JRCo+2 jRCw+2 Zcha)+l
jCw
V,
Vo __pt (A) A=t 0, =2
| o) 2 RC
J—+1
2
The Bode plot

From Eg. (A), The magnitude of the transfer function (Gain) is:

1 ‘ —_—

H(iw)|=%j;1+1 —%m

G(®)gs =20logH(jo) = 20Iog— —20Iog +20log

1
2
]f 1+[wj
2
G(@),s = 20logl—20log2 + 20logl—20log /1+[ZJ
0

2 2N>
G(w),s =—20log-20log 1+[a)£j =6dBZOIog£1+(wﬁ] J
0 o

N
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2 2
G(w)g = —6d5—%>< 20|09[1+ (f} J = 6dBlOIog(1+(wﬂj }
0 o

Phase Plot

The argument of the transfer function (Phase) is:

1
p(w)=arg[H ()] = arg ? — |=arg ﬂ - arg[l_ j ﬁ}
1— jio L Wy
()]

p(w)=arctg[0] + arctg ﬂ} = arctg{ﬂ}

| Do @q

w o0

@ 0 a)_c o, | 10,
H(io) 1 1 [ 1] o

) J2 | V1o
G,(jw), = 20logH(jo) 0 -3dB | -20dB | —oo
G,(jw), =-6dB+20logH(jw) | -6dB 9dB | -26dB| -
v 0 R
4 2

Figure 2-36 shown the Bode plots for magnitude plot and phase plot

|G(ja)]dB Approximate

A

0 / @ 100, .o N o(rad)

—3dB Approximate

—20dB

—6dB| /
—-9dB / @,

—20dB/décade

—26dB 2
| \ )

a)
Figure 2.36 : Bode plots : (a) magnitude plot, (b) phase plot
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3 |DIODE

Learning Objectives

By studying this chapter and completing the related exercises, you will be able to:

Understand the introduction and basic concepts of semiconductors.

Define a diode and understand its function in electronic circuits.

Recognize and draw the symbol of a diode.

Understand the concepts of forward bias and reverse bias in diode operation.
Understand the process of semiconductor doping.

Explain the formation and operation of the PN junction.

Analyze the operating principle of a diode.

Study the current- voltage characteristics of a diode.

Understand diode biasing methods and their effects on circuit behavior.

10 Explore various applications of diodes in electronic circuits.

11. Understand the analysis methods and wide range of applications of Zener diodes.
12. lIdentify and differentiate between the different types of diodes

COoNoORAWNE
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3.1 Theatom

An atom is the smallest unit of matter that preserves the properties of an element. Its nucleus
contains positively charged protons and neutral neutrons, while negatively charged electrons

move around the nucleus in specific energy levels or shells, as shown in Figure 3-1

Electrons

. Noyau
\AO, -~
4 A}
! \
U \

@

\ 1

\

1

Figure 3-1: Structure atomique (Modéle de Bohr)

e Electrons with the highest energy levels exists in the outermost shell of an atom
and are loosely bound to the atoms:

e This outermost shell is known as the valence shell and electrons in the shell are
called valence electrons

e When an electron gains a certain amount of energy, it moves to an orbit farther
from to nucleus

e The process of losing an electron is called ionization

e The escaped valence electron is called a free electron

3.2 Insulators, Conductors, and Semiconductors
Materials can be divided into three categories according to their ability to conduct an
electric current:
e Insulators
An insulator is a material that does not conduct electrical current under normal
conditions. Most effective insulators are compounds with very high resistivity, and their
valence electrons are firmly bound to their atoms. Common examples include rubber, plastics,

glass, mica, and quartz (Figure 3-2.a).

e Conductors

A conductor is a material that readily allows electrical current to flow. Most metals are
good conductors, with the best being single-element materials such as copper (Cu), silver
(Ag), gold (Au), and aluminum (Al). These materials have atoms with a single valence

electron that is very loosely bound, making it easy for electrons to move (Figure 3-2.c).
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e Semiconductors
A semiconductor is a material whose ability to conduct electric current lies between that of a
conductor and an insulator. Single-element semiconductors consist of atoms with four

valence electrons, with silicon being the most commonly used (Figure 3-2.b).

A
AEnergy 4 Energy Energy

Conduction band (BC)

Conduction band (BC)

band gap T
band gap
Conduction band (RC)
<— Overlap
Valance bande! (BV) Valance bande (BV) Valance bande (BV)
(@) Insulator (b) Semi-conductor (c) Conductor

Figure 3-2: Energy diagrams for the three types of materials.

Semiconductors are crystalline materials the are characterized by specific energy bands for
electrons. Between the bands are gaps; these gaps represent energies that electrons cannot a
have. The last energy band is the conduction band, where electrons mobile. The next to the

last band is valence band, which is the energy level associated with electrons involved

bonding Enrgey
A
Conduction band ]
v Gap
Valence band (shell 3) © © ©) © ]
Second band (shell 2) © © © © © @ © ]
v
First band (shell 1) © © ]

Nucleus %

Figure 3-3: Energy band diagram for an unexcited
atom in a pure (intrinsic) silicon crystal
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3.3 Comparison of a Semiconductor Atom to a Conductor Atom
Both silicon and germanium atoms have four valence electrons. However, they differ in
their atomic structure: silicon has 14 protons in its nucleus, while germanium has 32. The
valence electrons in germanium occupy the fourth shell, whereas those in silicon are in the
third shell and therefore closer to the nucleus. As a result, the valence electrons in germanium
are at a higher energy level and are less tightly bound to the nucleus. This means that only a
small amount of additional energy is needed to free them. Consequently, germanium becomes

more unstable at high temperatures.

©
©)
©) - ° ©
. © @ ©
e
. o e © e
©)
©@ © © © @ ©
© ® © o
© © ©
© e °o
© e ©)] =)
e © e o
B ©) e
Silicon atoms Germanium atoms

Figure 3-4: Diagrams of the silicon and germanium atoms

3.4 Covalent band in a intrinsic silicon crystal
A covalent bond is a type of chemical bond where two atoms share one or more pairs of

electrons to achieve stability.
In an intrinsic silicon crystal, each silicon atom is bonded to four neighboring atoms through
covalent bonds, where each atom shares its four valence electrons with its neighbors to form a

stable crystal structure.

Figure 3-5 : Covalent bonds in a silicon crystal
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Note:

Covalent bonding in germanium is similar because it also has four valence electrons.

3.5 Types of semicoductors

Semiconductors can be classified into two types on the basis of purity (Figure 3-6).

Semicoductors

Intrinsic

Pure From of
Ge and Si

Extrinsic

N type
Pentavalent
Impirty

e Current in semiconductors

Figure 3-6 : : Types of semicoductors

P type
Trivalent

Impirty

Figure 3-8 shows the energy band diagram for an unexcited atom (no external energy such

as heat) in a pure silicon crystal. This condition exists only at absolute zero temperature (0

Kelvin).
At this temperature:

All electrons remain in the valence band.

The conduction band is completely empty because no electrons have enough energy to move

up to it.

Therefore, no electrical conduction occurs the crystal behaves as a perfect insulator.
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& Energy
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. band gap . - = energy OOy = Heat

. . = — energy

Valance - = R @ P

bande (BV) O @ @ \Cy ‘ ©

Electrons-Hols pair

(a) Energy diagram (b) Bonding diagram

Figure 3-7: Creation of electron-hole pairs in a silicon crystal

In an intrinsic (pure) silicon crystal at room temperature, the thermal energy is sufficient
for some valence electrons to jump across the energy gap from the valence band to the
conduction band, where they become free electrons. These free electrons are also known as
conduction electrons

When an electron jumps to the conduction band, a vacancy is left in the valence band
within the crystal. This vacancy is known as a hole. Each time an electron is lifted to the
conduction band by external energy, it leaves behind one hole in the valence band, forming
what is called an electron-hole pair. Recombination takes place when an electron in the

conduction band loses energy and drops back into a hole in the valence band.

£ Generation of m

Heart energy

Qrsssiitininniiitttasnrneneneialiib bR IR
Figure 3-8 : Electron-hole pairs in a silicon crystal

When a voltage is applied across intrinsic silicon (Figure 3-9), the free electrons in the
conduction band and the holes in the valence band move under the influence of the electric

field, generating an electric current. Electrons, being negatively charged, move toward the
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positive terminal, while holes, behaving like positive charges, move toward the negative

terminal.

Figure 3-9 : Electron and Hole Current

a-Electron Current

Electrons in the conduction band are free to move.

When an electric field is applied, these free electrons drift toward the positive terminal. Their
movement forms the electron current, which is a major part of the total current.

In short:

Electron current = flow of free electrons in the conduction band.

b.Hole Current

A hole is the absence of an electron in the valence band.

When an electron moves to fill a hole, the hole appears to move in the opposite direction of
the electron. Under applied voltage, holes drift toward the negative terminal. This movement
forms the hole current.

In short:

Hole current = movement of holes in the valence band (opposite to electron motion).

3.6 P-Type Semiconductor and N-Type Semiconductor
Doping is the process of adding a small amount of impurity atoms to a pure (intrinsic)

semiconductor to increase its electrical conductivity. Introducing these impurities into
intrinsic silicon boosts the number of charge carriers, creating either more electrons or more
holes within the crystal.

There are two main types of extrinsic semiconductors, depending on the type of dopant used:

. N-type Semiconductors

. P-type Semiconductors
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3.6.1 N-type Semiconductors:

To increase the number of conduction-band electrons in intrinsic silicon, pentavalent impurities
are added, forming an n-type semiconductor. These impurities have five valence electrons and include
atoms such as arsenic (As), phosphorus (P), bismuth (Bi), and antimony (Sb). The dopant atom
integrates into the semiconductor crystal; however, to form bonds with neighboring atoms, only 4
electrons are needed. The fifth electron is therefore in excess and has no bonding role. This is why the
dopant is called a donor (N-type) of electrons (negative charge carriers). It should be noted that when

this extra electron leaves its atom, it leaves behind a fixed positive ion (Figure 3-10)

e
©) @ (©) Free (conduction) electron
:© — from Al atom
@ @ Ql“’@

Figure 3-10 : Antimony impurity in n-type

3.6.2 P-type Semiconductors
To increase the number of holes in intrinsic silicon, trivalent impurity atoms are added,

creating a p-type semiconductor. These impurities have three valence electrons and include
elements such as boron (B), indium (In), and gallium (Ga).The dopant atom integrates into the
semiconductor crystal; however, to form bonds with neighboring atoms, 4 electrons are
required, while the dopant only has 3. Therefore, a vacant spot (hole) available can accept an
electron. An electron from a neighboring atom can fill this hole. The dopant atom then
becomes a fixed negative ion, and the atom that lost the electron ends up with a hole and a
positive excess charge. This is why the dopant is called an acceptor (P-type) of electrons
(Figure 3-11).

©
© @ © Hole from B atom
e. © e

Figure 3-11 : Antimony impurity in P-type material

Dr Salem CHABACHI University of Adrar 91



Fundamental Electronics 01 Chapter 03: DIOD

3.7 P-NJunction
The PN junction is the fundamental element of electronic components (diodes, transistors, thyristors,
etc.). The PN junction is the region that separates two extrinsic semiconductors of different types: P-
type (rich in holes) and an N-type (rich in electrons) (Figure 3-12)

pn junction
p region / n region
©) O 0 O O o0 o Oo
060080 © 0 4 Og %
O@O@OQ ®) Q@O@ o
O ©0 o0pO|le 0 0o o

Figure 3-12 : The pn junction

3.8 Non-polarized P-N junction

Before the pn junction is formed, the n-type material contains equal numbers of electrons and
protons, so it has no net electric charge. The same condition applies to the p-type material, which is
also electrically neutral . After the pn junction is formed, the n-type region loses free electrons as they
diffuse across the junction into the p-type region. This process results in the formation of a layer of
positive charges (pentavalent ions) near the junction. As electrons cross the junction, the p-type region
loses holes due to the recombination of electrons and holes. This results in the formation of a layer of
negative charges (trivalent ions) near the junction. Together, these layers of positive and negative

charges create the depletion region. Eventually, equilibrium is reached, and electron diffusion across
the junction ceases

Depletion region

p region A‘ n region

O O o ofl®e| o g OO0
OQOOS @@OGOQ%
O
O O@O ©®O®O® o
O OO0 oo |Ol®]|0 g0O0pn o0
_,Bar-rier
potential

Figure 3-13 : Non-polarized P-N junction at equilibrium

An electric field across the depletion region. This electric field acts as a barrier for the free
electrons in the n-type region, requiring energy to push an electron through it. At 25°C, the typical
barrier potential is about 0.7 V for silicon and 0.3 V for germanium.
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3.9 What Is a Diode?
A diode consists of a small piece of semiconductor, typically silicon, with one half doped

as a p-type region and the other half as an n-type region, forming a pn junction with a
depletion region in between. The p region is called the anode and is connected to a
conductive terminal. The n region is called the cathode and is connected to a second
conductive terminal. The fundamental structure and schematic symbol of a diode are
illustrated in Figure 3-14.

| |
Anod >t — cathode  Anod e p |y [—eCathode

N v
(@) (b)

Figure 3-14: (a) Diode symbol (b) PN junction.

3.10 Diode operation
3.10.1 Forword Bias
Forward bias is the condition in which a pn junction allows current to flow, with the
negative terminal of Vgas connected to the n region of the diode and the positive terminal

connected to the p region (Figure 3-15).

+] -
11
Figure 3-15 : A diode connected for forward bias

The applied bias voltage provides enough energy for the free electrons to overcome the
depletion-region barrier and enter the p region. Once there, these conduction electrons lose
sufficient energy and immediately recombine with holes in the valence band. Meanwhile, the
positive terminal of the bias voltage attracts valence electrons toward the left side of the p
region. These electrons move from hole to hole in that direction, and as they exit the p region,
they leave behind new holes.

As electrons flow into the depletion region, the number of positive ions decreases.

Similarly, as holes move into the depletion region, the number of negative ions decreases.
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This reduction of both positive and negative ions under forward bias causes the depletion

region to narrow.

3.10.2 Reverse bias
Reverse bias is the condition that effectively prevents current from flowing through the

diode. In this configuration, the positive terminal of the applied voltage is connected to the n

region of the diode, while the negative terminal is connected to the p region (Figure 3-16).

+

al
Figure 3-16 : A diode connected for reverse bias

In the n region, electrons are drawn toward the positive terminal of the voltage source,
leaving behind additional positive ions. This process widens the depletion region and reduces
the concentration of majority carriers. In the p region, electrons supplied by the negative
terminal move from hole to hole toward the depletion region, where they create additional
negative ions. This also causes the depletion region to widen and further reduces the number
of majority carriers. As the depletion regions in both the n and p materials expand, the electric
field between the fixed positive and negative ions becomes stronger. Eventually, the potential

across the depletion region equals the applied bias voltage Vgias. At this point, the transition

current effectively stops.

3.10.2.1 Reverse current
The very small current that remains under reverse-bias conditions after the transition

current has vanished is due to minority carriers in the n and p regions. These carriers originate

from thermally generated electron—hole pairs.

p region Depletion region  n region
wuo [20]0O u

IIIT O] R 00|loe +
00loo O =ees

Figure 3-17 : Reverse currennt
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3.10.2.2 Reverse Breakdown
If the external reverse-bias voltage is increased to a value called the breakdown voltage,

the reverse current will drastically increase. The high reverse-bias voltage imparts energy to
the free minority electrons so that as they speed through the p region, they collide with atoms
with enough energy to knock valence electrons out of orbit and into the conduction band. The
newly created conduction electrons are also high in energy and repeat the process. The
multiplication of conduction electrons just discussed is known as the avalanche effect.

3.11 Voltage current characteristic of diode

3.11.1 1-V Characteristic for Forward Bias
When a diode is biased in the forward direction, current flows through it. This current is

known as the forward current I.

The diode forward voltage V¢ is plotted along the horizontal axis, increasing to the right,
while the forward current I¢ is plotted along the vertical axis, increasing upward. Point A
represents the zero-bias condition. Point B corresponds to a forward voltage that is less than
the barrier potential of 0.7 V, where only a very small current flows. Point C occurs when the
forward voltage is approximately equal to the barrier potential. As the applied forward-bias
voltage increases beyond this knee point, the forward current rises rapidly, while the forward

voltage increases only slightly above 0.7 V.

Ip (mA)
L
]
I
I
I
I
I
[
I
[
|
|
III
_ 1| Knee
- i .y
1]
e 0.7 '

Figure 3-18 : 1-V characteristic curve for forward bias.
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3.11.2 1-V Characteristic for Reverse Bias
When a reverse-bias voltage is applied across a diode, only a very small reverse current

Ir flows through the pn junction. At 0 V across the diode, there is no reverse current. As Vg IS
gradually increased, a tiny reverse current begins to flow, and the voltage across the diode
rises. When the applied reverse-bias voltage reaches the breakdown voltage Vgg, the reverse
current Ig increases rapidly. Beyond this point, as Vg continues to increase, the current
continues to rise very quickly, while the voltage across the diode increases only slightly above

VBR-

|
i J
I (uA)

Figure 3-19 : I-V characteristic curve for reverse bias

3.12 Diode modeling
3.12.1 Shockley diode model
The Shockley diode equation expresses the relationship between the diode current I of a p—n junction

and the applied diode voltage Vp, this relationships is the diode 1-V characterist
Vo
| = ,S[ean —1J (3.1

Is The reverse saturation current
Io: the current through the diode

V,, : Diode terminal. Voltage (V)
k : Boltzman’s constante k: 1,38.107%% j /°K:
q : electron charge ; q=16x10"C

T: absolut temperature of p-n junction.
n =1 for Ge and 2 si for Si bellow the knee of the curve

n =1 for above the knee of the curve
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Iy

7 .
/ Knee o 0.7V
/ Barrier

potential

Figure 3-20 : The complete I-V characteristic curve for a diode

3.13 Diode equivalent circuit
There are three common levels of approximation used to model a diode in circuit analysis:
e The ideal diode model
e The Practical Diode Model
e The Complete Diode Model

3.13.1 The ideal diode model
The ideal diode model is the simplest and least accurate approximation of a diode. In this

model, the diode is represented as a simple switch: when it is forward-biased, it behaves like

a closed (ON) switch, and when it is reverse-biased, it behaves like an open (OFF) switch.

_Ii_»‘_ e I /

-V Ve d:'_— e
T R Vo TV v, TV Rs | | IV, v
O »

(a b) c)
Figure 3-21 : (a) Ideal diode (b) Forward-biased. (c) Reverse —biased and (d) Ideal diode curve

The forward voltage equals the bias voltage
(3.2)

The forward current
VBias (33)
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The reverse current is neglected
I.=0 (3.9
The reverse voltage equals the bias voltage.

VF = VBIAS (3-5)

3.13.2 The Practical Diode Model
The practical diode model takes the barrier potential into account. When the diode is

forward-biased, it behaves like a closed switch in series with a small voltage source (Vg)
equal to the barrier potential (approximately 0.7 V), with the positive terminal oriented toward
the anode, as illustrated in the figure. When the diode is reverse-biased, it behaves like an

open switch, the same as in the ideal diode model, as shown in the figure (Figure 3-22)

(b b) 0)

Figure 3-22 : (a) Ideal diode The Practical Diode Model (b) Forward-biased. (c) Reverse-biased.
(d) The Practical Diode Model curve

The forward voltage equals the bias voltage

Ve =0,7V (3.6)
The forward current
Vias —V
| — BAIS F 37
FTTR 3.7)
The reverse current is neglected
I, =0 (3.8)

The reverse voltage equals the bias voltage.

Ve =Veis (3.9)
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3.13.3 The Complete Diode Model
The complete diode model provides the most accurate representation because it includes

the barrier potential and the small forward dynamic resistance (rg). When the diode is
forward-biased, it behaves like a closed switch in series with the equivalent barrier voltage
(Vo) and the small forward dynamic resistance. When the diode is reverse-biased, it behaves

like an open switch in parallel with a large internal reverse resistance (,r¢).

Figure 3-23 : (a) The Practical Diode (b) Forward-biased.
(c) Reverse-biased.(d) The Practical Diode curve

The forward voltage

Ve =0,7V (3.10)
The forward current
I :VBAIS —Ve (3.12)
RL
The reverse current is neglected
I, =0 (3.12)

The reverse voltage equals the bias voltage.

Ve =V (313

The Dynamic Resistance :

r, = Ve (3.14)
Al
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3.14 Summary Table
Summary Table 3-1 illustrates the differences between the three diode approximations.

Table 3-1 : Diode Equivalent Circuits (Models)

L»—’— The ideal diode model | The Practical Diode model The complet diode model

Forward bias SHIRS —l;—()*o—*" — -lFb-O‘O—"'-; H_ +
Vo Vo fa

o

Reverse bias

A

Diode curve

\ <
m

3.15 Load Line
The load line is a straight line drawn on the 1-V characteristics curve of a diode.

Figure 3-24 : DC Analysis Circuit
Applying KVL
E=V,+R/ I, (3.15)

This equation is a straight line the load line.

E-V
I = S 3.16
0= "R (3.16)
Whenl, =0 =E=V, (3.17)
E
WhenV, =0 =1, = (3.18)
L
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Theys are two point

Point 1 :(OV, I = B j : This point is called saturation because it represents maximum
L

current.
Point 2 :(E=V,, I, =0) : This point is called cutoff because it represents minimum

current.

3.16 The Q-Point

e The point where the load line intersects the diode 1-V curve is called the operating

point or Q-point (Quiescent point).

Diode Curve

Load line

Q (operating point)
Cutoff

» Vp (V)

V,=E
Figure 3-25 : Point is the intersection of the diode curve and the load line

3.17 Diode Applications
Most electronic circuits require a direct voltage to operate. Since the mains supply provides an

alternating voltage (AC), it is converted into a direct voltage (DC) by a circuit called a power supply
(Figure 3-26).
The different electronic functions for obtaining a continuous signal are:

v" Transformation or adaptation

v’ Rectification
v" Filtering
v

Stabilization

AC Input

A I » NN
WAl Transformer J Rectifier Regulator

DC

R,

Figure 3-26 : Block diagram showing parts of a power supply
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3.17.1 Rectifier Diode
Rectifiers in electronics is the process of converting an (AC) to the (DC),

3.17.1.1 Types of Rectifier
Figure 3-27 illustrates the process of types the rectifier

Rectifier

The half-wave The full-wave
rectifier rectifier

Center Tap Transformer Bridge
(Two Diodes) full wave rectifier

rectifier

Figure 3-27 : Type of rectifier

v The half-wave rectifier
Figure 3-29 shows the principle of half-wave rectification. In this circuit, a diode is connected to
an AC source and a load resistor (Ry), thereby forming a half-wave rectifier.

Figure 3-28: a) Ideal half-wave rectifi er; b) on positive half-cycle;
C) on negative half-cycle.

v Operating principle
Assumption: We assume that the diode is ideal (Vo=ryg=0)
During the positive hale-cycle: the diode D is forward biased and therefor conducts
behaving like a closed switch (i = 0 et V, =0). Hence (V, =V, -V, =V, ).
During the negative hale-cycle: the diode D is reverse biased and therefore blocked, acting

like an open switch. Thus, no current flows. (i =0 et V, =0) Hence (V, =V, -V, =0)
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lV|. VO

—V,

T2

et

Figure 3-29 : Output Waveform of a Half-Wave Rectifier
3.17.1.2 Full-Wave Rectifier

I
[
f

—

L/
LY

half-cycle and has a frequency twice that of the input, as illustrated in Figure 3-30.
|'II \ -'{\Illll :

full-wave

rectifier

¥ '
Figure 3-30 : Full-wave rectifier

A-Center-Tapped Full-Wave Rectifier Operation:

A center-tapped rectifier is a form of full-wave rectifier that employs two diodes
3-31.

connected to the secondary winding of a center-tapped transformer, as illustrated in Figure

Figure 3-31 : a) A center-tapped full-wave rectifier.b) equivalent circuit for positive half-cycle;
c) equivalent circuit for negative half-cycle

Dr Salem CHABACHI University of Adrar
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A full-wave rectifier permits unidirectional current to flow through the load over the entire
360° input cycle, unlike a half-wave rectifier, which allows current only during one half of

the cycle. As a result, full-wave rectification produces an output voltage that pulsates every
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Operating principle
Assumption: We assume that the diode is ideal (Vo=r4=0)

e During the positive hale-cycle:
Diode D1 is forward-biased V, =V, = \% and Diode D2 is reverse-biased
e During the positive hale-cycle:

Diode D1 is is reverse-biased and Diode D2 is forward-biasedV, =V, = —\%

Vi, Vo Vi—

Figure 3-32 : Output Voltage Waveform of a Center-Tapped Full-Wave Rectifier

The output voltage is determined by the turns ratio (n) of the transformer. If the transformer
turns ratio is known, the peak output voltage of a full-wave rectifier can be calculated using
the following equation.

nVv
Vour = ZINP (3.19)

Where n is number of turns in the secondary divided by the number of turn primary

B-The Bridge Rectifier
Another method of performing full-wave rectification, without the need for a center-

tapped transformer, is to use four diodes arranged in a bridge circuit (Figure 3-33).

v' Operating principle
Assumption: We assume that the diode is ideal (Vo=ry=0) (Figure 3-34).
v' for the positive half-cycle D; and D3 conduct, while D, and D, are reverse-biased
(blocked).
v for the positive half-cycle D, and D, conduct, while D; and D3 are reverse-biased
(blocked).
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D4 D1

o glg

a)

D,

Figure 3-33 : (a) Bridge rectifier; (b) equivalent circuit for positive half-cycle;
(c) equivalent circuit for negative half-cycle;

Vi—

Vll VO V.

) m—
%\ M t
r sz\_/T | v

Figure 3-34 : Output Waveform of Full-Wave Bridge Rectifier

3.17.2 The Average Value (DC)
The average value of a periodic function with period T is given by

_ 1"
Vi, =?_([Vsdt

Vg =V, SNt

Imax

The average Value for Half-Wave Rectifier

— 17 .
V, py !V,Max sin wtdwt

moy

Dr Salem CHABACHI University of Adrar
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On pose axt =6
— 17 .
Vomoy = —IV,MaX sinad @
4 0
\/ V ax
VOmoy = I::_

The average value for the full-wave rectifier (center-tapped or bridge)

From Eq (3.6)

Vomoy = 1 IV,MaX sin wtdwt
T 0

Omoy

On pose at =6

Omoy

= i_[V,Max sinadé@
T 0

— S [ cosgy e [11- (1)

Omoy —

3.17.3 The RMS value (effective value)
The Root-Mean-Squared value of the AC voltage

V.2 =£]V2(t)dt
eff T ) S
The RMS value for the full-wave rectifier (center-tapped or bridge)

V4

— 1
2
Veff—zﬁj V e SiN @t deot

o

On pose at =6

— 1% .
Vefi = E'([(VIMaX sin e)zde
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V,,\,IaX T(l cosZétjde
0 2

-2 ([lr-3tmes

The RMS value for the full-wave rectifier (center-tapped or bridge)
From Eq (3.16)

V7 = %J'(V,MaX sinot)’ dot

0
On pose at =6

\Tefi = 1J- IMax Slne
T

0

_ Vivex ]5(1— cos2a jde

Ty 2
_V|5Ma><2 ]i —E[SII’IZH]
5 2
:VIMax2
2
V ax
Ve = \I/ME

3.17.4 Form Factor

(3.32)

(3.33)

(3.34)

(3.35)

(3.36)

(3.37)

(3.39)

(3.39)

(3.40)

(3.41)

Form factor (F.F) is defined as the ratio between RMS load voltage and average load voltage.

The form factor of the half wave rectifier is as:

_ RMS
evergeValie
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The form factor of a Half-wave rectified voltage

FoVwe T _q57 (3.43
2 VIMax

The form factor of a Full-Wave rectified voltage :
Vi 7T

T
F= S 3.44
V2 Ny 242 (3.44)

3.17.5 Power supply filter and regulators
A power supply filter ideally removes fluctuations in the output voltage of a half-wave or

full-wave rectifier, producing a constant DC voltage level. In most power supply applications,
the standard 50 Hz or 60 Hz AC line voltage must be converted into an approximately steady
DC voltage.

|I‘ IIH' \f I'\' I': \ Il Vi Filter

Figure 3-35 : Power supply filtering

3.17.5.1 Capacitor-Input Filter

A half-wave rectifier using a capacitor-input filter is illustrated in Figure 3-36.

Figure 3-36 : Filtering the Output of a Rectifier

The shape of the voltage across the load R, after filtering is shown in Figure 3-38.
1st Case: when the input voltage V,=0
at=0:v, =0=V,. =0

2nd Case: when the input voltage V,> 0

Dr Salem CHABACHI University of Adrar 108



Fundamental Electronics 01 Chapter 03: DIOD

. . T . . . .
The input voltage increases t € [O, Z} The diode becomes conductive, allowing the capacitor
to charge rapidly with the circuit’s time constant 7 =r,C
3rd Case: At t=t, = 7 that instant, the capacitor is charged to its maximum capacity, that is

tosay Ve =V,

4th Case When the input voltage starts to decrease. The diode is reverse-biased, and the
capacitor discharges slowly through the load R_ with a discharge time constant equal to
7=R.C.

5th Case. At this instant, the voltage V increases positively, the diode conducts, and the

capacitor charges again

WIAE [l remramise e sessesse et cresse et son s s
l-mu_1. -

LT OO OO SO SOOI OO ore...  AUSUUE SUUOIOL DR, SOORRPO i vs..

L 4

Figure 3-37 : Filter output is a dc voltage with small ripple

Note:
If the value of C, Ry, or both increases, the discharging time also increases, resulting in
a smoother DC output. For very large values, the capacitor hardly discharges and behaves like

a constant voltage source equal to the load voltage.

e The ripple factor
Ripple voltage is the fluctuation in the capacitor’s output voltage caused by its periodic

charging and discharging.

T=—" (3.45)

Where
Vr(pp): is the peak-to-peak ripple voltage

Vpc: is the dc (average) value of the filters output voltage,
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Figure 3-38 : Vr and VDC determine the ripple factor.

3.17.6 Stabilization
Stabilizing a ripple voltage consists of obtaining a practically constant voltage. This function can be

achieved by a Zener diode

v

lo
e
e~ V'T Regulator T
Vo

o glg gi:é T
D3 D2 T V,| | RVt
[ i

Figure 3-39 : Voltage Regulators

3.17.6.1 What is Zener Diode?
A Zener diode is a silicon p—n junction component specifically designed to operate in the reverse

breakdown region. The key to zener diode operation is that, when a diode reache reverse breakdown,
its voltage remains almost constant even though the current change drastically.
A major application for zener diodes is a type of voltage regulator for providing stable reference

voltage for use in power supplies, voltmeters, and otter instruments

3.17.6.2 Symbol of zener diode
Figure 3-40 shows the Symbol of Zener diode

Figure 3-40 : Symbol of Zener diode
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3.17.6.3 Characteristics of Zener Diode
The Zener diode has three regions of operations. Each region has it own approximation

model. In the forward-biased region, the diode operates like a normal diode with a small
forward voltage drop. In the reverse-biased region, only a very small leakage current flows.
In the Zener breakdown region, the diode maintains an almost constant voltage (V)

independent of the current.

Iz |

Figure 3-41 : Zener Diode Current-Voltage (I-V) Characteristic

The use of the Zener diode as a regulator is so common that three conditions surrounding
the analysis of the basic Zener regulator are considered:
1 Fixed load and fixed supply voltage.
2 Fixed supply voltage and variable load.
3 Variable supply voltage and fixed load..

3.17.6.4 Fixed load and fixed supply voltage
The most basic Zener diode voltage regulator circuit is illustrated in Figure 3-42. In this

configuration, the DC input voltage as well as the load resistor are considered fixed. To

simplify the study of this circuit, the analysis can be carried out in two main steps.

Vi Vz ‘\ R:_ \'A

Figure 3-42 : Basic Zener regulator
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1- To identify the operating state of the Zener diode, first remove it from the circuit and
determine the voltage that appears across the open-circuit terminals.
By applying the Voltage Divider Rule (VDR) to circuit of Figure 3-42 results in the network
of Figure 3-43, we obtain:

vov -y (3.46)
R . +R
R
Vi VC:) Rl | [we

Figure 3-43 : Analyzing the operating
state of the Zener diode

If V>V, the Zener diode is ON state, and V| =V

If V <V, the Zener diode is in the OFF state, and it can be replaced by its open-circuit
equivalent in the analysis.

Substitute the Zener diode with its appropriate equivalent model and then examine the circuit

to find the desired unknown values.

R

= V, 3.47
R iR (347

V=V

For the circuit in Figure 3-42, when the Zener diode is in the “ON” state, the network
becomes equivalent to that shown in Figure 3-44 Because the voltages across parallel

components are equal, it follows that
Vv, =V, (3.48)

Vi \ar—— R, Vi

Figure 3-44 : Substituting the Zener equivalent for the “on” situation

The current through the Zener diode can be found using Kirchhoff’s Current Law (KCL).

=1, +1, (3.49)
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and

L, =1.—1, (3.50)

\ﬁ VI _Vz
R

I, =— and Igz= ;

3.17.6.5 Fixed supply voltage and variable load
Because of the Zener voltage Vz, only a limited range of resistor values and consequently

load currents will keep the Zener diode in the “ON” state. If the load resistance Ry is too low,
the voltage across it Vi will fall below V7 , and the Zener diode will switch to the “OFF”
state

To find the minimum value of the load resistance R, that will cause the Zener diode in
Fig. 3.43 to start conducting, determine the value of R, that produces a load voltage V| equal

to the Zener voltage Vz In other words, calculate RL under the condition that

R
V,=V =—1L Vv 3.51
:=V=g iRk (35
Solving for R, we obtain
Lmin RV (3.52)
V. +V,

Any load resistance R, greater than the value obtained from Eq. (3.52) will guarantee that
the Zener diode is in the ON state, allowing it to be replaced by its equivalent Zener voltage
source Vz. The condition given by Eq. (3.52) therefore defines the minimum value of R_
and, consequently, determines the maximum load current I as follows:

V, Vv,

|, =—L - _"Z 3.53
Lmin RL R ( )

Lmin

Once the diode enters the ON state, the voltage across the resistor (R) remains constant at :

Ve =V, -V, (3.54)
and Ir remains fixed at
V
I, = ?Z (3.55)
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The Zener current
le=1—1, (3.56)

This results in a minimum Zener current 1z when the load current I, is at its maximum, and
a maximum Zener current Iz when I_ is at its minimum, since Iz remains constant. Because
Iz is limited to its maximum rating Izl as specified in the datasheet, this restriction affects
the permissible range of R_ and, consequently, I_. By substituting Iy for Iz, the minimum

load current I is established as:

ILmin = IR - IZMax (357)
and the maximum load resistance as
R max IVZ (3.58)
Lmin

3.17.6.6 Variable supply voltage and fixed load
For a given fixed value of R in Figure 3-43, the input voltage Vi must be high enough to
make the Zener diode conduct. The minimum turn-on voltage, Vimin, is calculated as:

RL

V., =V = i 3.59
z L RL + R i ( )
and
V, = (R+RN, (3.60)
RL

The maximum input voltage V; is limited by the maximum Zener current Izy. Since
=l + 1L (361

I RMax

Since I is fixed at Vz R and | zy is the maximum value of Iz , the maximum V; is defined by

Vi = v R +V, (3.62)

IMax

3.17.7 The Clipper
A clipper is an electronic circuit designed to cut off either the positive or negative portion of

a waveform. Such processing is applied in signal shaping, circuit protection, and

communication systems.
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3.17.7.1 Types of clipper
Figure 3- 45 shows types of Clippers

Clipper
The positive The negative Biased positive Biased Negative Combination
Clipper Clipper clipper clipper clipper

Figure 3-45 : Types of Clippers

a- The positive clipper :
Figure 3-46.a shows a positive clipper. The circuit removes all the positive parts of the
input signal. This is why the output signal has only negative half-cycles.

Ay,

\

@V. ! R v, 07V Py

Figure 3-46 : The positive clipper

As the input voltage goes positive, the diode becomes forward biased and conducts
current. Point A is limited to +0.7 V when the input voltage exceeds this value (Figure 3-
46.b.

V=07V =V, (3.63)

The ouput voltage is determined by the voltage divider formed by Rsand the load resistor, Ry,

as follows:
V=R y (3.64)
R, + R
If Rs is small compared to R, Then
V, 2V, (3.65)
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b- The Negative clipper :

When the diode’s polarity is reversed, as in Figure 3-47(b), the negative part of the input
voltage is clipped off. When the diode is forward-biased during the negative part of the input
volt age, point A is held at - 0.7 V by the diode drop. When the input voltage goes above - 0.7
V, the diode is no longer forward-biased; and a voltage appears across R, propor tional to the

input voltage.

v

-0.7v e

a)

Figure 3-47 : The Negative clipper

c- The Combination clipper :
If we connected two diodes in inverse parallel as shown, then both the positive and
negative half cycles would be clipped as diode D; clips the positive half cycle of the

sinusoidal input waveform while diode D, clips the negative half cycle.

| AVo
11
Re a l"'l:":'ﬂ'.l'l
@ V' ! D1 ‘Dz Vo 0 t=
07v Y}
a) b)

Figure 3-48 : The Combination clipper

d- Biased positive clipper
To clamp a voltage to a specified positive level, the diode D; and the bias voltage need to
be connected as illustrated in Figure 3-50. In this configuration, the voltage at point A must
drop above +Vigias+0.7 V in order to forward-bias the diode. Once this threshold is reached,

the diode conducts and the limiting (clipping) action begins

ey Vo
Qv, _!_VDl D Vo | — — Jt
T Vo

a) b)

Figure 3-49 : Biased posit... «...p.
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e- Biased negative clipper
To clamp a voltage to a specified negative level, the diode and the bias voltage need to be
connected as illustrated in Figure 3-50. In this configuration, the voltage at point A must drop
below —Vyg1as—0.7 V in order to forward-bias the diode. Once this threshold is reached, the

diode conducts and the limiting (clipping) action begins

L ¥e

Ao
@ v, R D A

:|-—VZBIAS | ‘_

a)

L J

b)

Figure 3-50 : Biased negative clipper

f-The Combination Baisd clipper

When the voltage at point A reaches Vgjast 0.7V, diode D; conducts and limits the
waveform to Vgiast 0.7 V. Diode D, does not conduct until the voltage reaches
-Veias- 0.7 . Therefore, positive voltages above Vgiast 0.7 V and negative voltages below -

Vgias- 0.7 V are clipped off. The resulting output voltage waveform is shown in Figure 3-51.

0

&,
<
O
R
o<
v~

Figure 3-51 : The Combination biasd clipper

3.18 Special types of diodes

3.18.1 The Light emitting diode (LED)
Light emitting diode is a special type of diode or special form of PN junction, which
converts electrical energy into light energy under forward biasing. The reverse bias operation

of LEDs is avoided due to very low breakdown voltage.
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Figure 3-52 : The Light emitting diode (LED)

3.18.2 The photodiode
The photodiode is a device that operates in reverse bias, where is the reverse light current.

The photodiode has a small transparent window that allows light to strike the pn junction.

Photodiodes are widely used in various applications, such as light detection, optical

(D
T

Figure 3-53 : The photodiodes

communication, Optical sensors, ...

3.18.3 Varicap diode
A varactor diode (also called varactor diode or tuning diode) is a p-n junction diode whose

capacitance changes with the applied reverse voltage. It functions exclusively in reverse bias,

where it behaves like a variable capacitor

—H-

Figure 3-54 : The Varicap diode
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3.19 Glossary

Francais English iy pall
Diode diode S plaa
Conducteur Conductor Jals
Isolant insulator e
Semi-conducteur Semiconductors A g5 4
Bande d’énergie Energy Bands Al o s
Bande de valence Valence band ELINPPREN
Bande de conduction Conduction band Jaa 55 4 3
Bande interdite band Forbidden de saadan
Gap d’enérgie Energy Gap daUall 5 saal)
S-C Intrinséque S-C intrinsic A5 S gall ol
S-C Extrinséque S-C Extrinsic il 3 Bl sall ol
Dopage Doping paaas

éléments trivalents

impuritiesTrivalent

éléments pentavalents

Pentavalent impurities

PERIFINPEGATS

Jonction PN PN junction PN 4laj
Redressement rectifier s )
Filtrage filter ol
Régulation Regulator Gyl
Diode Varicap Varactor Diode sl (AL
Les diodes électroluminescentes  Light-Emitting Diode ¢ gaall Caadl) AL
Les photodiodes Photodiode gl A
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DIODE

Exercises

Exercise 3.1: Diode Approximations

Consider the circuit in Figure 3-55:

Calculate the voltage and current values for the three cases 1.2 and 3

1-ldeal diode model

2-The Practical Diode Model (V, =0.3V) E=10V— R=1KO vV,

3-The Complete Diode Model (V, =0.3V andr, =10Q)

Figure 3-55 : Circuit for Exercise 03.1

Exercise 3.2: Diode caracteritic

An experimental measurement on a silicon diode produced the following table:

Vq (V) 0.58 0.6 0.7 0.75
la (A) 0.6 1 3 4

Plot the characteristic of this diode.

What is the value of the dynamic resistance rq for 0.6 < 1(A)<3?

Determine the threshold voltage.

Give the equivalent electrical circuit of this diode in the forward direction.

Knowing that the maximum dissipated power isP,,, =3W, calculate V,, and 1,
Now suppose that this diode is inserted into the circuit shown below.
Determine the value of E so that the load line passes through the pointM(OV AA),
then deduce the operating point P after having plotted (the load line).

— E R, =0,3250

Figure 3-56 : Circuit for Exercise 03.2
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Exercise 03.3: Combination Clipper
Consider the following circuit 3.57 The diodes are assumed to be ideal.

V,, =15sinat; E, =10V andE, =5V
Analyze the operation of the assembly and plot

the graph of the voltage Vs as a function of time

|
R
@ Vin o1 D. K Vou
E, —— [ F—
T T

Figure 3-57 : Circuit for Exercise 03.3

Exercise 03.4: V;and R fixed.
(a) Determine V., I, Iz, and I for the network Fig. 3.58 if R = 180Q

(b) Repeat part (a) if R =470Q

L1
R=470Q

\
Vi=40V v,z 12v E R, Vi

IZMax= 25,5mA

Figure 3-58 : Circuit for Exercise 03.4

Exercise 03.5: Vjand R Variable.
For the network shown, determine the range of R, and I, result in Vg, being maintained at 12

L 1
R=470Q

|
Vi=40V Vy= 12V E Ry Vi

IZMax= 25,5mA

Figure 3-59 : Circuit for Exercise 03.5

Exercise 03.6: Fixed R, Variable V;
For the given network, determine the range of Vi that will maintain V at 8V and not exceed

the maximum power rating of the Zener diode.

L 1
R=91Q |

Vi= V=8 V ‘\ v, R.=0,22 KQ

PMAX=400mW

Figure 3-60 : Circuit for Exercise 03.6
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DIODE

Solutions

Exercise 3.1: Diode Approximations
1. Using the ideal diode model, determine the load voltage and load current for the

circuit shown in Fig. 3-55a as follows:

I
e

Vo
R|_= 1KQ V|_

E=10V —

Figure 3-55.a

Since the diode is forward-biased, it behaves like a closed switch. If you imagine replacing
the diode with a closed switch in the circuit, it becomes clear that the entire source voltage is
applied across the load resistor

V =E=10v

Applying Ohm’s law, we obtain the load current as

E=RL|L:>|L=RE=%=1OmA
L

2- Apply the second approximation to compute the load voltage and load current,

shown in Figure. 3-55.b v

|
—
Vp
E=10V o re 1K ||V

Figure 3-55.b

With the diode in forward bias, it is equivalent to a 0.7 V voltage source, so the load
voltage is the source voltage minus this drop

V,=E-V, =10-0.7=93V
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Applying Ohm’s law, we obtain the load current as

E=RI =1, :V—L:£:9,3mA
R, 1KQ
1- Apply the thrid approximation to compute the load voltage and load current,

shown in Figure. 3-55.c

Vi

Figure 3-55.c

During forward bias, the diode may be represented by a closed switch together with a series
barrier potential V, and a small forward dynamic resistance rd.

Applying Ohm’s law, we obtain the load current as
E-V, 10-0,7 _
r,+R.  10+1KQ

E=R +r )l +V, =1, = 9,2mA

Exercise 3.2: Diode caracteritic
1. Plotting the characteristic curve

P, N oW P
/
o

el Dy V(V)
02 0406081 1,214
Vo
. . A 7-
2. Dynamic resistance: rd = ALIJ = 0’3 2’6 =0,05Q

3. Graphical determination of the threshold voltage: V, = 0,55V

| _ |
4. Equivalent model of the diode ~ »{>— = —
«— rg o
Vp <T

5. The value of the maximum voltage and the maximum curren
Pra = Vomaclmax = (Ml +Vy ) ey
rdl> +V,l__ —-P_ =0
5107212 +055l . —3=0
Solving this equation gives two current solutions, but only the positive value is kept.
I =4A =V__ =075/
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1. Load line equation

E=Rl,+V, =1, =E—\%’ Vo =0=1, :E doncE =Rl =0,325x4 =13V

The load line passes through the points... M,(0V ,4A)et M, (1,3V,0A)

Exercise 03.3: Combination Clipper
When the voltage at point A reaches +10 V, diode D, conducts and limits the wave form to

+10 V. Diode D, does not conduct until the voltage reaches -5V. Therefore, positive voltages

above +10 V and negative voltages below -5V are clipped off. The resulting output voltage

waveform is shown in Figure 3-57

15V |-~
A ’
I, N ’ ‘\
' y Vou "’ \
VS ' !

L il AN A S

E, E, -10v L/\’

—|_ 1 -15V L

Figure 3-57 Figure 3-57.a

Exercise 03.5: V;and R fixed.
a. We repaint the network in accordance with the recommended process, as illustrated in

Figure 3-58.
Using Eq. (3.46) yields
R 180
V=V =—t-V = 20=9v
" R +R ' 180+220 ':'R

. o
Vv
! Vol e Vi

Figure 3-58.a: Calculating V for the
regulator in Figure 3.58

The characteristics of Figure 3-58.b show that the diode is in the "off" state since V = 9V

is less than Vz = 10 V. Substituting the open-circuit equivalent yields the same network as

shown in Figure 3-58a, where we find that.
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4oy imA)

Figure 3-58.b: The operating point corresponding
to the network of Fig. 3-58.a

V =V =%V
Vp =V, -V, =20-9=1V
l,=0
And P, =1,V, =0x10=0W
. R =470Q
Applying Eqg. (3.46), we find

R, 470

V=V = V, =
R.+R 470+ 220

20=13,62/

The network shown in Figure 3-58.c is the result of the diode being in the "on" state since

V=13,62 V is greater than V2 10 V. When Eq. (3.46) is applied,

— L I
R

Vi Vv 10 vV,

Figure 3-58.c: Network of Fig. 3.58
operation in the “on” state.

V, =V =10V
V, =V, -V, =20-10=10V
V, =V =V
=10 5001a
R, 470
1, =Ye ~ 19 _5045n
R 220

|, =1,—1,=0045-0,021=0,024A
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The power dissipated is
P, =1,V, =0,024x10 = 240mW
which is less than the specified Pzy =400 mW.

Exercise 3.5: V; fixed and R, variable

To determine the minimum load resistance of the regulator in the figure below that will turn
the Zener diode on, simply calculate the value of R that will result in a load voltage V| =Vz.
That is:

R R=470Q
— L —
VL - R|_ i RVi = VL(RL + R) _Vi RL V=40V V= 12V R. Vi
IZMax= 25,5mA
(VL -V, )RL =RV,
Figure 3-59
R = RV, 470 12=201Q2

bmin TV 40-12

It means any load resistance greater than R_min Will make the diode ON.

Rimax=?

The voltage across the resistor R is:
V, =V, -V, =40-12=28v
The magnitude of Ig is:

Ve _ 28 _ 05054
R 470

Then the Zener current:
Lovex =1e = Vimin = Vimin = 1r = D ovax = 0,0595—0,0255=0,034A
and the maximum load resistance as:

V, 12

R, =—L = =% _—350
LMax = 0,034

Lmin

Plot of V =f(R\) appears in Figure 3-59a and for V_ versus I, in Figure 5-59.b .

Vv, Vi

12V | 3 12v

» > |
'RL T » L

2010 3520 34mA 59mA

Figure 3-59.a: Variation of VL with RLand V. for the regulator of figure 3-59
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Exercise 03.6: Fixed R, Variable V;
Applying Eq. (3.60), we find (fiure 3-60)
v - (R, +R)V, (0,22KQ+918

imin — = - 11'3\/
R, 0,22KQ
U
R=91Q
L Vo 8 36,36mA
R, 0,22KQ Vi= V=8V V.
PMAX=400mW
Applying Eqg. (3.61), we find : I =1 — 1L
Figure 3-60
" =PM_aX _ 400mA _ 50mA
VZ

| I, +1, =50mA+3636mA =8636mA

RMax —
Applying Eqg. (3.62), we find
Vivex = lawe R +V; = (86,36mA)91+8 = 15,85V

IMax

The variation of V| with V;

\'
8V H
T e

L1
5 101

(2}
4
=<

Figure 3.60.a: Variation of V| with V, of figure 3.60

R.=0,22 KQ
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A

BIPOLAR JUNCTION TRANSISTOR (BJT)

Learning Objectives

By studying this chapter and completing the related exercises, you will be able to:

1. Understand the transistor effect and the basic operation of transistors.

N

Identify the different operating modes of a transistor, including cutoff, active, and saturation
regions.

Analyze the network of static characteristics of transistors.

Understand transistor biasing techniques and their importance in circuit stability.

Determine and analyze the load line and quiescent point (Q-point) of transistor circuits.

o o k&~ w

Study the three basic transistor configurations: Common Emitter (CE), Common Base (CB), and

Common Collector (CC).

~

Analyze the equivalent circuits of transistor amplifiers.

8. Calculate voltage gain, current gain, and power gain in transistor circuits.

9. Determine the input and output impedances of transistor amplifiers.

10. Study multistage low-frequency amplifiers under static and dynamic operating conditions.

11. Understand the role and operation of coupling capacitors and bypass capacitors in amplifier circuits.
12. Explore other transistor applications such as the Darlington configuration and transistor switching

circuits.
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4.1 What is a bipolar transior?

The transistor, derived from transfer-resistor, is a three terminal device whose resistance
between two terminals is controlled by the third. The term bipolar reflects the fact that there
are two types of carriers, holes and electrons which form the currents in the transistor. If only
one carrier is employed (electron or hole), it is considered a unipolar device like field effect
transistor (FET).

The BJT (bipolar junction transistor) is constructed with three doped semiconductor regions

separated by two p-n junctions. The 3 regions are called emitter, base, and collector.

Mutalinsd zoreacts hide

AN P

Femiaer . Huse-Firnitier
- ssciion
Coslbecior

1t Hasiz qpiarial plaroe st 1k} apn <] pep

Figure 4-1 : Basic BJT construction

« Emitter (E): Heavily doped region that injects charge carriers (electrons or holes).
« Base (B): Thin and lightly doped region that controls the transistor's operation.

»  Collector (C): Moderately doped region that collects carriers from the emitter.

4.2 Basic model of BJT
Figure 4-2 illustrates the schematic symbols for both NPN and PNP bipolar junction

transistors
Collector Collector

Bas Base

Emitter Emitter

B C

> %JPCH i ENE

Figure 4-2 : Standard BJT (bipolar junction transistor) symbols

Note:
That emitter is shown by an arrow which indicates the direction of conventional current flow

with forward bias
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4.3 Basic BJT Operation
In order for a BJT to operate properly as an amplifier, the two pn junctions must be correctly

biased with external dc voltages.

BC Reverse-
biased

BC Reverse-
biased

* e
B ) + —
L + - L - +
+ - - +

] BE Forword- BE Forword-

biased - biased

—

Figure 4-3 : Forward-Reverse bias of a BJT

Figure 4-3 shows a bias arrangement for both npn and pnp BJTs for operation as an
amplifier. In both cases the base-emitter (BE) junction is forward-biased and the base-

collector (BC) junction is reverse-biased. This condition is called forward-reverse bias.

e The heavily doped n-type emitter region has a very high density of conduction-band
(free) electrons,

e These free electrons easily diffuse through the forward based BE junction into the
lightly doped and very thin p-type base region

e A small percentage of the total number of free electrons injected into the base region
recombine with holes and move as valence electrons through the base region and into
the emitter region as hole current, indicated by the red arrows

e Most of the free electron that have entered the base do not recombine with holes
because the base is very thin

e As the free electron move toward the reverse-biased BC junction, they are swept
across into the collector region by the attraction of the positive collector supply
voltage

e The emitter current is slightly greater than the collector current because of the small
base current that splits off form the total current injected into the base region form the

emitter
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Collector lead
(metallic)

Electrons that
recombined

with holes in COLLECTOR (n-type)
E C the base region
N P N
I {; - ]| v I | = BC junction depletion region
c 4 [~ B } BASE (p-type)
Base lead -=— BE junction depletion region
1 | (metallic)
I B \|/| —
tnority EMITTER (n-type)
I E EE (hole) ot
current
Emitter lead S =

; : " Ic o
(metallic) e
E - :

+ -

Figure 4-4 : Basic BJT Operation

4.4 Transistor Currents and voltages
Figure 4-5 shows a basic transistor bias circuit configuration, in which three DC currents

and three DC voltages can be identified :

Vge: dc voltage at base with respect to emitter
Vcg: dc voltage at collector with respect to base

Vce: dc voltage at collector with respect to emitter

VCE :VCB +VBE (4-1)

Vge =0.7Vforsilicomand 0.3V for Germanium

Ig: dc base current
Ie: dc emitter current

Ic: dc collector current

lo=1.+1, (4.2)
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Since the base current is so small, the collector current approximately equals the emitter

current: I. =1,

Figure 4-5 : BJT analysis

4.4.1 DC Beta (Boc)
The Beta of a transistor is defined as the ratio of the dc collector current to the dc base

current:

oo =15 @3

4.4.2 Alpha (a])c)
The dc alpha is defined as the dc collector current divided by the dc emitter current:

|
Opc = I_C (4.4)
E

4.5 BJT analysis
Figure 4-6 shows a BJT analysis, in which two analysis DC analysis and AC analysis:

BJT
analysis
DC AC
Analysis Analysis
Biasing DC DC Gy G, Gp Z Zo
Q-point Load Line

Figure 4-6 : BJT analysis
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45.1 DC Analysis

4.5.1.1 Transistor configurations
Objective: Shows the transistor connection configurations and the difference between them

Table 4-1 : Transistor configuration

common emitter (CE) common base (CB) common collector (emitter follower) (CC)
C G
° c
Output
input Output
B B @e—
input i nput
Output
[ @ ¢ B d [ ®
E E

Input : base Input : emitter Input : base
Output :collector Output :collector Output :emitter
Note:

The term '‘common’ refers to the component shared by both the input and output circuits,

which is typically connected to ground

4.5.1.2 The Common Emitter (CE) Configuration.
Two sets of characteristics are necessary to describe fully the behavior of the common-emitter

configuration: one for the output or collector-emitter circuit and the other for the input or

base-emitter circuit. Both are shown in Figure 4-7.

Ve

+1]

L EANY:

Figure 4-7 : BJT analysis
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I Ie

e - - Ve - 1 Vix
0Ty Vi cmas) 0

Figure 4-8 : intput and output characteristics of a BJT
in common emitter configuration

There are four basic regions as indicated in the Figure 4-8. These regions are :

e Saturation region: The region where I¢ increases with Vce In this region, both
junctions of the transistor are forward biased.

e Cutoff region: Located below the 1g=0 line, where both junctions are reverse biased.

e Active region: The area between the saturation and cutoff regions, where the curves
are nearly parallel to the x-axis.

e Breakdown region When Vce (or Vcg) becomes very large in reverse bias, the
collector-base junction undergoes breakdown. In this region, a sharp increase in
collector current occurs, even with little or no base current. Operation in this region is
normally avoided, as it may damage the transistor unless designed for avalanche

operation.

A- DC Load Line
This is a straight line drawn on the characteristic curves from the saturation value where
Ic = Icisary On the y-axis to the cutoff value where Vce=Vcc on the x-axis, as shown in

Ic

Saturation point

Ic(sul) L

DC load line

\ Cutoff point

Vee

7,
\CC

Figure 4-9 : DC Load Line
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Two point
» The first point: when the collector current 1c=0, then collector-emitter voltage is
maximum and is equal to Vcc.
Vee =Vee (4.5)
» The second point: when the collector emitter voltage Vce=0; the collector current is

maximum and is equal

= (4.6)

B- The Operating Point
The term Basing, refers broadly to the application of DC voltages to establish specific
current and voltage levels in a circuit. In transistor amplifiers, this DC bias sets an operating
point on the device's characteristic curves, defining the region used for signal amplification.
Since this point remains fixed under no-signal conditions, it is referred to as the quiescent
point (or Q-point). The word "quiescent” implies a state of rest or inactivity. Figure 4-10

illustrates a typical output characteristic with four possible operating points marked.

I tmA)

Smrnrarion |

10+

=N

|
|
1
I 5 e 15 an Wog ()
M Cuoff i

Figure 4-10 : The Operating Point

e At Ano bias
e At B suitable bias for signal amplification
e At C close to the saturation and Cut off region

e At D close to the maximum voltage and power level.
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4.5.2 Importance of Biasing
Biasing sets the DC operating point (Q-point) needed for an amplifier to work linearly.

Without the correct DC voltages at the input and output, the amplifier may enter saturation or
cutoff when a signal is applied.
Figure 4-11 illustrates the results of proper and improper DC biasing in an inverting
amplifier:
e Inpart (a), the output is an amplified but inverted version of the input, shifted by 180°.
The output swings symmetrically above and below the DC bias level, VDC (out).
e In part (b), the positive half of the output is clipped because the Q-point is set too
close to cutoff.
e Inpart (c), the negative half of the output is clipped because the Q-point is too close to

saturation

Amplifier symbol

V; ~ Vout

in

Vv

DC(in) —-—;— O0— Voc(out) —-—-—

\J/

(a) Linear operation: larger output has same shape as input except that it is inverted

//:A):

(b) Nonlinear operation: output voltage limited (clipped) by cutoff

/ \
77\ { 4
-\ i 9
N V(' E Jy
| -

(c) Nonlinear operation: output voltage limited (clipped) by saturation

Figure 4-11 : Examples of linear and nonlinear operation of an inverting amplifier
(the traingle symbol)

4.5.2.1 BJT Biasing Circuits
a-Base Bias
This circuit is also called the Fixed Bias Circuit. The two resistors, Rg and R¢, are used to
provide the required biasing voltages.
By applying Kirchhoff's Voltage Law (KVL) to the input circuit (BE Loop), we obtain the
voltage difference across it
Vee =Ryl +Vge (4.7)
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I Vcc _VBE
® R
B

By applying Kirchhoff's Law to the output circuit (CE Loop), we obtain
Vee =Rclc +Vee

VCE :VCE_RCIC

We deduce the definition of the current gain in the common-emitter configuration

Ve

Figure 4-12 : Base Bias

Load line analysis
To simplify Apply Kirchhoff's Law to the output loop of the transistor circuit: We obtain

VCE :VCE - Rc Ic

e Icsar Occurs when transistor operating in saturation region

Ve

Csat —
¢ Vee=0

e Vce(offy OCCUrs when transistor operating in cut-off region

VCEoff :Vcc :VCe|

Ic=0

(4.8)

(4.9)
(4.10)

(4.11)

(4.12)

(4.13)

(4.14)

(4.15)
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The resulting load line for Fixed Bias configuration design is shown in figure 4-13. If the base
current lg is varied by adjusing the base resistor Rg , the Q -point moves up or down the load
line as illustrated in Figure 4-13.a for increasing values of Iz . When the supply voltage Vcc
remains constant and the collector resistor R¢ increased, the load line will shift as shown in
Figure 4-13.b If Ig is held fixed, the Q -point will move as shown in the same figure. If R¢ is

fixed and V¢ reduced, the load line shifts as shown in Figure 4-13.c

R >R1 >R

@-point

Q-point

Ve om Q point
[ ‘\<E§§
I~ \.
Vee = 0 VCL‘3 Vcc Vee, Vee
a) varying Ig b) Increasing Rc c) decreasing Vcc

Figure 4-13 : : Circuit Values Affect the Q-Point

b-Emitter-Feedback Bias:

It contains an emitter resistor to improve the stability level over fixed bias.

Figure 4-14 : Emitter-Feedback Bias

Base Emitter Loop: Applying KVVL wehave

Vee =Rglg +Vge + Rl (4.16)

| = Vcc _VBE
" Ry +({1+S)Re

(4.17)
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Collector Emitter Loop:

Vee =Rl +Vee + Ro 1. (4.18)
Assume,
lo ~ I, (4.19)
Vee = (Re +Re )l +Vee (4.20)
Vee =Vee —(Re + R )lc (4.22)

The magnitude of the collector current

Vcc _VBE
T R+ AR 22

Lode Line analysis for the emitter bias configuration
To simplify Apply Kirchhoff's Law to the output loop of the transistor circuit; We obtain

VCE :VCE - (Rc + RE )I c (4-23)
e lcsar Occurs when transistor operating in saturation region

Voo (4.24)

| =
Csat
Re +Rely, o

e Vceff) OCCurs when transistor operating in cut-off region

VCEoff :Vcc :VCe||C:O (4-25)
The resulting load line for the emitter bias design is shown in figure 1-15.

I

h}
('
K.+ RE.

0 V. Ve

Figure 4-15 : Emitter bias load line
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e Improved Bias Stability
Adding an emitter resistor to the BJT's DC bias circuit improves stability by helping the bias
currents and voltages remain near their original set points, even when external conditions like

temperature or transistor beta vary.

Without Re With Re

Vcc _VBE _ Vcc _VBE
e B s

f- Collector feedback Bias
In Figure 4-16, the base resistor Rg is connected to the collector instead of Vcc. The
collector voltage is therefore used to bias the base-emitter junction. The negative feedback
creates an “offsetting” effect that tends to keep the Q-point stable. When I¢ tries to increase, it
drops more voltage across Rc, thereby causing V¢ to decrease. When V¢ decreases, there is a
decrease in voltage cross Rg, which decreases Ig. The decrease in Ig produces less Ic which

drops less voltage across R¢ and thus offsets the decrease in V.

Ic+lg

Figure 4-16 : Collector feedback Bias

Applying KVL:
Vee =R (I +15)+Vee + Ryl g (4.26)
Vee =RcPocls +Relg +Vae + Rl (4.27)
Vcc = (ﬁDC +1)RC I B +VBE + RB I B (4-28)

| = Vcc _VBE
B =
(ﬂDC +1)Rc + RB

(4.29)
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The magnitude of the collector current

Vcc _VBE
RB + (1+ IBDC )Rc

le = fBoc (4.30)

The load line equation for the self-bias circuit, based on Kirchhoff’s Voltage Law (KVL)
around the collector loop, is written as:

Vee =Rele +Ve (4.31)
Vee =Re(lg + 1) +Vee (4.32)
Voo = RC(IC + ﬂ'c ]+vCE (4.33)
DC
|
Vee =R.1e + R, ﬁ—c+vCE (4.34)
DC
RC
Voo = Ig| 1+ +V, (4.35)
DC
I, = Vcc;F:’CE (4.36)
1+—C

DC

e Icsar OCcurs when transistor operating in saturation region

lcoat = (4.37)
1+

ﬂDC Ve =0

o Vcefr) OCcurs when transistor operating in cut-off region

VCEoff :Vcc :VCe| (4-38)

1c=0
g- Voltage divider bias

Figure 4-17 shows the most widely used biasing circuit. Notice that the base circuit contains a

voltage divider (R; and Ry). Because of this, the circuit is called voltage-divider bias (VDB).
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Ve

all |

Figure 4-17 : Voltage Divider Bias

v Exact analysis

The input section of the network in Figure 4-17 can be redrawn as shown in Figure 4-18 for

DC analysis. Apply Thevenin’s theorem to the portion of the circuit to the left of point B,

replacing Vcc with a short to ground and disconnecting the transistor.

Ve

Ve

Ve

Rc

X
—
==

»
»

—1 Vee

Figure 4-18 : Thevenizing the bias circuit

The voltage at point B with respect to ground is :

RZ
= 4.39
TH Rl + R2 CcC ( )
R, xR
Ry = 22 (4.40)
R, +R,
Applying KVL
E.pn =Ryls +Vee + R (441
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Substituting /r=(1+p) Ip and solving for Ig yields

Ery =Replg +Vee + R+ ) 14 (4.42)

— Ern —Vee
’ Rry +Re (1+ﬂ)

(4.43)

The magnitude of the I

ETH _VBE
IC =IB(RTH +RE(1+IB)j (4'44)

Lode Line analysis for the VVoltage Divider Bias
To simplify Apply Kirchhoff's Law to the output loop of the transistor circuit: We obtain :

Vee =Vee +Rele +R: ¢ (4.45)

Vee =Vee +Re (1 + 1)+ R 1 (4.46)

Let’s assume that Also, (I ¢ == 1g)

Vcc =VCE + (Rc + RE )Ic (4-47)
V.. -V
|C —_CE cC (4.48)
Rc +R:

e Icsar Occurs when transistor operating in saturation region

V
log = —5— (4.49)
Rc +Re Ve -0
e Vce(offy OCCUrs when transistor operating in cut-off region
Veest =Vee :VCe| (4.50)

Ic=0
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Table 4-2 : Symmary of transistor biasing Circuits

VCE :VCE - RCIC

ec 003

C

| = Vee =Vee
" Re+(+pRe

Vcc _VBE
. :’{RB +<1+ﬂ>REj

VCE :VCE _(Rc + RE)IC

e 00 Y|

"Re +R;

Collector feedback Bias

| = Vee —Vee
B =
(ﬂDC +1)Rc +Rg

Vcc _VBE
. Zﬂ(wm IR, + RJ

Ve :VCC_IC(1+ Re j

DC

Voltage Divider Bias

V
(Vee 0),) 0.—<<
1+—°C
Proc
ETH _VBE

I =
’ Rry +RE(1+:B)

Ery —Vee
)

VCE =Vcc _(Rc + RE )Ic

Vee.0) [o V—j

"R +R;
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4.6 BJT Amplifier
A BJT amplifier is a circuit that amplifies small input signals by controlling a larger output

current in response to the input. BJT amplifiers are classified based on their configuration:
Common Emitter (CE), Common Base (CB), and Common Collector (CC). Each
configuration has unique characteristics suited for different applications.

4.6.1 BJTAC equivalent circuit

We now start our investigation of the Bipolar Junction Transistor's (BJT) AC response by
looking at the models that are most frequently used to depict the transistor in the sinusoidal
AC domain. The input signal's amplitude is a key factor in the AC analysis of transistor
circuits. Whether to use small-signal or large-signal analysis approaches depends on the
signal's amplitude.

There are three modules commonly used in the small-signal AC analysis of transistor
networks 1- The Re model 2- The hybrid = model 3- The hybrid equivalent model

4.6.2 Small signal analysis of BJT
The importance parameters for Two-Port system

I lo

v, system Vo

Figure 4-19 :Defining the Important Parameters of Any System

Table 4-3 : The importance parameters for Two-Port system

Voltage Gain \V}
G, =2
V|
Current Gain |
G, = il
I |
Power Gain Gp =G, xG,
Input impedance \Vj
Z, =L
I,
Ouput impedance vV
Ly = -
lo
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4.6.3 Equivalent Model of transistor

4.6.3.1 Hybrid Equivalent Model
The hybrid parameters: his, his, ho1 and hy, are developed and used to model the transistor.

These parameters can be found in a specification sheet for a transistor (see Table 2-3)

The complete ac equivalent circuit for the basic three-terminal linear device is indicated in
Figure 4-20.a, with a new set of subscripts for the h-parameters. This circuit, can be further
simplified if a value for the parameter 1/h,, is not provided. In that case, we can safely
assume that h;»=0 or 1/hy;=00 resulting in the approximate hybrid equivalent circuit shown
Figure 4-20.b.

IO
—>— < L iy S— <
/ hy

) hyy
Vv . I Vv V
| h,Vo <'_" hyul, H h,, I I ol °

(a) Generalized H-parameter model for a BJT (b) Simplified H-parameter model for a BJT

Figure 4-20 : H-parameter transistor model.

4.6.4 The common- Emitter Amplifier
4.6.4.1 Common-emitter voltage-divider bias configuration
Figure 4-21 illustrates a common-emitter amplifier using a voltage-divider bias. It
includes coupling capacitors, C; at the input and C3 at the output, as well as a bypass
capacitor, C,, connected from the emitter to ground. The input signal V; is applied to the base

through capacitor C;, while the output signal Vo is taken from the collector and delivered to

' ﬁRl |J'éc
Vn@)[ ; :|R2 ECE[RL Vo

I
Figure 4-21 : Common-emitter voltage-divider bias configuration

the load through capacitor Cs.

1
| I
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v Coupling Capacitor and Bypass Capacitor
» Coupling Capacitor
+ Used to transfer AC signals between two stages of a circuit while blocking DC
components.

»  Ensures that the DC biasing of the two stages does not interfere with each other.

’—lcl o o
T v AEHR TEV R pc o000
T Via AC o000
Figure 4-22 : Coupling Capacitor
> Bypass capacitor
A bypass capacitor is similar to a coupling capacitor because it appears open to direct

current and shorted to alternating current. But it is not used to couple a signal between two

points. Instead, it is used to create an ac ground.

ot ]

Figure 4-23 : Bypass capacitor

e AC equivalent circuit for the amplifier
For AC analysis we need

» AC equivalent circuit

Replace the transistor with the equivalent model to find out the AC response

Step 1: short circuit all the dc sources

Step 2: short all the capacitors

Step 3: redraw the network removing all the elements which are short circuited in Step

1 and Step 2
B

1]
Vl [] RB h11 ] h21| b hzzl[] RC RL TVO

77 E

1

Figure 4-24 :  AC-equivalent circuit (Common-emitter amplifier)
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Voltage gain G, =\\//—O
|
Vo =2 /IR IR il (4.51)
Vi =hylg (4.52)
(2 1R 1R ]
GV —_\22 C L/21°B (453)
hlllB
o (2R MRy, (454)
, = .
hll

Input Impedance Z, :\I/—'
|

V, = ( hy xRg ]| | (4.55)
h, +R;
Z, = hyy xRy (4.56)
h, +Rg
Z =h, (4.57)
RB >10h,, (4.58)
. IO
Current gain G, = T
|
V, =-R/ I
0 Lo jl_o:_v_oﬂz_evi (4.59)
V|:Z||| I| RLVI RL

V
Ouput Impedance  Z, =|—°
(0]

We use Thévenin's theorem:
 Disconnect the load
« Short-circuit the generator at the input V,=0

* Apply a voltage Vo at the output, which injects a current I
B

C
VI :0 |::| RB h11

Tyl ] ] [
Figure 4-25 : Determination of ouput Impedance (Common-emitter amplifier)

1

77 E
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= (hszl//R XI h,, B) (4.60)
V, =h,l,=0=1, =0 (4.61)
Vy = (st 1R )1, (4.62)

-1
Z, e Re g _ h,2 1/ Re (4.63)

(o]

Zo =R. (4.64)
R. >10h,, (4.65)

o Phase Relationship

The negative sign indicates that 180° phase shift occurs between the input and output signals.

4.6.4.2 A common-emitter amplifier Unbypassed voltage-divider bias
configuration

We consider the same circuit as in the previous section, except that the bypass capacitor

CE has been removed. The modified circuit is illustrated in the figure below.

Ty

| i
R:
Re

7777

|
Cs

I_I

@{

Figure 4-26 : A common-emitter amplifier Unbypassed voltage-divider bias configuration

Fiure 4-27 shown the equivalent circuit for the A common-emitter amplifier unbypassed

voltage-divider bias configuration

Figure 4-27 : AC-equivalent circuit for the a CE amplifier unbypassed
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Voltage gain G, =\\//—O
|
Vo =—(Rc /1R h,, 14 (4.66)
V, =[h, +R1(hy, +1)]I, (4.67)
G _ (RC //RL)h21IB (468)
vV T .
VI = [h11 + REI(h21 +1)]IB
R. /IR, )h
v = ( C L) 21 (469)

h, +Rel(h,, +1)

Vv
Input Impedance Z, =|—'
|

V, =R(l, - 15) (4.70)
V, =(h; +Re (h21+1))IB (4.71)

(4.72)

( (hy, +Re ( h21 +1)))

=1, [(hll + REz(hzl +1))RB] 4.73

]
A _ (h11 +Re (th +1))X Rg
I, hy+Rg(h, +1)+Ry

V, [, +Re(h,, +1)+R

Z, = (4.74)

4.6.4.3 Common Collector Amplifier (emitter follower)
An emitter-follower circuit using voltage-divider bias is illustrated in Figure 4-28. The input

signal is coupled to the base through a capacitor, while the output signal is taken from the
emitter through another capacitor. The collector is maintained at ac ground. This
configuration does not produce phase inversion, and the output amplitude is nearly equal to

that of the input.

Ve
Figure 4-28 : Common collectoramplifier (emmitter follower)
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Figure 4-29 shown the equivalent circuit for the common collector amplifier (emitter
follower)

<
 —
| I
X
W
>
~
—
X
m
ey
<
o

a®

Figure 4-29 : Hybrid Equivalent for the common collector amplifier (emitter follower)

e Voltage gain G, =\i
VI
Vy =(Re /R, Yy, + 1)l (4.75)
V, =h, 1, +V, (4.76)
V, =[h, +(Rc /R Yhy,, + D)1 4 (4.77)
o - (Re/IR )by +1), 4.78)
Y [hll + (RE // RL)(th +1)]| B
G — (RE // I:\)L )(th +1) ~ 1 (479)

Y [hll + (RE // RL )(th +1)]
Phase Relationship
Emitter-follower (common-collector) conguration has no phase shift between input and output

Input Impedance Z, :\I/—'
|

V, =Rg(l, = 1) (4.80)
Vi =(h, + (h21 +l)(RE IR, )) I (4.81)

VI
le = h, +(h, +1)R. //R,) (4:82)

VI

Vi = RB[" " hy + (hy, +1)R //RL)J (4.83)
V, [hy, +(h,, +1(Re #/R, )+ RB]=1,[(h, +(h,, +1)R. /R, ))RB] (4.84)
— \L — (hll + (th +1)(RE I RL))RB (485)

"1, h,+(h, +1)R. /R, )+RB
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Vv
Ouput Impedance Z, =|—o
o

We use Thevenin's theorem:

* Disconnect the load

« Short-circuit the generator at the input V,=0

* Apply a voltage Vo at the output, which injects a current I

B R E <
—>- — <4+
II IB h11 IO

V, =0 D Re h,,1,{A> Re Vo

7777 C

Figure 4-30 : Output impedance C-C Configuration

Vo =Re (I +(h,, +2)1;) (4.86)
Vo =0=h,l, +V, = I, :—\;—0 (4.87)
11
V, = RE(IO —(hy, +1)¥—0j =V @+ (hy, +1)%) =R I, (4.88)
11 11
2y =Yo__ Rehy (4.89)
IO hll + (th +1)RE

VO hll
h,, >>1 R.hy,>-h, Z,=—=— (4.90)

IO th

4.6.4.4 Common Base Amplifier
A common-base amplifier, as shown in Figure 4-31, uses the base as the common terminal,

which is held at AC ground by capacitor C,. The input signal is applied to the emitter through
a coupling capacitor, and the output is taken from the collector, also coupled through a

capacitor to the load resistor. Vee
R
R ¢
———> 4
| Ce

i}
Cs 1l |::|RL Vo

Ro o C T v,

e

Figure 4-31 : Common-base amplifier
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Figure 4-32 shown AC the equivalent circuit for Common-base amplifier

—> <
d hy g lo
V| Re h11 Rc Ry Vo
s
v B

Figure 4-32 : AC the equivalent circuit of the Common-base amplifier

Voltage gain G, = Vo
VI
Vo =—(Rc /1R h,, 14 (4.97)
V, =-h,l, (4.92
GV — \i — (RC I RL)hZI (493)
IO h11

Phase Relationship

The Common Base Amplifier has no phase shift between input and output

Input Impedance Z, :\I/—'
|

VI = (RE 1 hll))(ll + hzll B) (4-94)
VI =—h11|B = IB =—\& (4.95)
h11
VI = (RE I hll))(ll _%VOJ (4-96)
11
V, [1+ w] =(Rg /1), (4.97)
h11
Zl — \L — (RE // hll)hll (498)
I h11 + (RE 1 h11 )th
(Re My, =>=h, = Z, = % (4.99)

21
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Vv
Ouput Impedance Z, =|—o
o
We use Thévenin's theorem:
* Disconnect the load
« Short-circuit the generator at the input V,=0
* Apply a voltage Vs at the output, which injects a current o

< <«
I : h21| B
V, = Re hia Rc Vo
I B
77 B

Figure 4-33 : Output impedance C-B configuration

Vo =R (g —hyly) (4.100)
V, =0=-h,l, =0=1, =0 (4.100)
Vo =R.l,=Z, =R, (4.102)

Summary of the tree common transistor amplifier configurations is presented in Table 4.4.

Table 4-4 : Summary of the tree Common Amplifi er Confi gurations

Gy Z Zo Phase
Relationship
Common emitter
(CE) ~ (hgzl IR IR, )th h,, - 180 degrees
hy, ¢
Common base
(CB) (R, /1R, )hy, hy, R. 0 degrees
hy, h,,
Common collector
(emitter follower) ~1 (h, +(hy, +1)R. // R, ))RB hy 0 degrees
(CC) h, +(n, +1(R. //R)+RB | hy,
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4.6.5 Multistage transistor Amplifiers
Two or more amplifiers may be connected in cascade, where the output of one amplifier
feeds the input of the next. Each amplifier in this arrangement is referred to as a stage. The
primary purpose of a multistage configuration is to increase the total voltage gain. Although
discrete multistage amplifiers are less common today than in the past, studying them helps
illustrate how circuits influence one another when interconnected. The three couplings

generally used are: 1- Direct-Coupled 2- RC coupling 3- Transformer coupling

I_—
T

lo

V'T | An E] Tvo

S

=
i

A, An

S

A,

T

—
>

L_:},
&

c)

Figure 4-34 : Multistage transistor Amplifiers
a) Direct-Coupled b) RC coupling c)Transformer coupling

4.6.5.1 Multistage Voltage Gain
The overall voltage gain, Av, of cascaded amplifiers, as shown in Figure 4-35, is the

—— > 9
A, TVoa TVON.l :VINT A, R. T Vo

Figure 4-35 : Multistage Voltage Gain

product of the individual voltage gains.

1
¥

-

I
V.T Ay

-

Vo =V

—
—
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Gy =Gy Gy, X Gy g i s s Gy
Where n is the number of stages.
Vv
G, =L
Vi v,
Ve
v2 =
Vio =V
Vos
v3 =
Vis =Vo,
Y,
Gy = ; _i/
IN = VoNn-

4.7 Darlington Connections

(4.104)

(4.105)

(4.106)

(4.107)

(4.108)

A Darlington connection is a connection of two transistors whose overall current gain

equals the product of the individual current gains. Since its current gain is much higher, a

Darlington connection can have a very high input impedance and can produce very large

output currents. Darlington connections are often used with voltage regulators, power

amplifiers, and high current switching applications

0o

Q1 Q1

Q1

Q1

a) (b)

Q1

Q1

Figure 4-36 : a) Darlington pair; (b) Darlington transistor; (¢) complementary Darlington

Figure 4-36a shows a Darlington pair. Since the emitter current of Q; is the base current

for Q,, the Darlington pair has an overall current gain of:

p= 181182
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Semiconductor manufacturers can put a Darlington pair inside a single case like that
shown in Figure 4-36b. This device, known as a Darlington transistor, acts like a single
transistor with a very high current gain.

Figure 4-36¢ shows another Darlington connection called a complementary Darlington,
a connection of npn and pnp transistors. The collector current of Q; is the base current of Q.

If the pnp transistor has a current gain of S, and the npn output transistor has a current gain of

p, the complementary Darlington acts like a single pnp transistor with a current gain of

BB,

4.8 The BIT as a Switch

In the last part, you saw how a BJT can be used as a linear amplifier. The second

primary application area is switching applications.

4.8.1 Switching Operation
The fundamental functioning of a BJT as a switching device is shown in Figure 4-37

VCC VCC VCC VCC

I CSAT

C QC
E O E
77777 77777

(a) Cutoff — open switch (b) Saturation — closed switch

Figure 4-37 : Switching action of an ideal transistor
In part (a), the transistor is in the cutoff region
Cutoff Conditions: As previously stated, when the base-emitter junction is not forward-

biased, a transistor is in the cutoff area. All currents are 0 when leakage current is ignored,

and V¢e and V¢ are equal.

VCE(CUTOFF) =Vee (4.110)
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In part (a), the transistor is in the saturation region
Saturation Conditions As you now know, a transistor is saturated when the base-emitter
junction is forward-biased and there is sufficient base current to generate a maximum

collector current. The collector saturation current formula is :

. Vcc _VCE(SAT)

IC(SAT) R
C

(4.117)

Ve (sa) €an typically be disregarded because it is much smaller than Vec.

The lowest base current required to achieve saturation is :

_ IC(SAT)

I B(min) ﬂ
DC

(4.112)

To make sure the transistor is saturated, 1g should typically be much higher than Igmin).

4.9 Glossary
Francais Anglaish 4 )
Transistor a jonction bipolaire  Bipolar Junction Transistor bl (AU ) g 330 8
Emitteur Emitter el
Collecteur the collector R EN]
Base base saclall
L'émetteur commun The Common Emitter &yidall e L)
La base commune The Common base A4S yidall Bac il
collecteur commun common collector <l jide aala
(émetteur suiveur) (emitter follower) (Sl flia)

Polarisation par résistance de
base

Fixed-bias Configuration

(2=l hail) Sl Hlasy)

Polarisation par réaction

d’émetteur

Emitter-Feedback Bias

el jla)

Polarisation par retour du

collecteur Auto-polarisation

Collector-Feedback Bias
(self-bias)

A byl B il
dnalal) 5N b

Polarisation par pont de

résistances de base

\oltage-Divider Bias

el audia Jail 3 il

La droite de charge

The Load-Line

Jaall s

Point de repos (point Q)

quiescent point (Q-point)

( M)u}m\m
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BIPOLAR JUNCTION TRANSISTOR
(BJT)
Exercises

Exercise 04.1 : Emitter Bias
Calculate the Q-point values (Icq and Vceo)
for the circuit in Figure 4-38

Figure 4-38 : Circuit for Exercise 04.1
Exercise 04.2 : Collector Bias
Calculate the Q-point values (lcq and Vceg) for the circuit in Figure 4-39
VCC:].ZV

Rc=3KQ

B=150

R,=3KQ

Figure 4-39 : Circuit for Exercise 04.2

Exercise 04.3: Voltage-divider configuratin

Determine the dc bias voltage Vceq and the current Icq for Voltage-divider configuratin

for: L Vee
£ =100 and £=50 R, Re
Withm:
R, =39KQ; R, =9,3KQ; R, =100KQ; R; =15KQ t
Ve =22 and VBE =0,7V R,

Re

Figure 4-40 : Circuit for Exercise 04.3
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VCC
Exercise 04.4 : Voltage Divider Bias (CE configuration) ] R Re
1
The transistor of Figure 4-41 has the following set of h parameters: L _| ¢ —
I— 2 A
h, =100Q;h,, =100; h,, = h,> =0 A
l L
Withm: , A D Vo
R, =33K;R, =10KY; R. =R, =3.3KQ; R, = R, =3308 - "
- Give the type of amplifier of the circuit. ==,
- Calculte Gy Z, and Zo T
Figure 4-41 : Circuit for Exercise 04.4
Exercise 04.5 : Voltage Divider Bias (CB configuration) v
cc
The transistor of Figure 4-42 has the following set of h parameters: ] ] Rc
1
h,, =800€2; h,, =80; h, =0 and h;! = 20KQ | I
With R; =R, /IR, =4.91KQ; R. =R, =3.33KQ andR; =667Q
] _ll_ R Vo

- Give the type of amplifier of the circuit. =C, R, RCE TV'

E
- Calculte Gy Z, and Zo T

Figure 4-42 : Circuit for Exercise 04.5
VCC

Exercise 04.6 : Voltage Divider Bias (CC configuration)

The transistor of Figure 4-43 has the following set of h parameters:
h, =1000Q; h,, =120; h, =0 and h,, = 25KQ —CII
1

With R, =R, /R, =1.83KQ; R. =R, =400Q v

- Give the type of amplifier of the circuit.
- Calculte Gy Z, and Zo

Figure 4-43 : Circuit for Exercise 04.6

Exercise 04.7 : Two-transistor NPN Darlington
The so-called “Darlington” transistor is made up of two transistors (both NPN, both PNP, or a
combination of the two types). The circuit is given in Figure 4-44
The hybrid parameters of transistor T, are: h;; =1K;h, =h,,00eth,, = 5 =30
The hybrid parameters of transistor T, are: h';, =1KQ;h',,=h',,=0eth’,;= 3, =100
1. Neglecting leakage currents, determine (in DC) the current gain of the equivalent
transistor and the base-emitter potential difference : Vg, =Vge, =0,7V

2. Give the small-signal equivalent circuit of the configuration.
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. . V
3. Calculate the input resistance. R, = -

I, O

4. What is the advantage (purpose) of this configuration?

Q1

Figure 4-44 : Circuit for Exercise 04.7

Exercise 04.8 : Cascode Connection
The two transistor T, and T, of Figure 4-45 has the following
the same dynamic parameters :

T, : h111 = h112 =120002; h211 = h212 =100 T, = h121 = hlzz =0; h221

With
R, =52KQ; R, =36,4KQ, R, = 18KQ ,R. =3KQ and R, =1KQ

1- Determine the type of circuit for each transistior and give the
small-signal equivalent circuit of the configuration

2-The total gain for the system, Av and Avs.

3-Calculate the input impedance of the second stage

4-The total gain for the system G,

= h222 :0

|
s
|

-

3

Figure 4-45 : Circuit for Exercise 04.8

Exercise 04.9 : The BJI as a switch

(1)- For the transistor circuit in Figure 4-46, what is Vcg when Viy =0 V?

(2)- What minimum value of Ig is required to saturate this transistor if ppc is 200?

Neglect Vce(say-

(3) - Calculate the maximum value of Rg when V|y =5 V.

VCC:].OV

Rc =10KQ

Rg —©

VOUT

Figure 4-46 : Circuit for Exercise 04.9
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BIPOLAR JUNCTION TRANSISTOR
(BJT)
Solutions

Exercise 04.1 : Emitter Bias

From Figure 4-38

Given

S =80; R, =10KQ,; R, =3250Q;RE =200,V =25V and Vg =0.7V

Value of collector current

Using Equation 4.16, the collector current is
Vee =Rglg +Vge +R: 1

|
Vee =RB7§+VBE +R. 1.

R
Vee :[?B+ chlC +Vige
Figure :4.38
lco+ 150+ 1,

Value of collector to emitter voltage

Vee :(RE + Rc)lc +Veg = Vee =Vee _(RE +R¢ )Ic

Ve =25-(200+820)9.9x107° =14.9V

Exercise 04.2 : Emitter Bias

Calculation of the coordinates lcpand Vcgo.
The equations of the circuit are:

Vcc = RC(ICO + Il)+VCE0

Vg =R, 1, = 1, =eeo = 07 _g533mn

R, 3x10°

Vcc = Rc(lco + |1)+ R1|1 + Rzlz

Vcc = Rc(ﬂlso + IBO+ Iz)"‘ R1(|50+|2)+ Rzlz

Vee = Rc((ﬂ+1)lso + Iz)+ Rl(IBO + |2)+ R, 1, Figure :4.39
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Vcc :(Rc + Rl + Rz)lz +(RC(IB+1)+ Rl)IBO

Vee —(Re +R +R,)I, 12-(33x10°)0.233x10°
7 R(B+1)+R 3x10*(1+100)+27x10°

—13.06A

leo = g, =100x13.06x10™° =1.306mA

|, =l +1, =0.233x10"° +13.06x10™° = 0.246mA

Value of collector to emitter voltage

Vee =(lgp + 1;)Re +Veg = Ve =Vee — (1o + 1)Re

Ve =12-(0.246+1.306)3 = 7,344/

The coordinates of the operating point are: (1.306 mA, 7.344 V)

Exercise 04.3: Voltage-divider configuratin

Calculation of the coordinates lcgand Vcgo.

Rt I 1
Ve — > | Ve
—_ |
——\/14 \A £
Re T Re

Figure 4.40.a: Thevenizing the bias circuit.

Ve

This example tests how much the Q-point will shift if the level of b is cut in half rather than

comparing exact and approximate methods. Et, and Ry, are identical:

For =100
From (E.q 4.39)

_RxR,  339x39x10°

- = =3,55KQ
™R 4R, (339+39)x10°

From (E.q 4.40)

R, 3,9%10° x 22
Eri=——"=Vec = oA sann3
R +R, (39+39)10
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From (E.q 4.43)
ETH _VBE 2-0,7

* SR +R.(4 ) 355107 +15x10°100+1) oA
From (E.q 4.11)
lo = Bl; =100x8,38x10° =0,84mA
From (E.q 4.47)
Vee =Vego +(Re +Re )l = Ve =Vee —(Re +Re )¢
Vego=22—(10+15)10° x0,84x10°° =12,34V
For =50
From (E.q 4.43)

E.p —Vee 2-0,7 _16.24,A

® "R, +R.(l+ /) 355x10° +15x10°(50+1)

From (E.q 4.11)

leo = Bly =50x16,24x107° =0,81mA

From (E.q 4.47)

Vee =Veeo +(Re +Re Jle = Vee =Vee —(Re +Re )l
Vego =22—(10+15010° x0,81x10°° =12,69V

After tabulating the outcomes, we have

Impact of b change on the voltage-divider configuration's response in Figure 4-40.a

B lco(mA) Vego(mA)
100 0,84 12,61
50 0,81 12 ,69

The circuit's relative insensitivity to the change non £ is evident from the results, which

demonstrate that even when b is significantly reduced from 100 to 50, the values of Icq and

Vceg remain nearly unchanged.
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Exercise 04.4 : Voltage Divider Bias (CE configuration)

1- The type of amplifier of the circuit.
Input : Base

Output : Collector : A common-emitter amplifier
Calculte Gy

Figure 4-41 shown the equivalent circuit for the common-emitter amplifier

Figure 4-41.a

Voltage gain

\Y/
Gv =V_OV0 :_(Rc //RL)thIB
Vv,

|
= [hn + REl(h21 +1)] I
(Rc I R, )thI B
VI = [hll + REl(th +1)] I B

y ==

)

3.3x3.3x10°

(Re /RN, _ (33+33)10° 288750 _
h, +Rg(h, +1)  20+330(175+1) 58100 '

G, =

Input Impedance Z, :\I/—'
|

Vi :RB(II —lg )
Vi = (h11 + REl(h21 +1))| B
. V,
= RB(Ie B (h11 + REl(hZI +1))]
Vi [hn + REl(h21 +1)+ Rg ] =1, [(hn + REl(h21 +1))RB]

V, _ (hy +Rg(hy +1))x Ry _ (20+330[175+1)x5x10° _ 290 500 _ 46020
I, h,+Rgy(hy, +1)+R, (20+330175+1))+5%x10° 63100

Z =

Dr Salem CHABACHI University of Adrar 166



Fundamental Electronics 01 Chapter 04 : Bipolar Junction Transistor

Currentgain G, = II—O
|
From equation 4.59
z 4603

G, =-G, =-=496——_=6.91
R, 3.3x10

Vv
Ouput Impedance Z, =|—°
(6]

We use Thévenin's theorem:

* Disconnect the load
« Short-circuit the generator at the input V,=0 V,
* Apply a voltage Vs at the output, which injects a

current I

V, =0=i, =0=i. =h,, i, =0

Figure 4-41.b

V, =Re(is —hyi, )= R.is = Zs =R, =3.3KQ

Exercise 04.5 : Voltage Divider Bias (CB configuration)
1-The type of amplifier of the circuit.

Input : Emitter

Output : Collector : A common-Base amplifier

Figure 4-42.a shown AC the equivalent circuit for Common-base amplifier

hy
Il
£ — (e C
I
! thI B
V, Re h1a Rc R, Vo
I B
7 B
Figure 4-42.a
2- Calculte Gy
VS .
A =G =3
. . \Y . . -V
V, =—h,i, =i, =—— V, =—h,i, +Vy =i, = Oh‘l !
11 22
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Vo = _(RL 1 Rc )(h21ib + i1)

Vo =—(R_//R; )[—V'hhzl YoV,

-1
11 h22

|

VO(].-{— (RL /{lRC )j :VI [(RL // RC )th +i_1J
h22 hll h22
((RL Ry 1 J (R /1R nyhy; +hy,
\i _ h11 hz_z1 _ hllhgé
v, ( (R /IR, )J hyy + (R, //Re)
1+ 1 1
h22 h22
— (RL // RC )thhZ;1 + hll x h2_21
hy.h; hy; +(RUIIR:)
o _ [L67x10°B0x20000+800 20000 _5344001610° .,
! 20000x 800 20000+ (1.67x10°) 346 72x10’

Input Impedance Z, =

II
V, = (Rg /1hy, )i, +1i)

Vo = _hllib
i =i, +hyi,
Vo =(Re /1 hll)(i, Yo flV' naVy ]
h22 hll
V, =(R. /I hll)[i, + G, __11)/' _haV, J
h22 hll

vV
Gy = =Vo =GV,

-G, +1 h .
(1+ (R /1 hu{%Jr h—”j}/l = (Re /11y, )i,
22 11
z, =2 (e ) N igi 1 80 333:f54:10.799
e —Gy +1 hy 1+363)[_ il +] '
(1+(RE I hn)( hi +hD ( 20000 800
22 11
Current Gaine G, ;
G _y Vo =—Riio :ig: VoZi _ _Zi g5 _154x1079 =-0.498
Nt V, =Z,i, i RV, R’ 333x10°
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A hy,
Ouput Impedance Z, =—

lo I,

L |
We use Thévenin's theorem: 1 E —L e C &
* Disconnect the load ! hsle
o . =0 Re hy Rc V,
« Short-circuit the generator at the input V,=0 :
I
* Apply a voltage Vs at the output, which injects a °
77 B

current lo Figure 4-42.b

V, =R (ip — (i, + hyi, )) avecV, =0= h,,i, =0

1 1
hZZ 22

.V . RV RV .
Vo = Rc(l, ——Oj: Rei, ——% =V, +%: Reio

3
vo(1+ %J R, =7, = Yo - RE = 3’?221203 = 2,85KQ
22 I AR i
h,, 20x10°

Exercise 04.6: Voltage Divider Bias (CC configuration)
1-The type of amplifier of the circuit.

Input : Base

Output : Emitter : A common-Collector amplifier

Figure 4-43.a shown AC the equivalent circuit for Common-base amplifier

v, D R WROX] RED R | | Vo

7777 C

Figure 4-43.a :

Voltage gain G, = \\//—O
|

Vo =(Re /1R 110 )by, + D)l

Dr Salem CHABACHI University of Adrar 169



Fundamental Electronics 01 Chapter 04 : Bipolar Junction Transistor

V, =h,lg+V,
V, =

Iy, + (Re 1R 11052 Yy, + D)1

(R IR Mg hy, + 1)1
Y b+ (Re /R MG Ky, + )1

_ (Re/RMNZN, +1) R(h, +1)
Yy +(Re RGNy +2)] [y +R(hy, +1)]

R. xR, xhy, 400x 400x 25000 4%10°

" R.xR_+R_xh+R.xh! 400x400+400x 25000+ 400x 25000 2016x10°

R(h,+1) 198120+1) 23958

G, == = =
Y [h, +R(hy, +1)] 1000+198120+1) 24 958

=0.95~1

Input Impedance Z, :\I/—'
|

7 :RB(II _IB)
V, =|hy, + (Re /R 110 Ny, + D)1,
Vv

| — |
® " hy+(h, +1(Rc //R /)

v
Vi= RB(" - hll+(h21+1)(ll?E I RL/hz‘zl)j

S Vi (hyy +(ny, +1)Re /R, /1y )RB
"1, hy+(h, +2)Re /R /Nyt )+RB

(1000+(120+1)198)11.83x10° 45 673,14
| — 3 = :182Q
(1000+(120+1)198))+1.83x10° 24 959,83

. L E -«
Vo T R i
Ouput Impedance Z, = T | B Nn 0
We use Thévenin's theorem:
* Disconnect the load /77 C
« Short-circuit the generator at the input V=0 Figure 4-43.b

* Apply a voltage Vo at the output, which injects a current o
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Vo =(Re 116 +(hyy +1)15)
Vo
hy,

Vo=0=hylg +Vo =15 =-

-1
V, :(RE //hzzl{lo —(hy, +1)\rf—oj =V, @+ (hy, +1)(R+/hﬂ)) = (RE //hz’zl)lO

11 11

(1000>< 400)1
v, (Re /by, (1000+400 _34285_ oo
hy +(hy, +1)Re //h;2) 1000+ (120+1)x 285, 35 485

Exercise 04.7 : Two-transistor NPN Darlington

1-The current gain

In DC operation, the current flowing through the collector is:
IC = ICl+ IC2

. =Bl +5ls,

lgy=lg =l + g =Bl + 1, =(8+1)1,

le =Bl + BB +1)1

l. =8l +L,81s + 5,15

le =(B+ B+ Bl

po =5,

e =(8° +25)1,

[? =20
lc = 21,

2- The potential difference between the base and the emitter is:
Vge =0,7+0,7 =14V

3- Small-signal quivalent circuit
The dynamic equivalent circuit of the configuration in small-signal operation and at low

frequencies is shown in the Figure 4-44 a.
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o

A

Icz

ce

-
h21|b2

Figure 4.44.a

4- input resistance

Ve = Nyl + 0y i,

D’aprés la loi des noeud on a:

Ipp = Noglpy +1yy = ib1(1+ h21) Iy = Iy

Ve = [hn + h'11 (1"' h21)]ib = reib

r =" _[h_ +h', (L+h,)]=[1000+1000{+30)] = 41K

Ib

5- The Darlington configuration significantly improves the input resistance as well as the

current gain. This configuration is generally used as a power stage at the output of an

amplifier.

Exercise 04.8 : Cascode Connection

1-The type of amplifier of the circuit.
T :Input : Base
Output : Collector : Common-emitter amplifier
T, :Input : Emitter
Output : Collector : Common-Base amplifier
2-Small-signal quivalent circuit
The dynamic equivalent circuit of the configuration in small-signal operation and at low

frequencies is shown in the Figure 4-45.a. h,, 1y,

ﬂvo

<
| —
L
)
@
=
=
=
>
~
—
=
=
=
X
(@]
| —

1 E B
Tl 17777 Tz
Figure 4 .45.a
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Voltage gain
V,
sz :V_o
12
Vo =—-R:h,ib,
Vi, :_hllibz
R.hyib,  R:h
yy = c A2 ¢ 2__ 250
hy,ib, hy

The input impedance of the second stage is

7 _ Via — hy, = 1200:12Q
12 (h21 +1)V h,+1 100
hy, N
Voltage gain
V
G, =
Vi v,
V| = hllibl
V01 = _Z|2h21ibl
Gy, = _le_h21ib1 — —h,Z,, — —h, hy = Moy =—100 =-0,99
Myl hy, hy Ny +1 hy, +1 101
Voltage gain

G, =G, xG,, =250x0,99 = —248

Exercise 04.9 : The BJI as a switch

(1)- When Vy=0, the transistor is in cutoff (acts like an open switch) and
Ve =V =10V

(2)- Since Vcg(sa Is neglected (assumed to be 0 V),

Ve 10
R. 10x10°

=10mA

IC(SAT)
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I 10x107°
I B(min) — CI(BSAT) = 200 =950LA
DC

(3)- When the transistor is on VBE=0,7 V, The voltage across Rg is
Veg =V —Vee =5-0,7=4,3V

Calculate the maximum value of Rg

Ry = —\I/RB - %3 _gsko

Bmin SOIUA
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5 |oPERATIONL AMPLIFIERS ( Op-Amp)

Learning Objectives

By studying this chapter and completing the related exercises, you will be able to:

Understand the concept and operation of Operational Amplifiers (Op-Amps).

Identify the pin configuration (pinout) and circuit symbol of an operational amplifier.

Understand the relationship between the output voltage (Vo) and the differential input voltage (V).
Analyze the equivalent circuit of a non-ideal operational amplifier.

Understand the main operational amplifier configuration topologies.

Analyze the behavior and applications of different Op-Amp circuits.

N o o bk~ 0w Dd e

Understand the basic characteristics and limitations of practical operational amplifiers.
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5.1 What is Operationl Amplifier ?
An Op-Amp is an active circuit element designed to perform mathematical operations of

Amplification, Addition (Summing), subtraction, differentiation, integration, comparison,

filtering and oscillation.....etc

Figure 5-1 shows one of the most famous operation amplifiers which is known as 741 Op-

Amp.

1 ] ]
2 :|7
a [ 5

Figure 5-1 : Pin configuration

Figure 5-1 illustrates a typical op-amp package. The eight terminals are:
1- Balance
2- Inverting input
3- Noninverting input
4- The negative power supply V°
5- Balance
6- Output
7- The positive power supply V*

8- No connection

5.2 Circuit Symboles
The standard operational amplifier (Op-Amp) symbol is shown in figure 5-2:

+V

+Vee | ¢

v, vy — | > o

Tech USA TechEU

Figure 5-2 : Circuit Symboles
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5.3 The equivalent circuit of an Op-Amp
The equivalent circuit model of an Op-Amp is illustrated in figure. 5-3. The output stage

is represented by a voltage-controlled source in series with the output resistance R,. As shown
in figure 5-3, the input resistance Ri corresponds to the Thevenin equivalent resistance
observed at the input terminals, while the output resistance R, represents the Thevenin

equivalent resistance observed at the output.

Figure 5-3 : The equivalent circuit of the nonideal Op-Amp

The differential input voltage v4 can be expressed as:
Vy =V, -V, (5.1
The output voltage vo is given by
v, =Av, = AV, -V, ) (5.2)
where
A: is called the open-loop voltage gain

v1: is the voltage between the inverting terminal and ground

V : Is the voltage between the noninverting terminal and ground

5.4 Typical ranges for Op-Amp parameters
Table 5-1 illustrates that the typical ranges for Op-Amp parameters
Table 5-1 : Typical ranges for Op-Amp parameters

Parameter Typical range Ideal values
Open-loop gain A 10° to 10%Q) ©
Input resistance R; 10% to 108 Q oo

Output resistance R, 10 to 100Q2 0
Supply voltage Vcc 5to 24V -
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Op-Amp output voltage Vo as a function of the differential input voltage V4
Figure 5-4 illustrates that the Op-Amp can operate in three modes, depending on the

differential input voltage vd:

‘LV o
Positive saturation

v

Negative saturation

Figure 5-4 : Op-Amp output voltage Vo as a function of
the differential input voltage vd

» Positive saturation, V, =V .
* Linear region: =V <V, = AV, <V,
* negative saturation:V, =V,

If we attempt to increase vq4 beyond the linear range, the Op-Amp becomes saturated and
yields Vo= V¢c or Vo= -Vc (used in camparators). Throughout this book, we will assume
that our op amps operate in the linear mode. This means that the output voltage is restricted
by

Ve <V, <V (5.3)

Although we shall always operate the Op-Amp in the linear region, the possibility of
saturation must be borne in mind when one designs with op amps, to avoid designing Op-

Amp circuits that will not work in the laboratory.

5.5 Operational Amplifier Configuration Topologies
There are several different Op-Amp circuits, each differing in function. The most common

topologies are described below.

5.5.1 ideal Op- Amp
An ideal Op-Amp is an amplifier with infinite open-loop gain, infinite input resistance, and

zero output resistance
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i, =0/,
I

Figure 5-5 : Ideal Op-Amp

Two important characteristics of the ideal Op-Amp are:
e The currents into both input terminals are zero:
i, =1i,=0 (5.4)

e The voltage across the input terminals is equal to zero

V,=V'-V =0=V' =V~ (5.5)

5.5.2 Inverting Amplifier
The fundamental inverting amplifier configuration is illustrated in figure 5-6. The input

signal, V| is applied to the inverting terminal, while the rest of the circuit is composed of
resistors R; and Ry.

Figure 5-6 : The Inverting Amplifier

Ad =co=i, =i, (5.6)
V,-V ™~ =Rji, =i =V1;1 (5.7)
V™ -V, =R, i, =1, _Y R_VO (5.8)

f

But V™ =V " =0 for an ideal op amp, since the noninverting terminal is grounded. Hence,

R
Vi Vo _y __Bry (5.9)
Rl Rf Rl

An inverting amplifier reverses the polarity of the input signal while amplifying it
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5.5.3 Noninverting amplifier

Figure 5-7 shows the basic non-inverting amplifier configuration. The negative feedback is

maintained and the input signal is now applied to the non-inverting terminal

Figure 5-7 : Non-inverting Amplifier

Application of KCL at the inverting terminal gives

0-V =Rj, =i, ==V
R,
V™=V, =R;i, =i, = —Vo
Rf
ButV- =V*=V,
vV, V,-V,
E::IR—fO: Rl(vl _Vo): R:V,

~RV, =—(R; +R M,

Rf
Vo =|1+—,
Rl

(5.10)

(5.11)

(5.12)

(5.13)
(5.14)

(5.15)

A non-inverting amplifier is an Op-Amp circuit designed to provide a positive voltage gain.

5.5.4 Voltage follower

An operational amplifier (op-amp) design in which the output voltage directly follows (or

equals) the input voltage is called a voltage follower, sometimes referred to as a buffer

amplifier or unity gain amplifier.
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Vv
V, Io

77777

Figure 5-8 : Op-amp Voltage follower
V, =V, (5.16)

5.5.5 Summing Op-Amp
A summing amplifier is an Op-Amp circuit that combines several inputs and produces an
output that is the weighted sum of the input

. R
| 3
A S
v, > —
+
17777

2
Vi ]
LR
Figure 5-9 : Summing Op-Amp

Application of KCL at the inverting terminal gives

=i, +i, +i, (5.17)
V- =V'=0 (5.18)
w—V*zag:g:W_V (5.19)
Rl
L V-V
V,-V =R, =i, = (5.20)
RZ
W—v-=R&:>g=W§V (5.21)
3
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We note that V™ =V " =0 and substitute Eq. (5.14) into Eq. (5.13). We get

V, =—R,i=-R, Vi Yo Vs (5.22)
R1 RZ RS
R =R, =R, =V, =V, +V, +V,) (5.23)

5.5.6 Difference Amplifier

A difference amplifier is a device that amplifies the difference between two inputs but rejects any
signals common to the two inputs

Figure 5-10 : Difference Amplifier

Consider the Op-Amp circuit shown in figure. 5-10. Keep in mind that zero currents enter the Op-Amp
terminals. Applying KCL to node a,

A A (5.24)
Rl Rf
Or
(Vl _Vi)Rf = (Vi _VO)Rl (5.25)
R,V,—-R,V =RV —RV, (5.26)
RV, +(R, +R V™ =RV, (5.27)
VR IR VERACRY (5.28)
=|—+ -— :
(6] Rl Rl 1
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Applying VDR to node b,

v, (5.29)

But. V™ =V " Substituting Eq. (5.17) into Eq. (5.16) yield

(R R, R,
V= —-+1 V, -——V, (5.30)
R, JR,+R, R,
R, +R R
V, = — R, V, ——V, (5.31)
R, JR,+R, R,
R(R,+RR R
Vg =(M)Vz -—tv, (5.32)
R,R, +R,R, R,
1+&
V, _RiRsl Ry —&v (5.33)
° RlRS 1_{_& ’ Rl '
3
1+&
Vv, R R 2—&v1 (5.34)
Rl 1_’_& Rl
R3

Since a difference amplifier must reject a signal common to the two inputs, the amplifier must have

the property that V=0 whenV;=V,. This property exists whe

R_R (5.35)
Rf R3
Thus, when the Op-Amp circuit is a difference amplifier, Eq. (5.18) becomes
v, =Rty Ry, :ﬁ(v -V,) (5.36)
(0] Rl 2 Rl 1 R1 2 1 '
If R1=R and R,=R3 , the difference amplifier becomes a subtractor, with the output
Vo =V, -V, (5.37)
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5.5.7 The Integrator Amplifier
An operational amplifier (Op-Amp) integrator is a circuit that performs mathematical

integration of the input signal. It produces an output voltage that is proportional to the time
integral of the input voltage

17777

Figure 5-11 : The Integrator Amplifier

The circuit can be analyzed by applying KCL at the inverting input

i, =i, (5.39)

Furthermore, the capacitor has a voltage-current relationship governed by the equation

i —C, d(V_dt_VO (5.39)
Substituting the appropriate variables
ViV . dv-—-Vv,) (5.40
R, ot
For an ideal op-amp V =0V, so:
Vi__c, d(v,) (5.41)
R, dt
V| =_d(Vo) (542)
RC, dt

If the initial value of Vpis assumed to be 0 volts, the output voltage wil simply be

proportional to the integral of the input voltag

1
RC

V, =— jv,d(t) (5.43)
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5.5.8 Op-Amp differentiator
An op-amp differentiator (or derivative circuit) produces an output voltage proportional to
the rate of change (derivative) of the input voltage. It is commonly used in signal processing,

edge detection, and high-pass filtering

17777
Figure 5-12 : Op-amp differentiator

The circuit can be analyzed by applying KCL at the inverting input

i =i, (5.44)
Y
i =c 4.45
—c (449
cM_ Yo (4.46)
dt R,
v, = —Rfc% (4.47)

559 Op-Amp logarithmic amplifier
An Op-Amp logarithmic amplifier (or log amplifier) is a circuit that produces an output
voltage proportional to the logarithm of the input voltage. It is useful in applications such as

signal compression, signal processing, and nonlinear analog computing.

17777

Figure 5-13 : Op-Amp logarithmic amplifier
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The circuit can be analyzed by applying KCL at the inverting input
i, =l (5.48)

i, = \F/Q_I (5.49)
1

The following is the equation for current flowing through a diode, when it is in forward bias

Iy = Is(e"Td - ] (5.50)

Vo =-V, (5.51)

I :I{e":— J (5.52)

Rearranging this equation gives the output voltage Vo to be aproximately

Vo =-V; In—- (5.53)

i :YEI _i, (5.54)

V, =\, In F:/'I (5.55)
1%s

5.5.10 Exponential amplifier
An anti-logarithmic amplifier (or exponential amplifier) is a circuit that produces an

output voltage that is exponentially related to the input voltage. It is useful in applications like

analog computation, signal expansion, and non-linear signal processing.

Figure 5-14 : Exponential amplifier
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The circuit can be analyzed by applying KCL at the inverting input

For an ideal op-amp V™ =V =0, so:

5.6 Summary of basic Op-Amp circuits

(5.56)

(5.57)

(5.58)

(5.59)

(5.60)

(5.61)

Table 5-2 summarizes the Op-Amp circuits considered in this chap ter. The expression for

the gain of each amplifier circuit holds whether the inputs are DC, AC, or time-varying in

general.
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Table 5.2 : Summary of basic op amp circuits

Op-Amp circuit

Name/output-input relationship

Inverting Amplifier

Rf
Vy=——1V
Rl

Noninverting Amplifier

Vo =|1+—V,
Rl

Voltage follower

Vo =V,

Difference Amplifier

R
Vo = ?f(vz _Vl)

1

Summing Op-Amp

\/o=—Rf£+V—2+V—3
R1 RZ R3

Op-amp differentiator
dv; (t)

V,=-R,C
0 f qt

Integrator Amplifie

11
Vo =———|V,d(t
e LU

logarithmic amplifier

Vg =-V; In Vi

1's

Exponential amplifier
Vo

V, =-R,1.e"

Dr Salem CHABACHI University of Adrar

189



Fundamental Electronics 01

Chapter 05: PERATIONL AMPLIFIERS ( Op-Amp)

5.7 Glossary
Francais English 4yl
Amplificateur opérationnel Operational Amplifiers sheall pdadll
Domaine de saturation Saturation region el Jlse
Domaine de linéaire Linear region el Jlae

Montage amplificateur inverseur

Inverting amplifier

Monatge amplificateur non inverseur

Nonnverting amplifier

Amplificateur suiveur

Voltage follower

Aop additionneur

Summing

Aop intégrateur

Integrator Amplifier

Aop dérivateur

Derivative circuit

Logarithmique Log amplifier <t sl
Exponentiel Exponential amplifier )
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OPERATIONL AMPLIFIERS (Op-Amp)
Exercises

Exercise: 05.1
Given the Op-Amp circuit shown in figure 5-15, express

Vo in terms of V; and Va.
a- What does this circuit represent?
V, =1+10sinat,V, =-1V, C=14F,R, =R, =100KQ

b- Calculate the value of the output voltage

Figure 5-15 : Circuit for Exercise 05.1

Exercise 05.2:
Determine the voltage gain V,, /V, of the Op-Amp circuit in figure 5-16

Vv, — Vv
|R_2| I 0
L]Rl R
_|_

Figure 5-16 : Circuit for Exercise 05.2

Exercise 05.3: Instrumentation amplifier
The circuit in the figure below represents an instrumentation amplifier.
1- What role do the operational amplifiers Op-Amp; and Op-Amp; placed at the input of

the circuit play?
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2- Determine the expression of the output voltage Vo as a function of V; and Vs.

p-Amp
+ R, R, 4
7
Op - Amp Vo
+
p- Amp L I /7477
+ R, R,

Figure 5-17: Circuit for Exercise 05.3
Exercise 05.4

Considering the circuit in figure 5-18 composed of ideal operational amplifiers, give the
expression for the voltage gain

Figure 5-18: Circuit for Exercise 05.4
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OPERATIONL AMPLIFIERS (Op-Amp)

Solutions

Exercise 05. 1
a- Operational equations

Application of KCL at the inverting terminal gives (Figure 5-16)

=i +1, V'=V"~

V,-V* =Rj, =i, =

\VARSVA :%jidt:vs =—éjidt

Vo= L[ e
C’(R, R,
b- The role of the circuit: The circuit represents an integrator.

c- the value of the output voltage

1 ¢(1+10sinet 1
Vy=—— [ 222
C R R

10
=————Cosat
C

Rw
Vg =c0s100t

jdtz—ﬂjsina)tdt
CR

Exercise 05. 2

Operational equations

V=V~

L =1+,

V, =V,

V, -V, =R,i, =V, =R,i, +V,

Vo =Rl +V, Figure 5-16
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Y,
V,-0=Rj; =l =—
4

b-Calculation of the voltage gain

vy,
|1:|2+|3:E+R7

1 4

RZV' +V,

oy, R, R,+RL 1
i =0, +i; =+ =V, b=

1 R4 R4R1 Rl
V, =Ry, ( R;+RR1+;J+ R,i, +V,

47N 1
v,=Ry, | RetR 1 g Vily

RR. R R,

V, RsR,+RR,+R,R, +R,R,+RR, (R +R,)R;+R,)+RsR,

_0
V, R,R, R,R,

Exercise 05. 3

1- role do the operational amplifiers Op-Amp; and Op-Amp; placed at the input of the
circuit play :

The two operational amplifiers located at the input of the device are configured as voltage
followers. In other words, their output voltage is equal to the input voltage applied to the
non-inverting terminal. The circuit therefore has an infinite input impedance, both at input
V; and at input V5.
2- Determine the expression of the output voltage Vo as a function of V1 and V..

Since no current can enter the third operational amplifier (Figure 5-17), we apply the voltage

divider principle at point B, that is, at the non-inverting input of the operational amplifier

V3+ — R2Vi2
R +R,
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Let us now apply Millman's theorem at point A, that is, at the inverting input of the same

operational amplifier

The output voltage
V1+ :Vl_ :Vil = Vil :V01
Vz+ =V2_ :Vi2 = Vi2 :Voz

One of the two resistors R, provides a feedback loop. Therefore, the operational amplifier

operates in the linear region

RV, + RV, — RVi,
R +R, R +R,

RlVO — RZVI 2 I:QZVIl
R +R, R+R, R +R,

RZVIZ _ R2V|1
Rl + Rz Rl + Rz — (RZVIZ — R2vll)(Rl + Rz)
Rl Rl(Rl + Rz)
R +R,

VO ==

R
V :?Z(Vll_VIZ)

S
1
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Exercise : 05.4

Operational equations

Vl+ =V, =0
VzJr :Vz_ :Vo
_Vo = I:a4(|1 + Iz)

\Y
VI :R1|1:>|1:E|

1

V.
Vy—0=Rl,=1,=-2
R2
V-V, =R,l,
V-V, =R,

b-Calculation of the voltage gain

RI, -V, =R, o

_R
Vo _ R,
V
R Ry
Rl Rz
Vo_ _RARl

V, R,R+R,R,+R,R,
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