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3 HOW TO READ THIS BOOK 3

This book has been designed to meet the requirement of all Electrical, Electronics and Instrumentation
Engineers. It is has been written in simple and lucid language so that students from all backgrounds,
having little knowledge of English, can understand. It is designed to develop facts and concepts for
competitive examinations in India like GATE, IES, PSUs and IAS examinations. The book can be
referred for University Syllabus across different countries in the world. Every chapter is followed
and prepared after in depth analysis of previous year questions which appeared in these competitive
examinations. The focus is mainly on developing concepts along with facts. Each chapter has
been followed by previous years fully solved questions of GATE of Electronics, Electrical and
Instrumentation Engineering. These questions are helpful for university examination also.

For students studying in B.E./B.Tech

This book would help students studying in B.Tech to prepare for their university examination. In
parallel book is equipped to prepare B.Tech students for competitive examinations like GATE and
ESE. However, main focus of students of B.Tech should be to develop concepts and then practice
question of GATE.

For students preparing for GATE

The theory of this book has been prepared to develop theoretical concepts for those students who
are preparing for GATE. Such students should focus on theoretical concepts followed by practicing
previous year GATE questions which are given at the end of each chapter along with full solutions.
Students first try to solve the question themselves and the refer the solution.

For students preparing for ESE Preliminary

The theory of this book has been prepared for students preparing for ESE both Electrical and
Electronics Preliminary and Mains Examinations and IAS Electrical mains examination. However,
students preparing for ESE Pre examination should note down factual information and formulas in
their notebook in form of brief notes. It helps in quick revision just before the Pre examination. Each
chapter has been provided with fully solved questions of ESE Pre for both EE and EC. Students
should practice these questions in time bound manner with one question in one minute. It would help
to build speed and accuracy. Solutions should be referred only to clarify doubt if any.

For students preparing for ESE Mains and IAS Mains

The students preparing for ESE Mains of EE and EC or IAS Electrical mains should practice questions
from all these examination so that they have enough practice questions. However, solutions of these
question will be provided in next edition of this book. Such students should not wast much time on
reading theory in whole they should relevant portion which are important for mains examination as
they have already studied the whole theory while preparing for preliminary stage.

xiil






PREFACE TO FIRST EDITION

Chapter 1

Chapter 1 introduces different circuits of diodes. It presents clipping circuits, clamping circuits, peak
detectors, rectifiers and zener voltage regulator. This chapter is very important for almost all the
competitive examinations including GATE & ESE for students of Electronics, Electrical as well as
Instrumentation Engineering. There are questions from this chapter almost every year in GATE and

Engineering services Examinations.
Chapter 2

Chapter 2 presents different biasing circuits of BJT and its thermal stabilization. Different circuits
has been presented on the basis of the circuits which appearing in examinations. The focus on topics
which are important for different competitive examinations. It is an important topic for GATE, ESE
and PSU examinations. There are frequent questions from this topic in competitive examinations of

Electronics, Electrical and Instrumentation Engineering students.
Chapter 3

Chapter 3 presents different biasing circuits of MOSFETs and JFETs. This topic is important for
students of Electronics Engineering special for GATE examination. Various circuits of MOSFET

have been covered on the basis of questions which appeared in different competitive examinations.
Chapter 4

Chapter 4 presents the small signal analysis of BJT amplifiers. This an important topic for GATE as
well as ESE mains examinations of students from Electronics and Electrical Engineering. There are

frequent questions in GATE of Instrumentation Engineering as well, form this topic.
Chapter 5

Chapter 5 presents the small signal analysis of MOSFET amplifiers. This an important topic for
GATE specially for students of Electronics Engineering. There topic will be important for future

GATE examinations because of increased practical applications of MOSFET.
Chapter 6
Chapter 6 presents frequency response of BIT and MOFETs. It covers both low frequency as well

XV



as high frequency responses of these devices. This is an important topic for GATE examinations of

Electronics Engineering and ESE pre examination.

Chapter 7

Chapter 7 presents multistage amplifiers and their frequency response. There were few questions from
frequency response of multistage amplifiers in GATE as well as ESE pre in Electronics Engineering.

However, there can be one mark question in GATE, ESE pre and PSU examinations from this topic.
Chapter 8

Chapter 8 presents compound configurations of BJT and MOSFET which includes Darlington Pari,
Cascase and Cascode connection and current mirrors. There are frequent question especially from
current mirror in GATE examination of Electronics, Electrical and Instrumentation Engineering. It

1s an important topic of ESE and IAS examinations also.



CHAPTERWISE GATE SYLLABUS

S.N. Topic Electronics & Comm. Electrical Instrumentation
Engineering Engineering Engineering
Ch.1 | Semiconductors | Energy bands in intrinsic and
extrinsic semiconductors,
equilibrium carrier
concentration, direct
and indirect band-gap
semiconductors, Carrier
transport: diffusion current,
drift current, mobility and
resistivity, generation and
recombination of carriers,
Poisson and continuity
equations
Ch.2 | Diodes P-N junction, Zener diode, Characteristics and
LED, photo diode and solar applications of diode,
cell Zener diode
Ch.3 | Bipolar Junction | BIT Characteristics and
Transistors applications of BJT
Ch.4 | Field Effect MOSFET & MOS Capacitor Characteristics
Transistors and applications of
MOSFET
Ch.5 | Diodes Circuits | Diode circuits: clipping, Simple diode
clamping and rectifiers. circuits: clipping,
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Ch.-10 | Frequency BJT and MOSFET amplifiers | Amplifiers:
Response : frequency response Frequency response
Ch.11 | Multistage
Amplifiers
Ch.12 | Compound BJT and MOSFET amplifiers
circuits : Current mirror
Ch.13 [ Feedback Feedback amplifiers | Feedback amplifiers
Amplifiers
Ch.14 | Differential BJT and MOSFET amplifiers | BJT and MOSFET
Amplifiers : differential amplifiers. Differential
Amplifiers
Ch.15 | Operational Op-amp circuits: Amplifiers, | operational Characteristics of
Amplifiers & its | summers, differentiators, amplifiers: ideal and practical
circuits integrators, active filters, characteristics operational amplifiers;
Schmitt triggers and and applications; applications of opamps:
oscillators. single stage active | adder, subtracter,
filters, Sallen Key, integrator, differentiator,
Butterworth, VCOs | difference amplifier,
and timers instrumentation
amplifier, precision
rectifier, active filters,
oscillators, signal
generators, voltage
controlled oscillators
and phase locked loop,
sources and effects of
noise and interference
in electronic circuited
oscillators and phase
locked oscillators,
signal generators,
voltage controlled
oscillators and phase
locked loop.
Ch.16 | Oscillators Oscillators
Ch.17 | Power Supplies

Ch.18

Power
Amplifiers

xviil




CHAPTERWISE ANALYSIS OF GATE QUESTIONS

Chap| Topic 2010 | 201 | 2012 | 2013 | "I2014" —— 20"15 —— 2‘::6 | "2017| 2018 (2019 | 2020 | 2021
Ch.1 | Semiconductors 4 1 71213 6|1 2 5 1 2
Ch.2 | Diodes 2 2 1 3 4 514|424 3|12 |10 5 2
Ch.3 [ BJT and Its Characteristics 2 2 2 12| 3 2 (1 111 1 2
Ch.4 | FET and Its Characteristics 2 6 8 5 7154|524 3|5[4|8|2]| 3 2
Ch.5 | Diode circuits 4 1 2|1 1| 3| 3| 1| 3| 2 1 5 1
Cch.6 | Biasing of BJT 2 2 3|1 1 1 1|2
Ch.7 | Biasing of MOSFET 2 2
Ch.8 [ Small Signal Analysis of BJT 2 1
Ch.9 [ Small Signal Analysis of FET 2 1 7 2 2 4 2|2 2 1
Ch.10 | Frequency Response
Ch.11 | Multistage Amplifiers 1 1
Ch.12 | Compoud circuits 1 1 4
Ch.13 | Feedback Amplifiers 2 1 1 111 1 1
ch.14 | Differential Amplifiers 1 2
Ch.15 | Operational Amplifiers & its circuity 3 1 2 3 212 6|3|6|4|3|4(8|2|3] 4 4 4
Ch.16 | Oscillators
Ch.17 | Power Supplies 2
Ch.18 [ Power Amplifiers
Total Marks 22 18 14 16 26 | 18 | 19 | 22 | 15 | 21 | 17 | 24 | 20 19 | 21 22 20 23 23 15

lectrical Engineering : EDC & Analog Eectronic

Chap| Topic 2010 | 2011 | 2012 | 2013 m "|2°14" — 2‘::5 — 2‘::6 | "2017| 2018 (2019 | 2020 | 2021
Ch.1 | Semiconductors
Ch.2 | Diodes 2
Ch.3 | BJT and Its Characteristics 1 1
Ch.4 | FET and Its Characteristics 1 2
Ch.5 | Diode circuits 2 2 | 4 2 2 3 4
ch.6 | BJT Biasing 2 2 1] 1 1( 2 2 |2 2
ch.7 | FET Biasing
ch.8 | Small Signal Analysis of BJT 1 1
Cch.9 | Small Signal Analysis of FET
Ch.10 | Frequency Response of BJT & MOSFET
Ch.11 | Multistage Amplifiers
ch.12 | Compoud circuits
Ch.13 | Feedback Amplifiers 2 1 1
ch.14 | Differential Amplifiers 2 2
Ch.15 | Operational Amplifiers & its circuity 1 1 4 3 3(2]3 4| 4 3 212 2 2
Ch.16 | Oscillators
Ch.17 | Power Supplies 2
Ch.18 | Power Amplifiers
TotalMarks | 1 [ 5 10 | 8 3 (4 (5([1]|8]5 3 (4 (44|26 |12] 7

Xix



Chap

Topic

2010

2012

2013

2014

2015

2021

2022

2023

2024

Ch.1

Semiconductors

Ch.2

Diodes and theirs circuits

Ch.3

BJT & Its Characteristics

Ch.4

FET Characteristics and its biasin

Ch.5

Diodes Circuits

Ch.6

BJT Biasing

Ch.7

FET Biasing

Ch.8

Small Signal Analysis of BJT

Ch.9

Small Signal Analysis of FET

Ch.10

Frequency Response of BJT & MOSFET

Ch.11

Multistage Amplifiers

Ch.12

Compound circuits

Ch.13

Feedback Amplifiers

Ch.14

Differential Amplifiers

Ch.15

Operational Amplifiers

1"

12

15

Ch.16

Oscillators

Ch.17

Power Supplies

Ch.18

Power Amplifiers

Ch.19

Tuned Amplifiers

Ch.20

Multivibrators

Total Marks

14

18

13

11

18

14

12

XX



Diode Circuits

1.1

1.1.1

Diode as Circuit Element

When a diode is used as a circuit component it behaves like an uncontrolled switch. Ideally a diode
behaves like a closed switch when it is forward biased and it behaves like an open switch when it is
reverse biased. However, a diode may be represented by its equivalent circuit with different diode
models.

Equivalent Circuit of an Diode for DC signals

The diodes are replaced by their equivalent circuit in diode circuits depending upon the biasing
condition of the diode. The diodes equivalent circuit for different diode models are presented as
under,

1. Ideal Diode
An ideal diode behaves as short circuit when it is forward biased with V ;> 0 and open circuit when
it is reverse biased with V/ < 0 as shown in Fig. 1

A [ | B
A B o—o0 o—o0
+Vp = o e o A B
(a) Ideal diode (b) Biased with V> 0 (c) Biased with V <0

Fig.1 Equivalent circuits of an ideal diode under forward and reverse biased conditions

2. Piecewise Linear Model

The piecewise linear model represents a battery in series with a resistance (R, ) called forward
resistance, when voltage across the diode is more than cut-in voltage (Vy) of the diode and it acts as
an open circuit when voltage across the diode is less than cut in voltage of the diode as shown below.

A I, B A B I
a Dl > || A —e Al B
> —0 o—o
I,
+VD_ Vv Rf + VD B

(a) Diode as circuit element  (b) Biased with V>V (c) Biased withV <V
Y Y

Fig.2 Equivalent circuit of piece wise linear model of diode under different biasing conditions

www.digcademy.com CADEMY digcademy@gmail.com



Diode Circuits EDC & ANALOG ELECTRONICS [2]

3. Simplified Model

A diode in simplified model is represented by a battery when voltage across the diode is more than the
cut-in voltage (V) of the diode and it acts as an open circuit when voltage across the diode is less than
cut in voltage as shown below.

A ID B A V“/ A ID B
o—> |>| ° A || B O —
+Vp — L, + Vs -
(a) Diode as circuit element (b) Biased with V>V (c) Biased with V_<V
Y D Y
Fig.3 Equivalent circuit of simplified model of diode under different biasing conditions

1.2 Clipping Circuits

Clipping circuits are used for clipping a part of a waveform which lies above or below a reference
voltage level. The clipping circuits can be used to clip waveforms at one or two reference levels. The
clipping circuit which clips a waveform at one reference level is called one level clipper and one
which clips at two reference levels is called two level clipper. The clipper which clips the waveform
above a reference level is called positive level clipper and one which clips below a reference level is
called a negative level clipper. While studying the clipping circuits only two cases will be discussed
with diode in ‘ON’ condition and diode in ‘OFF’ condition. The diode will be considered ‘ON’ when
voltage across the diode, V> Vy, and it is considered ‘OFF’ when V< Vy. The cut-in voltage, VY =
0, for an ideal diode. The diodes used in clipping circuits in the following sections will be considered
ideal diodes and input signals are considered to be sinusoidally time varying.

1.2.1 One Level Clipper with Shunt Connected Diode
These are the circuits in which diode is connected in shunt with the load. The reference voltage
source is connected in series with diode and this combination is connected in shunt with the load.
One level clippers can be positive and negative level clippers which are further subdivided in to two
sub category each with positive and negative reference voltages. All possible one level clippers with
shunt connected diode are discussed as follows,

Circuit 1: Positive Level Clipper Circuits with Positive Reference

A positive level clipper with positive reference voltage consisting of a shunt branch with a reference
voltage source in series with an ideal diode connected across the load is shown in Fig.4. The reference
voltage is positive if its polarity matches with polarity of input voltage. It can be seen from the circuit
of Fig. 4 that negative terminal of reference voltage source is common with negative terminal of
input voltage so the reference voltage is called positive reference. The analysis of clipping circuits
will be done by taking OFF condition of diode followed by ON condition for ease of understanding
the operation of the circuit which is discussed in the following two cases.

Case-1 : When diode D is OFF

The equivalent circuit with diode D in OFF condition becomes as shown in Fig. 5. As the diode D
is ideal so it behaves like an open circuit when it is OFF. The diode D is off when voltage across the
diode negative i.e. V <0.Ifa KVLis applied in input loop of the circuit as shown below with diode
in open circuited condition then the voltages, V. , V jand V_ are related as under,
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Diode Circuits EDC & ANALOG ELECTRONICS [3]
Vin_VD_ VR =0 (1)
One point should be noted here that the voltage drop across the resistance R is not considered while

applying KVL in input loop because the current in R is zero when diode is open circuited, therefore,
voltage drop across R is zero.

R
o MW o
+ T+ +
Vo D
Vm _|_ Vo

_ VR -|_ _
0

Fig.4 Shunt diode positive level clipper circuit with positive reference voltage

= V, =V, -V, ()
The diode D is off if, V, <0 3)
= V=V, <0 “)
= vV, <V, ©)

Under open circuited condition of the diode, the current through resistance R is zero, so voltage drop
across R is zero and the output voltage becomes same as input voltage.

Vv, =V, (6)

m

_ Ve -|— -
o
Fig.5 Equivalent circuit of positive level clipper circuit
with positive reference voltage and V <0

Case-2 : When diode D is ON

The equivalent circuit with diode D in ON condition becomes as shown in Fig. 6. As the diode D
is ideal so it behaves like a short circuit when it is ON. When diode is in OFF condition the voltage
across the diode is given by equation (2). The diode will turn ON from OFF only at the instant when
V,becomes more than zero.

The diode D turns on ON when,

V, >0 (7
= V,-V, >0 ®)
= V. >V, ©9)

Under short circuited condition of the diode, the battery with reference voltage V, is directly
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Diode Circuits EDC & ANALOG ELECTRONICS [4]

connected across the output terminals so the output voltage becomes equal to V. Thus when the
input voltage is greater V_, the output voltage,

\AER'A (10)
R
o MWW 0
+ + +
vy D
Vln + Vo

Fig.6 Equivalent circuit of positive level clipper circuit
with positive reference voltage and V >0

Waveforms:

If input signal is sinusoidal then waveform of output and input signals will be as shown in Fig.7. The
sinusoidal waveform with dotted line represents the input signal and part of sinusoidal waveform
with dark line represents the output signal. It can be observed from the waveform that when input
signal is less the reference voltage V, the output signal is same as input signal and when input signal
becomes more than the reference voltage level the output signal is clipped at reference voltage V..

Fig.7 Waveform of input and output signals of positive
level clipper circuit with positive reference voltage

Transfer characteristics:

The transfer characteristics of clipper circuit gives the variation of output voltage with respect to
input voltage. It observed from the waveforms of input and output signals in Fig.7 that the input
voltage varies from —V_ to +V_ and corresponding variation in output voltage of the circuit is from
-V, _to+V,.Fig. 8 represents the transfer characteristics of the of a positive level clipper circuit with
positive reference voltage.

WhenV, <V, ; V. =V, (11)

If y-axis of transfer characteristics represents output voltage and x-axis represents input voltage then

above equation represents a straight line of unit slope for the range V, < V_ as shown in Fig. 8.
WhenV, > V; vV, =V, (12)

R
So, the output voltage is V,, when the input voltage becomes more than V as shown in the Fig. 8.
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Note :

V, A

o
=
+
<
B8
<V

Fig.8 Transfer characteristics of positive level

clipper circuit with positive reference voltage
When V, is zero the above circuit behaves like a half wave rectifier, with only negative half cycle
presents at the output.

Circuit 2: Positive Level Clipper with Negative Reference

A positive level clipper with negative reference voltage consisting of a shunt branch with a reference
voltage source in series with an ideal diode connected across the load is shown in Fig.9. The reference
voltage is negative if its polarity is opposite to that of input voltage as in circuit of Fig. 9.

R
° MW 0
+ N +
Vo D
Vin : Vo
Ve T i
(e, 0

Fig.9 Shunt diode positive level clipper circuit with negative reference voltage

Case-1 : When diode D is OFF
The equivalent circuit with diode D in OFF condition becomes as shown in Fig. 10. The diode D is
off when voltage across the diode negative i.e. V <0.Ifa KVL is applied in input loop of the circuit
as shown below with diode in open circuited condition then the voltages, V, , V| and V are related
as under,

V,-V,+V, =0 (13)
The voltage drop across the resistance R is not considered while applying KVL in input loop because
the current in R is zero when diode is open circuited. Therefore, voltage drop across R is zero.

= vV, =V +V, (14)
The diode D is off if, V, <0 (15)
N V4V, <0 (16)
= vV, < -V, (17)

Under open circuited condition of the diode, the current through resistance R is zero, so voltage drop
across R is zero and the output voltage becomes same as input voltage.
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V. =V, (18)
R
o MWy 0
+ +] +
Vo D
Vin _ Vv,
Vi l
_ + _
(e, 0

Fig.10 Equivalent circuit of positive level clipper circuit
with negative reference voltage and V <0

Case-2 : When diode D is ON

The equivalent circuit with diode D in ON condition becomes as shown in Fig.11. When diode is in
OFF condition the voltage across the diode is given by equation (14). The diode will turn ON from
OFF only at the instant when V| becomes more than zero.

The diode D turns on ON when,

VvV, >0 (19)
N V4V, >0 (20)
= v, > -V, 21)

Under short circuited condition of the diode, the battery is directly connected across the output
terminals. However, the polarity of output voltage and that of battery is opposite so the output
voltage is equal to —V . Thus when the input voltage is greater than — V, the output voltage,

V. o=-V, (22)
R
o_qhhhﬁv O
+ + +
\& D
v, - %
V, ——
_ +
(o, O

Fig.11 Equivalent circuit of positive level clipper circuit
with negative reference voltage and V >0

Waveforms:

The waveforms of output signal for a sinusoidal input signal is shown in Fig.12. The sinusoidal
waveform with dotted line represents the input signal and part of sinusoidal waveform with dark
line represents the output signal. It can be observed from the waveform that when input signal is less
the reference voltage, —V_ , the output signal is same as input signal and when input signal becomes
more than the reference voltage level the output signal is clipped at reference voltage V..
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V, A v
Vm ™~ T —"""\\
-V, N4 t
7Vm __________&/ KV

Fig.12 Waveform of input and output signals of positive
level clipper with negative reference voltage

Transfer characteristics:

It observed from the waveforms of input and output signals in Fig.12 that the input voltage varies
from -V _to+V_and corresponding variation in output voltage of the circuit is from -V _to-V,.
Fig. 13 represents the transfer characteristics of the of a positive level clipper circuit with negative
reference voltage.

When V. < -V, VvV, =V, (23)
Above equation represents a straight ling of unit slope.
WhenV, > -V, vV, = -V, (24)
VoA
+V1TI ?
7Vm 7VR +\/m
- '\/in
,VR
,Vm
v

Fig.13 Transfer characteristics of positive level clipper circuit with negative reference voltage

Circuit 3: Negative Level Clipper with Positive Reference
A negative level clipper with positive reference voltage consisting of a shunt branch with a reference
voltage source in series with an ideal diode connected across the load is shown in Fig.14.

R
o MW o
+ _ +
VvV, D
Vin * Vo
V, -|-
o o

Fig.14 Shunt diode negative level clipper circuit with positive reference voltage

Case-1 : When diode D is OFF
The equivalent circuit with diode D in OFF condition becomes as shown in Fig. 15. The KVL on
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input side of the circuit gives,

V.-V +V, =0 (25)
The voltage drop across R is zero because the diode is open.
= vV, = -V, +V, (26)
The diode D is off if, VvV, <0 27)
= -V, +V, <0 (28)
= v, >V, (29)

Under open circuited condition of the diode, the current through resistance R is zero, so voltage drop

across R is zero and the output voltage becomes same as input voltage.

V. =V, (30)
R
o—AMWWW\ o
+ l +
Vo D
+
V., i _L Vv,

Fig.15 Equivalent circuit of negative level clipper circuit
with positive reference voltage and V <0

Case-2 : When diode D is ON

The equivalent circuit with diode D in ON condition becomes as shown in Fig.16. When diode is in

OFF condition the voltage across the diode is given by equation (26).

R
o——A\WW\ o
+ -~ +

A\ D
Vi, + v,
+

VR '|_
O

(o,

Fig.16 Equivalent circuit of negative level clipper
with positive reference voltage and V >0

The diode D turns on ON when,
vV, >0 31)
= -V.+V, >0 (32)
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= v, <V, (33)
Under short circuited condition of the diode, the battery is directly connected across the output

terminals. Then the output voltage,

V. =V, (34)

Waveforms:

The waveforms of output signal for a sinusoidal input signal is shown in Fig.17. It can be observed
from the waveform that when input signal is less the reference voltage, V,, the output signal is
clipped at voltage level V, and when input signal becomes more than the reference voltage, the
output signal is same as input voltage.

v A

o

\

R, AN
3t

R Y

m

Fig.17 Waveform of input and output signals of negative
level clipper with positive reference voltage

Transfer characteristics:

It is seen from above waveform that the output voltage varies from +V  to +V_for corresponding
change of input voltage from —V_to +V_. Fig. 18 represents the transfer characteristics of the of a
negative level clipper circuit with positive reference voltage.

WhenV. < V_; V. =V, (35)
When V. > V; VvV, =V, (36)
Thus the output clipped at level V for V. < V,_ and it is a straight line of unity slope for the range V_
> V, as shown in Fig. 18.

Vo A
Vm
Ve
_Vm VR Vm 'V‘“
,Vm

Fig.18 Transfer characteristics of negative level clipper with positive reference

Circuit 4: Negative Level Clipper with Negative Reference
A negative level clipper with negative reference voltage consisting of a shunt branch with a reference
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voltage source in series with an ideal diode connected across the load is shown in Fig.19.

R
o MWy 0
+ _ +
v, D
Vin j Vo
Ve, i
(e, 0

Fig.19 Shunt diode negative level clipper with negative reference voltage

Case-1 : When diode D is OFF

The equivalent circuit with diode D in OFF condition becomes as shown in Fig. 20. The KVL on
input side of the circuit gives,

V.+V,+V, =0 (37)
The voltage drop across R is zero because the diode is open.
= vV, =-V.-V, (38)
The diode D is off if, V, <0 (39)
= -V, -V, <0 (40)
= v, > -V, (41)

Under open circuited condition of the diode, the current through resistance R is zero, so voltage drop
across R is zero and the output voltage becomes same as input voltage.

V. = Vi (42)
R
o_qhhhﬁv O
+ _ l +
Vo D
v, +__]_ v,
V, —/—
+
07 O

Fig.20 Equivalent circuit of negative level clipper with
negative reference voltage and V <0

Case-2 : When diode D is ON

The equivalent circuit with diode D in ON condition becomes as shown in Fig. 21. When diode is in
OFF condition the voltage across the diode is given by equation (38).

The diode D turns on ON when,
VvV, >0 (43)
= -V,-V, >0 (44)
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= V. < -V, (45)

Under short circuited condition of the diode, the battery is directly connected across the output
terminals. Then the output voltage,

vV = -V, (46)
R
o——MW o
+ _ +
v, | D
A * v,
Ve T
B +
o, \

Fig.21 Equivalent circuit of negative level clipper with negative reference voltage and V >0

Waveforms:
The waveforms of output signal for a sinusoidal input signal is shown in Fig.22. It can be observed
from the waveform that when input signal is less the reference voltage, -V, the output signal is

clipped at voltage level =V, and when input signal becomes more than the reference voltage, the
output signal is same as input voltage.

Fig.22 Waveform of input and output signals of negative
level clipper with negative reference voltage

Transfer characteristics:
It is seen from above waveform that the output voltage varies from -V to +V_for corresponding

change of input voltage from -V _to +V . Fig. 23 represents the transfer characteristics of the of a
negative level clipper circuit with negative reference voltage.

VoA

Fig.23 Transfer characteristics of negative level clipper with negative reference
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WhenV, < -V, vV, ==V,
When V., >-V_ | vV, =V,

Thus, the output clipped at level -V for V. < —V_and it is a straight line of unity slope for the range
V. = -V, asshownin Fig. 23.

Example 1
Assuming ideal diode characteristics, the input/output voltage relationship for the circuit shown in
figure is
+ R +
v(t) Vo(t)
VR

(@) v (1) = v,(t) for all v(t)

(b) v (1) =v(t), forv() >V,
=V, , otherwise

(©) v, () =v(1), for v(t) <V,
=V, , otherwise

(d) v () =v(t), forv(t)>V,

=V, , otherwise

GATE(IN/2004/1M)
Solution : Ans.(d)
+ R +
vi(t) Vo)
Vi T
The given circuit is clipper circuit with output given by,
Case-I : when v(t) <V,
Diodeis ON and v (1) =V
Case-II : when v(t) >V,
Diode is OFF and v (t) = v(t)
Example 2
The equivalent circuits of a diode, during forward biased and reverse biased conditions, are shown in
the figure.
10kQ
MN
.\ 0V g 1 ,
o—DP—o0 = W0 [0sin ot(~) v, 210kQ
_ 5V
—P—o = 0—"— I
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If such a diode is used in clipper circuit of figure given above, the output voltage (v, ) of the circuit

will be
Vo \ VO/\
Y 5.7V
(a) g 21 (b) T 21
SV | 1OV [
v, \A
N IOVI\
5.7V
(c) u 21 (d) T

T 2
\/ t 57V N/t
oVl N

GATE(EE/2008/1 M)

Solution : Ans.(a)
10kQ

v,,=10 sin ot @ v, S10kQ
-|- 5V l
In the circuit shown above the diode will be forward biased only when v, > 5.7 V. The maximum

10
omax 10 10

possible value of v in above circuit can reach to v x10V =5V . So, the diode will

remain off all the times and output voltage of circuit will be,

10 .
v = XV, =5 sin ot
° 10+10

Waveforms :

Example 3
The diode in the circuit shown has V_ = 0.7 Volts but is ideal otherwise. If V, = 5sin(wt) Volts, the
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minimum and maximum values of V_ (in Volts) are, respectively,

1kQ
V, V,
Rl Rz
1kQ
2V
(a) —5and 2.7 (b)2.7 and 5
(c) —5and 3.85 (d)1.3and 5
GATE(EC-II/2014/2M)
Solution : Ans. (c)
Given, V, = 5sin ot
The diode will OFF whenV_<2.7V
1kQ
Vio——A\WW oV,
R,
1kQ = R
IXV
+
Vou = 0.7V D
2V

Case-I : When V. <27V

The diode D is off for V. <2.7 V. The equivalent circuit for V, <2.7 V becomes as under
1kQ
Vio——\WW\ oV,

2V
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V, =V.=5sin ot
V., is minimum when sin ot = -1
\Y = -5V

0, min

Case-II : When V.>27V

The diode is turned on when input voltage V. > 2.7 V. The equivalent voltage for V, > 2.7 V will be as
under,

1kQ

V. o——MWW\ oV,

V,=0.7V

2V

Current in resistance R,
V, =27 V,-27
R, +R, 2kQ

Output voltage
V, =iR,+27V
N VvV = Vim27 k427
° 2k
N v - 551n03t+1.35
° 2
= V =25sinwt+ 1.35V

o

Output voltage V_ is maximum when sin ot = 1

\'% =25+135=3.85V

0, max

1.2.2 One Level Clipper with Series Connected Diode
These are the circuits with a diode connected in series with load. The reference voltage source is
connected in shunt with the load.

Circuit 1: Positive Level Clipper Circuits with Positive Reference
Fig. 24 shows the circuit of one level clipper with series connected diode having positive reference
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voltage. Analysis of the circuit will be done by taking OFF condition of diode followed by ON

condition for ease of understanding the operation of the circuit which is discussed in the following

two cases.
D
(e, k1 0
N
+ v, + i +
Vin R+ EE Vo
Vi

Fig.24 Series diode positive level clipper circuit with positive reference voltage

Case-1 : When diode D is OFF

The equivalent circuit with diode D in OFF condition becomes as shown in Fig. 25. The diode is
assumed to be ideal and it is off when voltage across the diode negative i.e. V| <0.The KVL in input
side of the circuit gives,

V,+V,-V, =0 (47)
Voltage across R is not considered while applying KVL in input loop because the current in R is zero
when diode is open.

= V, =-V.+V, (48)
The diode Dis offif, ~ V, <0 (49)
= -V, +V, <0 (50)
= v, >V, (5D)

Under open circuited condition of the diode, the current through resistance R is zero, so voltage drop

across R is zero and the output voltage becomes same as reference voltage.

V. =V, (52)
D
[, —0 O
ooyt i
Vin R+EE
Vi
. [

Fig.25 Equivalent circuit of series connected dide clipper with V, <0

Case-2 : When diode D is ON

The equivalent circuit with diode D in ON condition becomes as shown in Fig. 26. The diode D turns

on ON when,
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vV, >0 (53)
= -V.+V, >0 (54)
=N Vo<V, (55)

Under short circuited condition of the diode, the input is directly connected across the output terminals
so the output voltage becomes equal to V., .

vV, =V, (56)
D
(o, —_—0—0 0
+ - VD+ i +
v, RZE
v Tt

R __|__
(o, 0

Fig.26 Equivalent circuit of positive level clipper circuit
with positive reference voltage and V >0

Waveforms:

If input signal is sinusoidal then waveform of output and input signals will be as shown in Fig.27. It
can be observed from the waveform that when input signal is less the reference voltage V the output
signal is same as input signal and when input signal becomes more than the reference voltage level
the output signal is clipped at reference voltage V.

Fig.27 Waveform of input and output signals of positive
level clipper circuit with positive reference voltage

Transfer characteristics:

Fig.28 represents the transfer characteristics of the of a positive level clipper circuit with positive
reference voltage.

WhenV, <V vV, =V (57)
Which represents a straight line of unit slope.
When V. > V; vV, =V, (58)
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V, A

o
=
+
<
<V

Fig.28 Transfer characteristics of positive level clipper circuit with positive reference voltage

Note : When V, is zero the above circuit behaves like a halfwave rectifier, with only negative half cycle
presents at the output.

Circuit 2 : Series Connected Diode Positive Level Cipper with Negative
Reference
A series connected diode positive level clipper with negative reference voltage is shown in Fig.29.

D
o 1 7o)
N
+ v, + +
Vin R VO
Vy
_ + _
o 0

Fig.29 Series diode positive level clipper circuit with negative reference voltage

Case-1 : When diode D is OFF
The equivalent circuit with diode D in OFF condition becomes as shown in Fig. 30. The KVL in
input loop of the circuit gives,

V.+V+V, =0 (59)
The voltage drop across R is zero when diode is open.
= vV, = -V, -V, (60)
The diode D is off if, V, <0 (61)
= -V. -V, <0 (62)
= vV, > -V, (63)

Under open circuited condition of the diode the output voltage becomes — V because voltage drop
across R is zero.

V =-V (64)
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D
[, —0 O O
+ = v, + +
Vin R VO
Ve —
— + _
(e, O

Fig.30 Equivalent circuit of positive level clipper circuit
with negative reference voltage and V <0

Case-2 : When diode D is ON
Fig. 31 shows the circuit with diode D in ON condition. The diode D turns on ON when,

vV, >0 (65)
= -V,-V, >0 (66)
= vV, <-V, (67)
Under short circuited condition of the diode, the input is directly connected across the output
terminals.
vV, =V, (68)
D
o o—o o
+ - v, + +
\% R v,
Vi —
J— + —
o )

Fig.31 Equivalent circuit of positive level clipper circuit with negative reference voltage and
V,>0
Waveforms:
The waveforms of output signal for a sinusoidal input signal is shown in Fig.32. It can be observed
from the waveform that when input signal is less the reference voltage, —V, , the output signal is
same as input signal and when input signal becomes more than the reference voltage level the output

signal is clipped at reference voltage —V,.

V, A v

S ‘
-V, N & t
_Vm .__________&/ RV

Fig.32 Iinput and output signals of positive level clipper with negative reference voltage
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Transfer characteristics:
Fig. 33 represents the transfer characteristics of the of a positive level clipper circuit with negative

reference voltage.

When V. < -V_; vV, =V, (69)
WhenV, > -V, vV, = -V, (70)
VoA
+Vm [ ]
-V. -V, +V,
) '\]in
_VR
_Vm
4

Fig.33 Transfer characteristics of positive level clipper ircuit with negative reference voltage

Circuit 3: Series Connected Diode Negative Level Clipper with Positive
Reference

A negative level clipper with positive reference voltage consisting of a series connected diode is

shown in Fig.34.
D
N
o Dr— o
+ + +
Vp L
v, R = v,
+
\&

S

Fig.34 Series connected diode negative level clipper circuit with positive reference voltage

Case-1 : When diode D is OFF

The equivalent circuit with diode D in OFF condition becomes as shown in Fig. 35. The KVL on
input side of the circuit gives,

V-V, -V, =0 (71)
The voltage drop across R is zero because the diode is open.
= vV, =V -V, (72)
The diode D is off if, VvV, <0 (73)
= V,-V, <0 (74)
= vV, <V, (75)
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Under open circuited condition of the diode, the voltage drop across R is zero and the output voltage

becomes same as reference voltage.

Vo=V, (76)
D
o) —_—0 O O
+ + v, - I +
v, RZ
Vv, ——

Fig.35 Equivalent circuit of negative level clipper circuit
with positive reference voltage and V <0

Case-2 : When diode D is ON

The equivalent circuit with diode D in ON condition becomes as shown in Fig. 36. When diode is in
OFF condition the voltage across the diode is given by equation (72).

The diode D turns on ON when,

vV, >0 (77)
= V-V, >0 (78)
= vV, >V, (79)
Under short circuited condition of the diode, the output voltage is same as input voltage.
Vo=V (80)
D
o——o0—o )
+ tyoo i +
V., R §E v,
Vv, ——

Fig.36 Equivalent circuit of negative level clipper
with positive reference voltage and V >0

Waveforms:

The waveforms of output signal for a sinusoidal input signal is shown in Fig.37. It can be observed
from the waveform that when input signal is less the reference voltage, V,, the output signal is
clipped at voltage level V, and when input signal becomes more than the reference voltage, the
output signal is same as input voltage.
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v, A
v.l-.
K 5 : /." 3t
e

Fig.37 Waveform of input and output signals of negative
level clipper with positive reference voltage

Transfer characteristics:

Fig. 38 represents the transfer characteristics of the of a negative level clipper circuit with positive
reference voltage.

WhenV. < V_; VvV, =V, (81)
WhenV, > V,; vV, =V, (82)
Thus the output clipped at level V|, for V., < V_ and it is a straight line of unity slope for the range V,_
> V.
Voa
V.,
\&
-V, v, V. V.
_Vm
Fig.38 Transfer characteristics of negative level clipper with positive reference
Circuit 4: Series Connected Diode Negative Level Clipper with Negative
Reference

A negative level clipper with negative reference voltage with series connected diode Fig.39.

D
o 1 7o)
N
+ v, + +
Vin R VO
V, _
_ + _
o 0

Fig.39 Series connected diode negative level clipper
circuit with negative reference voltage

Case-1 : When diode D is OFF

The equivalent circuit with diode D in OFF condition becomes as shown in Fig. 40. The KVL on
input side of the circuit gives,
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V.+V,+V, =0 (83)
The voltage drop across R is zero because the diode is open.
= vV, = -V -V, (84)
The diode D is off if, V, <0 (85)
= -V, -V, <0 (86)
= vV, > -V, (87)

Under open circuited condition of the diode, the current through resistance R is zero, so voltage drop
across R is zero and the output voltage becomes same as reference voltage.

vV o=-V, (88)
D
(o, —0 O 0
+ - VD+ +
Vin R VO
Vi —
— + —
(e, O

Fig.40 Equivalent circuit of negative level clipper
with negative reference voltage and V <0

Case-2 : When diode D is ON

The equivalent circuit with diode D in ON condition becomes as shown in Fig. 41. When diode is in
OFF condition the voltage across the diode is given by equation (84).

The diode D turns on ON when,

VvV, >0 (89)
= V.-V, >0 (90)
= V., < -V, 1)

Under short circuited condition of the diode, the battery is directly connected across the output
terminals. Then the output voltage,

vV, =V, (92)
D
O —O0—0 0
+ —
v, T *
Vin R Vo
V., —
— + —
(o, 0

Fig.41 Equivalent circuit of negative level clipper
With negative reference voltage and V>0
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Waveforms:
The waveforms of output signal for a sinusoidal input signal is shown in Fig.42. It is observed from
the waveform that output voltage is clipped at level =V .

_Vm """"""""" \

Fig.42 Waveform of input and output signals of negative
level clipper with negative reference voltage

Transfer characteristics:

Fig. 43 represents the transfer characteristics of the of a negative level clipper circuit with negative
reference voltage.

When Vv, < -V V =-V

R’ 0 R

WhenV, > -V, vV, =V,
VoA
Va
m Ve R
~ /] VR vV
-V, ¢

Fig.43 Transfer characteristics of negative level clipper with negative reference

Example 4

Consider the circuit shown in figure (a) Ifthe diode used here has the V-I characteristic as in figure(b)
then the output wave form v, is

v, i
v %) dV_300 0
OFU% =V dl for
7 2% V=05V
“ov * R
[0.5v

o— v
Fig. (a) Fig. (b)
/\— -2V 0 n
(@) (b) 2n
0 T 2n oV
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—--2v N 1.5V
© 0 /\n 2r @

0 L 21

GATE(EC/1993/2M)
Solution : Ans.(d)

D
+ -+
Vin EE Vo d—V=3OOQ
o 0.5V=V, 'V

From the given circuit and characteristics of diode,

=2 sin ot and Vy= 05V

Case-I : V, <V where V, — cut in voltage of diode
D — OFF
V. =0V

Case-11 : V. >V,
D —» ON

V, =V -05=2sinot-0.5
Peak value of output voltage, V. =2-0.5 =1.5V

The waveforms of input and output signals can be drawn as shown below,

......

1.2.3 Two Level Clipper with Shunt Connected Diodes
A two level clipper consists of two diodes connected in shunt with the load as shown in Fig. 44. Two
references sources are connected in series with the diodes which decide the clipping level of input
voltage. The input signal is assumed to be sinusoidal. With the given connections of diodes D1 and
D2 the circuit of Fig. 44 works as a clipper circuit if and only if V < V..
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Circuit 1 : When both V_, and V_, are positive

A method of finding range of input voltage for which diode was ON or OFF was developed in single
level clipper circuit. Same concept will be now used directly to explain working of two level clipper
circuit.

R
[ MW o
J’_
+ DI f %DZ
Vin _|_ VR, _|_ v Vo

o ]

Fig.44 Two level clipper circuit with two shunt connected diodes

Case-1: WhenV, < V_|

Since, V< V,,, therefore, the input voltage is less than both V, and V_,. Under this condition the
Diode D, is forward biased and diode D, is reverse biased. So, the diode D, is ON and diode D, is
OFF. The equivalent circuit becomes as under,

Fig.45 Equivalent circuit of two level clipper circuit when

diode D, is ON and diode D, is OFF
Here the reference voltage source V_, is directly connected across the output terminals so the output
voltage,

Vo = VRI
Case-11:V, <V, < V.,
Under this condition the both diode D, and diode D, are reverse biased. So, both diodes D, and diode
D, are OFF. The equivalent circuit becomes as under,

Fig.46 Equivalent circuit when diodes D, and D, are OFF

When both diodes are off the current in R is zero and hence there is no voltage drop across R and
output voltage is same as input voltage.
Vo = Vin
Case-I1I : When V., > V_,
Since, V, < V

«» therefore, the input voltage is more than both V, and V. Under this condition
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diode D, is forward biased and D, is reverse biased. So, the diode D, is ON and diode D, is OFF. The
equivalent circuit becomes as under,

R
° MW o
+ 1 +
D, D,
Vin L VO
'|' Vi '|' Ve
_ .

o

Fig.47 Equivalent circuit when diodes D, and D, are OFF

Here the reference voltage source V_, is directly connected across the output terminals so the output
voltage, VvV, =V,

Waveforms :

The waveform of output and input voltages of two level clipper circuit with positive references
voltages is shown in Fig. 48. It is observed from the waveform that output voltage is V, when input
voltage becomes more than V_, and it is V,, when input voltage is less than V. The output voltage
is same as input voltage if input voltage is in the range, V , <V, < V..

S
>

8

i
|

Y

Fig.48 Waveform of two level clipper with both positive reference voltages.

Transfer characteristics :

Fig. 49 presents the transfer characteristics ofatwo level clipper circuit with positive reference voltages.
It can be seen form the characteristics that output voltage a straight line at V,, when input voltage is less
thanV, andoutputvoltageisstraightlineat V , wheninputvoltageismorethanV . Theoutputvoltageis
V, =V, for input voltage in the range V, <V, < V_ which represents a straight line of unity slope
between V, and V_,.

Grmmmm———

Fig.49 Transfer characteristics of two level clipper
with both positive reference voltages.
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Circuit 2 : When both V_, is negative and V_, are positive

Fig. 50 shows a two level clipper circuit with one positive and another negative reference voltage. It
is assumed for proper operation of the circuit that -V, < V..

R
O_IVVV\V O
+ +
Vin . T Vo
T
o o

Fig.50 Two level clipper circuit with two shunt connected diodes

Case- I : When V. <=V,

Since, -V, < V,,, therefore, the input voltage is less than both —V_ and V. Therefore, the diode
D, is ON and diode D, is OFF. The equivalent circuit becomes as under,

R
o MW 1 °
+ +
D, D,
V- - Vo

]
" :l-Vm _'|' \
o
Fig.51 Equivalent circuit of two level clipper circuit
when diode D, is ON and diode D, is OFF

o

Here the reference voltage source — V, is directly connected across the output terminals so the
output voltage,
Vo - _VRI

Case- 11 : — VRl < Vm< VRz

Under this condition both diodes D, and diode D, are OFF. The equivalent circuit becomes as under,

R
o MW o
+ l l +
D, D,
V. Vv

in °

[

Fig.52 Equivalent circuit when diodes D, and D, are OFF

_—]|l—V JL"I-_V

o

The output voltage is same as input voltage when both diodes are OFF,
Vo = Vin
Case-III : When V. > V_,

Since, -V, < V_,, therefore, the input voltage is more than both —V_ and V_,. Under this condition
diode D, is ON and diode D, is OFF. The equivalent circuit becomes as under,
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R
o MW °
+ 1 +
D, D,
Vin _J_ + Vo

) +—|_VR1 _'|' Vi -

[,

Fig.53 Equivalent circuit when diodes D, and D, are OFF

Here the reference voltage source V. is directly connected across the output terminals so the output
voltage, vV, =V,

Waveforms :
The waveform of output and input voltages of two level clipper circuit with positive references
voltages is shown in Fig. 54.

Fig.54 Waveform of two level clipper with positive and negative reference voltages.

Transfer characteristics :
Fig. 55 represents the transfer characteristics of a two level clipper circuit with positive reference
voltage V., and negative reference -V, .

< ¢-----
g
=

<V

=]

e

Fig.55 Transfer characteristics of two level clipper with both positive reference voltages.
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Circuit 3 : When both V_, and V_, are negative

Fig. 56 shows a two level clipper circuit with both negative reference voltages. It is assumed for
proper operation of the circuit that -V, < =V ..

R
—AWW °
+ +
D, % %Dz
Vin . - Vo

:|-Vm +—|-VR2
[, O_

Fig.56 Two level clipper circuit with two shunt connected diodes
Case-1: WhenV, < -V,
Since, -V, < -V, , therefore, the input voltage is less than both — V, and —V_,. Therefore, the
diode D, is ON and diode D, is OFF. The equivalent circuit becomes as under,

R

° MW 1 °
+ +
D, D,

V. — \Y

i :|-Vm +—'|T'-VR2
o- o
Fig.57 Equivalent circuit of two level clipper circuit
when diode D, is ON and diode D, is OFF

The voltage source — V_, is directly connected across the output terminals so the output voltage,
Vo -~ VRI
Case-11: -V, <V < -V

Under this condition both diodes D, and diode D, are OFF. The equivalent circuit becomes as shown
under,

AR
o WW 1 l

! D, ) D,

v, -1 1 v
+—|_VR] +—|_VR2 B

o o

Fig.58 Equivalent circuit when diodes D, and D, are OFF

o
+

The output voltage is same as input voltage when both diodes are OFF,
Vo = Vin
Case- 111 : When V, > -V

Under this condition diode D, is ON and diode D, is OFF. The equivalent circuit becomes as shown
under,
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R
—AWW o
+ 1 +
D, D,
VO

1 -
;l-VRl :l-VRz -
- o

Fig.59 Equivalent circuit when diodes D, and D, are OFF

The reference voltage source -V, is directly connected across the output terminals so the output
voltage,
V =-V

o R2

Waveforms :
The waveform of output and input voltages of two level clipper circuit with negative references
voltages is shown in Fig. 60.

Vo4 Vin

Fig.60 Waveform of two level clipper with positive and negative reference voltages.

Transfer characteristics :
Fig. 61 represents the transfer characteristics of a two level clipper circuit with negative references

voltages.
Vo A

Vme

Fig.61 Transfer characteristics of two level clipper with both positive reference voltages.

Example 5
Two silicon diodes, with a forward voltage drop of 0.7 V, are used in the circuit shown in the figure.

The range of input voltage V. for which the voltage V. =V, is

www.digcademy.com CADEMY digcademy@gmail.com



Diode Circuits EDC & ANALOG ELECTRONICS [32]

() —03V<V <13V (b)-03V<V <2V
(©) —1.0V<V.<20V @-17V<V <27V

GATE(EC-IV/2014/1M)
Solution : Ans. (d)

+ R
® A ®
+ T \NY‘v + T+
0.7V D, 0.7V\/ D,
+

<
|
<

The output voltage of the given circuit will be same as input voltage when both diodes are OFF.
Case - I : Here diode D, is off when
v, <o7v. . )]
KVL in loop containing D,,
V.-V, -V,-2 =0
When both diodes are off current in R is zero, so V, = 0.
V, =V, +2
VvV, =V.-2
Putting above relation in equation (i), we have
V.-2 < 0.7V
V. <27V
So D, is off when V. <2.7V
Case - II :Diode D, is off when
v, <o7v o L. (i1)

KVL is loop contain V, and D,
V.+V, —(1V) =0

VvV, =-V.-1
Surfing above relation in equation (ii), we have,
-V.-1 <07V
= -V. < 1.7V
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= V. > 17V

The diode D, is OFF when input voltage V. < (2 + 0.7) V and diode D, is OFF when input voltage V.
>-1.7V

Range of input voltage for which V. =V is 1.7V <V, <2.7V

Example 6
In the circuit shown in figure v, is 4 V. Assuming the diodes to be ideal, v is

(a) 3V
(c) 45V
GATE(IN/1999/2M)
Solution : Ans.(b)
R
o—A\W 0
+ +
JACIAVA:
v, v,
3V o6V

: TYT .

0

In above circuit diode D, is OFF when v. = 3V and diode D, OFF when v, < 6V. Here v, = 4V so both
D, and D, are OFF. Then equivalent circuit becomes as under,

R
W I °
A I
3V 6V
. I T 4

Output voltage of above circuit, v, = v, = 4V

Example 7

Assuming the diodes D, and D, of the circuit shown in figure to be ideal ones, the transfer characteristics
of the circuit will be
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>
Ar D1 T
20 é N
v, ZXDz Vv, § R =
10V —_I: — 5V
Vo AVO
N /
10 /
(a) (b)) —15
0>V, 5y,
v, NG
N
10 10
d
© | — (@ .
AR
>V 10
5 107 !
GATE(EE/2006/2 M)
Solution : Ans.(a)
>
. ;
20 é |
Vv, Zsz V, % R =
10V— - 5V
Case-1 v, <10V
D, — OFF, D, — OFF
v, = 10V
Case-I1 v, > 10V

D, — ON, D, —» OFF
vV =V

o m

Transfer characteristics,
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A’
+V,, +

10V /

-V

m

1.2.4 Clipping Circuits Using Zener Diodes

A two level clipper circuit can also be implemented using two Zener diodes connected back to back
in shunt with the load as shown in Fig. 62. Let V|, and V , are forward biased voltage drops and V

and V_, are breakdown voltages of diodes Z, and Z,, respectively.

R
+ v + . °
V Zl Vz] +
D1 +
v, A o,
_ v, LV
o o

Fig.62 Two level clipper using two diodes connected back to back in parallel with load.

Case-1: When V. > (V_ +V )

When input voltage is greater than (V + V), the diode Z, is forward biased and diode Z, is reverse
biased and works in breakdown. Therefore, both diodes Z & Z, are ON with Z in forward biased
mode and Z, in reverse breakdown mode. Under this biasing condition the voltage across diode Z,
is V| and voltage across diode Z, is V,,,. The equivalent circuit becomes as under,

R
+ + | +
1l
i + Vv
Vi Vo _T zZ, °
o o

Fig.63 Equivalent circuit when input voltage vV, > (V +V,)

The output voltage of circuit under such biasing can be given as under,
vV, =V, +V, (93)

Case-II : when — (V,+V )<V < (V  +V,)

For 0 <V, < (V,, +V,) the diode Z, is forward biased and diode Z, is reverse biased but not in
breakdown region so, the diode Z, is OFF. For—(V,+V, )<V < 0 the diode Z, is forward biased
and diode Z, is reverse biased but not in breakdown region so, the diode Z, is OFF. Therefore, the
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shunt branch consisting of Zener diodes is open circuited when —(V, +V, )<V < (V, +
V,,). The voltage is same as input voltage when either of the diodes is OFF.
V =V, (94)

Case- 111 : When V. <—(V_,+V,)

When input voltage is less than — (V, + V), the diode Z, is forward biased and diode Z is reverse
biased and works in breakdown. Therefore, both diodes Z & Z, are ON, with Z, in forward biased
mode and Z, in reverse breakdown mode. Under this biasing condition, the voltage across diode Z,

is V,, and voltage across diode Z, is V ,. The equivalent circuit becomes as under,

I
J’_
—
N
o

Fig.64 Equivalent circuit when input voltage V, <—(V ,+V,)

The output voltage of circuit under such biasing can be given as under,
Vo - (VDZ + V21) (95)

Waveforms :

The waveform of output and input voltages of two level clipper circuit using Zener diodes is shown in
Fig. 65.

o V
Vm T o ~ e { "
(Vo Vo) = = = = = = PN
7 ot
-V, tVp)p————- FARE

-v, 1 M

Fig.65 Waveform of two level clipper using shunt connected Zener diodes.
Transfer characteristics :

Fig. 66 represents the transfer characteristics of a two level clipper using two diodes connected back
to back in parallel with load.
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-

Fig.66 Transfer characteristics of two level clipper using shunt connected Zener diodes.

Example 8
For a sinusoidal input of 50 V amplitude, the circuit shown in Figure can be used as
25K
o MWWV * 0
+ +
5V
v; A
5V
o . o
(a) Regulated dc power supply (b) Square wave generator
(c) Half wave rectifier (d) Full wave rectifier
GATE(IN/2000/2M)
Solution : Ans.(b)
50V
B 9o N N
25K svlr——— ~Al-dp-f °
o—— MW * o 50V
+ +
v, =5V Y/, D v
°AN
v; Vo T L7, "™~
V,=5V A D, =y S JL___L\
> . 5 sV — —
Case-I : when v, > 5V
D, — forward biased
D, — reverse biased (breakdown)
v, =V,=5V

Case-1I : When v, <-5V
D,— Reverse breakdown

D, - Forward biased
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v, =V =-5V

So output signal is a square wave.

Example 9

A clipper circuit is shown below.

1k
AN o
t N
\|’i6 V=10V SVTO
O

EDC & ANALOG ELECTRONICS

(38]

Assuming forward bias voltage drops of the diodes to be 0.7 V, the input-output transfer characteristics

of the circuit is

T

\Y

(a) 430 6V (b)

43—V,

v, i
@ 57 ;
1 /|—>V; 10
---1-5.7
Solution : Ans.(c)
1k
AMA—2 —o
- + | - v, *
Vi@ szl()v_ N ;V‘_’o
J
Given, VvV, =07V
Let, v, = V_sin ot
& 57V <V_<I10V
Case-1 : Positive half cycle
when v, > 5.7,Dis ON
and v, =57V
when v. < 5.7,Dis OFF
and vV, =V,

GATE(EE/2011|2 M)
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Case-I1 : Negative half cycle

when,

V.
i

v

o

EDC & ANALOG ELECTRONICS [39]
> —0.7 V; Zener diode is off

=V

1

when v, < 0.7V ; Zener diode is forward biased and it is on with 0.7 V drop across

Waveforms :

v
o

Transfer characteristics:

Example 10

diode.
=-07V

The wave shape of V in Figure will be

Zl ZZ
41V 4.1V
10 sin 314t IOKV0
0 NN N N T T N N N N N
246 81012141618 t(ms)
5.9
(a) O m 1 \u-u/
-5.9-
(b) -4.14
0 N N N Y
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—-4.1
(C) 0 L1 111
—41d ~—"
59
(d) 0 L1 1 1 L1
4l
GATE(EC/1993/1M)
Solution : Ans.(a)
Zl ZZ
41V 41V
10sin 314t 10K IO
Let diodes are ideal with zero forward voltage drop,
VD] = VDZ = 0
Case-I : Positive half cycle
when, V., >(V,+V )orv >41V
Z, — ON (forward biased)
Z, — ON (zener break down)
So, v, =10sin314t-V, ;o 0<t<T/2

v, = v, —41=10sin314t-4.1
Peak output voltage during positive half cycle

Voper = 10-41=59V
when, o <(V, V), v, <41V
Z, — OFF(reverse biased)
Z, — OFF (Because series connected diode Z, is OFF)
So, VvV, =0V
Case 11 : During negative half cycle
when, v, <—=(V,+V Jorv <-41V

Z, — ON (zener break down)
Z, — ON (forward biased)
So, v, =v, —41=-10sin314t+V,, ; T2<t<T

o

v = 10sin314t+ 4.1

o

Peak output voltage during negative half cycle
v =-10+41=-59V

o,peak

www.digcademy.com CADEMY digcademy@gmail.com



Diode Circuits EDC & ANALOG ELECTRONICS [41]

1.3

1.3.1

when, v, > —(V_,+V)), v. > 41V

Z, — OFF(reverse biased)

Z, — OFF (Because series connected diode Z, is OFF)
So, V. =0V

During positive half of input voltage the diode Z, is forward biased and Z, is reverse biased.

Waveforms of input and output signals is as shown below,
Vin

+10v]

4.1V

. 4

4.1V
-10V 1
VO/
+10V ¢
5.9V

.

. 4

5.9V e
-10V

Clamper Circuits

The clamper circuits are used to shift the level of the signals vertically. There are two types of
clamper circuits called negative and positive level clamper. The clamper circuits consists of series
capacitor and a shunt connected diode. The time constant of circuit is kept very large as compared to

time period of the signal. The clamper circuits can be with or without biasing voltage to have variable
level of clamping of the signals. The negative and positive level clamper circuits are discussed in the
following sections.

Negative Level Clamper Circuits

Circuit 1 : Negative Level Clamper Without Biasing Voltage

Fig. 67 shows the negative level clamper circuit without any biasing voltage. The input signal is a
sinusoidal voltage. For better under standing of the operation of the circuit is analyzed by considering
very first positive half cycle of the input waveform during which the diode D is forward biased. When
diode D is forward biased the capacitor C is charged to peak (V) of input voltage with polarities as
shown in the Fig 67. Once capacitor is charged to peak value of input voltage in first positive half
cycle of the input voltage then the diode is reverse biased in negative half cycles and all the positive
half cycles after first positive half cycle. The value of R is selected such that time constant RC is very

large as compared to time period of the input signal. Therefore, capacitor does not discharge once it
is charged.
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o 1 o
+ T Vo, +
D +
Vin VpsSR Vo
o 0

Fig.67 Negative level clamper circuit without biasing voltage

The output voltage can be written by applying KVL in outer loop of the circuit as under,

V,-V, -V =0 (96)
= vV =V -V 97)
For sinusoidal input, V. = V_sinot (98)
= V, =V _sinot-V_ (99)

It is seen from above equation that output voltage is shifted by — V as compared to the input voltage
of the circuit.

The waveforms of input and output signals of negative level clamper without biasing voltage is
shown in Fig. 68. It is seen from waveform of output signal that the output signal is shifted vertically

by —V_ as compared to the input signal.
Vin A

\/;

Fig.68 The waveforms of input and output signals of negative
level clamper circuit without biasing voltage

Circuit 2 : Negative Level Clamper With Positive Biasing Voltage
Fig. 69 shows the negative level clamper circuit with positive biasing voltage. The operation of the
circuit is similar to negative level clamper without biasing voltage. The diode D is forward biased
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during first positive half cycle and the capacitor C is charged to voltage, (V_— V) with the polarities
as shown in the Fig 69. Once capacitor is charged in first positive half cycle of the input voltage then
the diode is reverse biased in negative half cycles and all the positive half cycles after first positive
half cycle. The capacitor does not discharge once it is charged.

VC = Vm_ VR
- °
C +
v
Vin _;’_B R VO
v

R —
[ T O

Fig.69 Negative level clamper circuit with positive biasing voltage

The output voltage can be written by applying KVL in outer loop of the circuit as under,

V,,-V.-V, =0 (100)

= V. =V -V, (101)
The voltage across charged capacitor ,

V. =V -V, (102)

= V. =V -(V-V) (103)

For sinusoidal input, V., = V_sinot (104)

= V, =V _sinot—(V -V,) (105)

It is seen from above equation that output voltage is shifted by — (V_— V) as compared to the input
voltage of the circuit.

The waveforms of input and output signals of negative level clamper with positive biasing voltage is
shown in Fig. 70. It is seen from waveform of output signal that the output signal is shifted vertically
by —(V,—V,) ascompared to the input signal.

V.
in A
V —_—

m

(_V1n+VR)

(-2V,+V,)

Fig.70 The waveforms of input and output signals of negative
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level clamper circuit with positive biasing voltage

Circuit 3 : Negative Level Clamper With Negative Biasing Voltage

Fig. 71 shows the negative level clamper circuit with negative biasing voltage. The operation of the
circuit is similar to negative level clamper with positive biasing voltage. The capacitor C is charged
to voltage, (V_+ V) during first positive half cycle with the polarities as shown in the Fig 71. Once
capacitor is charged in first positive half cycle of the input voltage then the diode is reverse biased in
negative half cycles and all the positive half cycles after first positive half cycle. The capacitor does
not discharge once it is charged.

Ve=V,+V,
i °
C +
V
Vm E R VO

-
- T o

Fig.71 Negative level clamper circuit with negative biasing voltage

The output voltage can be written by applying KVL in outer loop of the circuit as under,

V.- V.-V, =0 (106)
= V. =V -V, (107)
The voltage across charged capacitor ,
V.=V _+V, (108)
= vV, =V, -V +V) (109)
For sinusoidal input, V. = V_sin ot (110)
= V. =V _sinot—(V +V,) (111)
V.
m A
V. T
Vi
-V, 1
V., A
0
_VR -
_(2Vm+VR)

Fig.72 The waveforms of input and output signals of negative
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level clamper circuit with negative biasing voltage

It is seen from above equation that output voltage is shifted by — (V_+ V) as compared to the input
voltage of the circuit. The waveforms of input and output signals of negative level clamper with

negative biasing voltage is shown in Fig. 72. It is seen from waveform of output signal that the output
signal is shifted vertically by —(V_+V ) as compared to the input signal.

1.3.2 Positive Level Clamper Circuits

Circuit 1 : Positive Level Clamper Without Biasing Voltage

Fig. 73 shows the positive level clamper circuit without any biasing voltage. The circuit is analyzed
by considering very first negative half cycle of the input waveform during which the diode D is
forward biased. When diode D is forward biased the capacitor C is charged to peak (V ) of input
voltage with polarities as shown in the figure. Once capacitor is charged to peak value of input
voltage in first negative half cycle then the diode is reverse biased in remaining positive half cycles
and negative half cycles. The time constant RC is kept very large as compared to time period of the
input signal. Therefore, capacitor does not discharge once it is charged.

C
o 1 7o)
+ -yt +
Vin D VD§R Vo
+
o o

Fig.73 Positive level clamper circuit without biasing voltage
The output voltage can be written by applying KVL in outer loop of the circuit as under,

V.4V -V =0 (112)
= V. =V +V_ (113)
Vin A

D

Fig.74 The waveforms of input and output signals of positive
level clamper circuit without biasing voltage
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For sinusoidal input, V., = V_sinot (114)
V sinot+V (115)

It is seen from above equation that output voltage is shifted by + V as compared to the input voltage
of the circuit.

= \Y%

o

The waveforms of input and output signals of positive level clamper without biasing voltage is
shown in Fig. 74.

It is seen from waveform of output signal that the output signal is shifted vertically by + V _ as
compared to the input signal.

Circuit 2 : Positive Level Clamper With Positive Biasing Voltage

Fig. 75 shows the positive level clamper circuit with positive biasing voltage. The operation of the
circuit is similar to positive level clamper without biasing voltage. The diode D is forward biased
during first negative half cycle and the capacitor C is charged to voltage, (V_+ V) with the polarities
as shown in the figure. Once capacitor is charged the diode is reverse biased in negative half and the
positive half cycles. The capacitor does not discharge once it is charged due to large time constant of

the circuit.

V=V, +V,
o - %
C Ve
Vin _;’_]2"_ R VO
v

Fig.75 Positive level clamper circuit with positive biasing voltage

The output voltage can be written by applying KVL in outer loop of the circuit as under,

V. +V.-V =0 (116)

= V. =V +V, (117)
The voltage across charged capacitor ,

V. =V _+V, (118)

= V, =V, +(V +V) (119)

For sinusoidal input, V. = V_sinot (120)

= V., =V _sinot+(V +V,) (121)

It is seen from above equation that output voltage is shifted by (V_+ V) as compared to the input

voltage of the circuit.
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The waveforms of input and output signals of negative level clamper with positive biasing voltage is
shown in Fig. 76. It is seen from waveform of output signal that the output signal is shifted vertically

by (V, _+V,) ascompared to the input signal.

(2Vm+VR) 7

(Vm+VR)

Vi
0 >

Fig.76 The waveforms of input and output signals of positive
level clamper circuit with positive biasing voltage

Circuit 3 : Positive Level Clamper With Negative Biasing Voltage

Fig. 77 shows the positive level clamper circuit with negative biasing voltage. The capacitor C is
charged to voltage, (V,_— V,) during first positive half cycle. Once capacitor is charged it does not
discharge due to large time constant of the circuit.

VC = Vm - VR
— +
o %
C v -
Vi D+ R Vo

.
o +T .

Fig.77 Positive level clamper circuit with negative biasing voltage

The output voltage can be written by applying KVL in outer loop of the circuit as under,

Vit V=V, =0 (122)

= V =V +V, (123)
The voltage across charged capacitor ,

V. =V, -V, (124)

= V. =V +(V -V, (125)

For sinusoidal input, V., =V _sinot (126)
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= V, =V _sinot+(V -V,) (127)
It is seen from above equation that output voltage is shifted by + (V_—V,) as compared to the input
voltage of the circuit.

The waveforms of input and output signals of positive level clamper with negative biasing voltage is

shown in Fig. 78. It is seen from waveform of output signal that the output signal is shifted vertically
by +(V_—V,) as compared to the input signal.

Fig.78 The waveforms of input and output signals of positive level
clamper circuit with negative biasing voltage

Note : In clamping circuits the polarity of the voltage across capacitor in decided by the half cycle
of input signal during which diode is forward biased and magnitude (not polarity) of voltage across
capacitor is decided by the difference between peak of input voltage and reference voltage V.

Example 11

The input voltage, v, is 4 + 3 sin wt. Assuming all elements to be ideal, the average of the output
voltage v, in figure is

e ?
v; D Vo
[ . o
(a) 3V (b) +3 V
(c) -7V (d)+7V

GATE(IN/1999/2M)
Solution : Ans.(a)
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+ 7V-
| (L ..
IR 3
Vi D v,

Given,

ol

v, = 4 + 3 sin ot

The diode is forward biased during positive half cycle. During first positive half cycle the capacitor
gets charged to 7 V. Then onward the diode remains OFF and the output of circuit is,

AV =
o

= v =

o

-7+v
mn

—7+4+ 3 sin ot

=— 3+ 3 sin ot

The average value of sinusoidal component of output voltage is zero. So the average value of output

voltage is -3V

Example 12

If the circuit shown has to function as a clamping circuit, then which one of the following conditions
should be satisfied for the sinusoidal signal of period T?

C
+ || =
I
% <~> \V4 %R
(a) RC<<T (b)RC=035T
(c)RC~T (d)RC>T
GATE(EC-II/2015/1M)
Solution : Ans. (d)
C

Sk

For above circuit to behave as a clamping circuit the capacitor should not discharged once it is
charged in first cycle of input voltage waveform. This is possible only when RC >> T.
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Example 13
In the figure, D1 is a real silicon pn junction diode with a drop of 0.7V under forward bias condition

and D2 is a Zener diode with breakdown voltage of —6.8 V. The input V. (t) is a periodic square wave
of period T, whose one period is shown in the figure.

Vi) 1O uF
A+iav O] o
DI
0 LN = V(0
> 2100
t (seconds) D2
14V °

-||||—

Assuming 10t << T, where 7 is the time constant of the circuit, the maximum and minimum values
of the output waveform are respectively,
(a) 7.5Vand-20.5V (b) 6.1 Vand-219V

(c) 7.5Vand-212V (d) 6.1 Vand-22.6V
GATE(EC-II/2017/1M)
Solution : Ans. (a)

Vi“(t) 10 hF
Atiav  © I °
D1
0 LI = V()
» Z10Q ou
t (seconds) T D2
-14V o o

-||||—

During positive half cycle of input voltage the diode D, is forward biased and diode D, is reverse
biased. Since input voltage during positive half cycle is more than sum of forward voltage drop of D,

and reverse breakdown voltage of D, so the output voltage is clipped at
= Vp, +V,=07+6.8

out

= 7.5V
The capacitor gets charged to a voltage V_during positive half cycle which is given by
V., =14-75=6.5V
The left plate of capacitor becomes positive and right plate becomes negative. During negative half

cycle the diode D, is reverse biased and behaves like an open circuit. Then output voltage during

negative half cycle will be,
V,=-65-14=-205V

Therefore, the maximum and minimum values of the output waveform are 7.5 V and -20.5 V,

respectively.
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1.4 Voltage Doubler Circuit
The voltage double circuit can be half wave or full wave voltage double. Both half wave and full
wave voltage doubler circuits are discussed in the following sections.

A. Half wave voltage doubler

The circuit shown in Fig. 79 is called a half wave voltage doubler circuit. The input signal of the
circuit is assumed to be a sinusoidal signal. During first positive half cycle of input voltage the diode
D, is forward biased and capacitor C, gets charged to V| with polarity as shown in the figure. Once the
capacitor C, is charged to peak of input voltage it keeps the diode D, under reverse biased condition.
During first negative half cycle of input voltage, the diode D, is forward biased and capacitor C, is
charged to a voltage level equal to sum of peak of input voltage and voltage of capacitor C,. Since,
capacitor C, is already charged to peak of input voltage (V_ ) so the capacitor C, is charged to a total
voltage of 2V with the polarities as shown in the figure. Thus the output voltage is double of peak
value of input voltage and circuit performs as doubling operation.

+Vi— D,
(e, : —0
Ci +
+
Vi Dy =G, V=2V,
o o

Fig. 79 Half wave voltage doubler circuit.

B. Full wave voltage doubler

Fig.80 illustrates a full wave voltage doubler circuit. During positive half of supply voltage the diode
D, is forward biased and D, is reverse biased so the capacitor C, is charged to peak of input voltage,
V_. with upper plate positive and lower plate negative. During negative half of supply voltage the
diode D, is reverse biased and diode D, is forward biased so the capacitor C, gets charged to peak of
supply voltage with polarities as shown in the figure. The output voltage is sum of voltages across
the capacitors. As both capacitors are charged to peak of supply voltage with additive polarities
therefore, the output voltage is double of peak of input voltage of the circuit.

° ] o
+ Dl l
+ +
Vi, V. C,FvVv,
_ " V,=2Vy
o € N
TV,
D,

Fig.80 Full wave voltage doubler circuit
Example 14
In the voltage doubler circuit shown in the figure, the switch ‘S’ is closed at t = 0. Assuming diodes
D, and D, to be ideal, load resistance to be infinite and initial capacitor voltages to be zero, the
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steady state voltage across capacitors C, and C, will be
\Y

t=0 «—
+,,— D,
K
] G +
(@ V,=10V, V=5V (b) Vi, =10V, V=5V
() V, =5V, V=10V (d) V,=5V,V_ =-10V
GATE(EE/2008/2 M)
Solution : Ans.(d)
VCI
t=0 «<—

D,

+
73 | L 11
s \ N

J’_

C, k
@ SSIH ot D1 CZ: TV 3 Rload
c2

Al

During negative very first negative half cycle, the diode D, is forward biased and capacitor C, gets
charged to peak of input voltage such that

V., =5V

C1
and during positive half cycle just after the first negative half cycle, the diode D, is reverse biased and
diode D, is forward biased and capacitor C, gets charged to V., plus peak of input voltage. So,

Vo, = = (V,+5V)=—10V.

2 -

Example 15
The circuit shown in Figure is best described as a

+
Vi _ — Output ® "
+‘|’ ‘J; -

(a) bridge rectifier (b) ring modulator
(¢) frequency discriminatory (d) voltage doubler
GATE(EC/2003/1M)
Solution : Ans.(d)
©  MEewny
v, TFe-vV, + +
_ vm+_|_ c, c, T A

During positive half cycle of input the D, is ON and D, is OFF so C, gets charged to positive peak
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of V_and during negative half cycle of input D, is ON and D, is OFF so C, gets charged to negative
peak of V. So, output voltage V. =2V . Since output voltage is double of peak of input voltage so
circuit behaves like a voltage doubler.

Example 16
In the following circuit, the input voltage V. is 100 sin (100 nz). For 100nRC = 50, the average
voltage across R (in volts) under steady-state is nearest to

—C
(a) 100 (b) 31.8
(c) 200 (d) 63.6
GATE(EE-II/2015/1M)
Solution : Ans. (c)
¢
—_—CV
DA o ;
() =
—/ =
N _
D,/\ — O

Given circuit is a voltage doubler circuit. The time constant of the circuit RC/2 should be very large
as compared to time period of input voltage V, for the circuit to work as voltage doubler.

Given, V., = 100 sin 1007t
Frequency of input signal,
o = 2—n:lOOTc
T
1
= T = —=0.02s
50
Also, 100 tTRC = 50
RC = 0.159s

Time contents of the circuit. RC/2 = 0.0795s

As time constant of circuit RC/2 > T so given circuit works like a voltage doubler. The operation of
the circuit as a voltage doubler can be explained as follows
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Case-1I : During the half cycle

During first positive half cycle of the input voltage, the diode D, is forward biased and diode D, is
reverse biased and capacitor C, gets charge to peak of supply voltage with upper plate positively
charged. After first positive half cycle the does not charge due to large time constant and capacitor

voltage becomes more than the supply voltage and diode D is also reverse biased.
Case-II : During negative half cycle

During first negative half cycle, the diode D, is reverse biased and D, is forward biased and capacitor
C, gets charged to peak of supply voltage with upper end positive and lower end negative. After peak
of negative half cycle the capacitor voltage becomes more than the supply voltage and diode D, is
also reverse biased.

The overall voltage across the resistance R becomes as under,
VR = VCI + VCZ = Vm + Vm
= V, =2V _=2x100=200V
Example 17
The diodes D, and D, in the figure are ideal and the capacitors are identical. The product RC is very

large compared to the time period of the ac voltage. Assuming that the diodes do not breakdown in
the reverse bias, the output voltage V _ (in volt) at the steady state is ................

DI
’I
1 J_C T
10/5%10)t T %+
) R I
ac _—cC

GATE(EC-III/2016/1M)
Solution : 0.0

D,
N
1
+
V,=—=C
10 sin ot +
() =
1\ R 3V
V,——C N
+
N
1
D,
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1.5

1.6

Given, RC >> time period of input voltage.

During first positive half cycle of input voltage, the diode both diodes D, and D, are forward biased.
The upper capacitor C is charged to peak of input voltage i.e. 10 V with upper plate positive and
lower plate negative and the lower capacitor C is charged to peak of input voltage i.e. 10 V with
lower plate positive and upper plate negative . During negative half cycle of
input voltage, both diodes are reverse biased. However, the capacitors do not discharge through R
during negative half cycle due to large time constant RC as compared to time period of input signal.
Thus capacitors remain charged with same polarities as during the positive half cycle. Thus after very
first cycle of input voltage the both capacitors remain charged with peak of input voltage but with
opposite polarities.

The output voltage across ‘R’ can be given as,
V.=V -V =10-10=0

Peak Detector Circuit

A peak detector circuit consists of a series connected diode and shunt connected capacitor. Fig. 81(a)
shows the positive peak detector circuit using a diode. Let input applied to the peak detector circuit
has two peaks as shown in Fig. 81(b). The diode D is forward biased for the part oa of input signal
and output voltage same as input voltage for this part. For part ab of input waveform the diode is
reverse biased and capacitor is charged to first peak of input voltage, V_ . For part bc of input voltage
the diode is again forward biased and output voltage follows the input voltage. At point capacitor is
charged to second peak ,V_, of input voltage and diode D is reverse biased for remaining part cd of
input voltage. Therefore, output voltage is equal to last peak value of input voltage. A negative peak
detector circuit can also be implemented by simply reversing the connections of the diode D.

Vin A
Vm2 """"""""" T
le ------ : i
: >
i ! t
v, & | |
Vm2 _______ l __________ :
o——— |
+ D + le ------
Vm C= VO
_ _ >
o o t
(a) Peak detector circuit (b) Input and output voltage waveforms.

Fig.81 Positive peak detector circuit and its input and output signals.

Rectifiers
Rectifier circuits are used to convert an AC signal to a DC signal. The rectifiers are of two types
called half wave and full wave rectifiers.
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[56]

A half wave rectifier consists of a diode in series with a load as shown in Fig. 82(a). The diode is
forward biased during positive half of input voltage and reverse biased during negative half of input

voltage.
Vin(t) A
—>
i i !
VolOp i i i
D V., F= ! ! _
| | |
N N : : :
>
Vin RL VO I I I t
| | |
~o o~ (04 | | i
| i

(a) Half wave rectifier

>

-

N

Fig.82 Positive peak detector circuit and its input and output signals.

(b) Input voltage, output voltage and output current

So, output voltage is same as input voltage during positive half cycle and it is zero during negative half
cycleofinputvoltage. Fig. 82(b) showsthe waveforms ofinput voltage, output voltage and outputcurrent

of the half wave rectifier.

I. Average Output Current

The average value of periodic output current of the signal can be given by,

T

1.
I = leo(t) dt

0

From the waveform of output current,

i(t) =1 sinot ;0 0<t<T/2
=0 ;0 TR<t<T
T T
1F. . |- 2
= I = —J.Imsmmtdt:i{ COS(M}
a T3 T o 1
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1 1
= I = *[-cosm+cosO0]=—" (130)
w 2 i

II. Root Mean Square (RMS ) or Effective Value of Output Current
The RMS value of the period current is given by,

1

172 B
B L
1= {T .([zo(t)dt} (131)
1 1
T 2 T >
1 2 12 2
= I = —J‘Ii sin“otdt | = —'”J.(l—cos203tdt) (132)
1
I’ 20t 17 P 1
= T = —n (133)
s 2T 20 |, 2
The peak value of current can be given in terms of peak value of voltage as under,
\Y
For ideal diode, I = — (134)
: . \A
For non ideal diode, I = —— (135)
" R +R,

Where, R, is forward resistance of the diode and R, is load resistance. The value of R, is zero for an
ideal diode.

III. Average Output Voltage
The average or DC value of output voltage of the rectifier is obtained similar to current of the rectifier

as under,
T
vV = ljv (¢) dt (136)
av T o o
From the waveform of output current,
v () = V_sin ot ;0 0<t<T2
=0 ;0 TR<t<T
T
17 . A"
= vV = —IVm sinof dt =—=* (137)
av T 0 TC

IV. Root Mean Square (RMS ) or Effective Value of Output Voltage
The output voltage of the rectifier can be given as under,
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1
iy !
V. = |=|v,@)dt 138
- = 7RO (138)
1
_1T/2 P
= V. = |= | Vasin®otdt (139)
ms _T 0
[x72 T2 2
V. = |—2| (l-cos2wmt)dt 140
= w = |2t ] ) } (140)
- 1
V[ cos2et |7 ]P V.
= Vo= |- = m (141)
ms DT 20 |, 2

V. Average Output Voltage For Non-ideal Diode
If diode is non-ideal with a forward resistance , R... The equivalent circuit of half wave rectifier with
non-ideal diode can be drawn as shown in the figure below,

Fig.83 Equivalent circuit of half wave rectifier with non-ideal diode
The average output voltage of the rectifier can be given by,

v
Vo = LR, (142)
T ,

The average current for a rectifier with non-ideal diode can be given as under,

Vm
| R, +R P \A
[ === —= . (143)
a T i (R, +R )
V \Y
= Vv, = —--——"—R, (144)
o . nR_+R))
Vv R
= Vo= | — (145)
w Tt |R,+R_
Example 18
The RMS value of a half-wave rectified symmetrical square wave current of 2 A is
(a) V2A (b) 1A
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() 1/+2A (d) \3A

GATE(EE/1999/1 M)
Solution : Ans.(a)

A

T/2|T

\ 4
-

—2A}L

When square wave shown above is given to a half wave rectifier the output of rectifier is pulse wave
as shown below

i(t)/\
2A

-~V

T2 T

R.M.S. value of current wave form,

Iy = |7 j lL(t)dt} = {?I(z) dt}

ms _T 2

Example 19

The forward resistance of the diode shown in figure is 5Q and the remaining parameters are same as
those of ideal diode. The dc component of the source current is

N
1
v, =V, sin(mt) 450
® =314 rad/s h
(a) & (b) &
a
50z S07+/2
(c) £ (d) 2VZ\/—
c) —m
100742 507
GATE(EE/2002/1 M)
Solution : Ans.(a)
N
1
v, =V, sin(mt) 450
® =314 rad/s h

The average output voltage of half wave rectifier shown above will be,
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y

vV, o=
T

dc
DC component of load current is same as dc load current,
So, DC component of source current is given by,
V V Vv Vv

— dc dc _ m m

© L1R 5+45 750 507

1.6.2 Full wave Rectifier
The full wave rectifiers are of two types called centre tap type and bridge type. The centre tap rectifier
makes used of transformer with centre tap and two diodes where as bridge type rectifier makes use of
bridge circuit consisting of four diodes with one diode connected in each arm of the bridge. Fig. 84
shows the centre tap type and bridge type full wave rectifiers.

o
+ D, Dy |7
* \A R.Z V.
RSV,
. _ D4 D2 _
o o
(a) Centre tap type (b) Bridge type

Fig.84 Centre tap and Bridge type full wave rectifiers

The waveforms of input voltage, output current and output voltage are similar for both centre tap and
bridge type rectifiers. The main difference is centre tap has one diode in path of current and bridge
type has two diodes. The maximum or peak inverse voltage is V_ for centre tap and 2V _ for bridge
type of rectifier. Fig.85 shows the waveforms input voltage, output current and output voltage of full
wave rectifiers.

I. Average Output Current
The output current is period with time period of T/2. The average value of output current can be

given by,
2 T/2
I = =i (tdt 146
av T .([ 0() ( )
From the waveform, i (t) = I_sin ot ; 0<t<TR2
T T
28 . 21, [ - 2
N I, = =[1,sinordi= m[ COWT (147)
v T TL o b
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I 21
= I = —[-cosm+cos0]=—" (148)
n n
Vin(t) A
1 —>
i i i
VolOp i i i
Vo = . . .
| | |
>
| | | t
| | |
To(OA : : :
I | | !
>

2

Fig. 85 Waveforms of input voltage, output voltage
and output current of full wave rectifiers.

II. Root Mean Square (RMS ) or Effective Value of Output Current
The RMS value of the output current is given by,

1

B o) T/2 B
— |2
b = |7 ! HO) dt} (149)
1
T B T 2
2 2 12 2
= L., = |=[Tsin®otde| =|2[(1-cos20t dr) (150)
ms _T ! | T o
1
~ _— L[ cos2or TP _ L, (151)
rms | T 20 0 \/5
The peak value of current can be given as,
Vv
For ideal diode, I = R—’" ; for both centre tap and bridge type (152)
L
: . V.,
For non ideal diode, [ = —— ; For centre tap type (153)
" R, +R,
Y For bridge t (154)
= —— ; For bridge type
R, +2R, e P
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III. Average Output Voltage
The average of output voltage of the rectifier is obtained as under,

T/2

2
V. = —=|V,(@)dt 155
av T I‘)- 0( ) ( )
From the waveform of output current,
v () = V_sin ot ; 0<t<T/2
T
2% . 2V
= vV = —IVm sinot dt =—= (156)
av T 0 TC
IV. Root Mean Square (RMS ) Value of Output Voltage
The output voltage of the rectifier can be given as under,
B o) T/2 %
_ | £ 2
V= E ! VE(t) dt} (157)
1
B o) T/2 B
- V.. = |= [ Visin®otdt (158)
ms _T 0
1
(72 T2 )
- Vi = | j (1-cos20t) dt} (159)
L 0
_ 1
V2 20t |22V
N v = _m[t_cos © } —Vm (160)
mso T 20 |, 2

V. Average Output Voltage For Non-ideal Diode
The equivalent circuit of bridge type full wave rectifier with non-ideal diode can be drawn as shown
in the figure below,

Fig.86 Equivalent circuit of bridge type full wave rectifier with non-ideal diode

There are two diodes in the path of current therefore, a resistance 2R is connected in series with the
DC source in the equivalent circuit of the rectifier.
The average output voltage of the rectifier can be given by,

2 VWI

= —=-L2R)) (161)

av

The average current for a rectifier with non-ideal diode can be given as under,
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1.6.3

v
2><R mZR 2V
21 +
S — 2 L= L (162)
a T o (R, +2R,)
2V, 2V,
= \ - — - 2R, (163)
“ . nR +2R,) '
2\/m RL
= V. = (164)
“ n |2R,+R,

For centre tap type full wave rectifier there is one diode in series with the load so the resistance 2R,
in series of DC source in equivalent circuit is replaced by R and the average output voltage becomes
as under,

2V, R,
= V. = (165)
o © | R, +R,

Performance Parameters of Rectifiers

I. Peak Inverse Voltage (PIV) :
Peak inverse voltage of rectifier is maximum reverse voltage which appears across the diode under
reverse bias condition. Mathematically it is given by,
PIV =V _ ; For half wave rectifier
=V ; For full wave bridge type
= 2V_;For full wave centre tap type

II. Voltage Regulation :
Voltage regulation of the rectifier is defined as percentage voltage drop in output voltage from no
load to full load. Mathematically it is given as,

Vy -V,
VR. = — %100 (166)

FL

The output voltage of rectifier reduces with increase in load current due to forward resistance of the
diode. The variation in voltage with load current is drawn in Fig. 87

I, I

av

Fig.87 Variation in output voltage with load current in rectifiers with non-ideal diodes.
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For half wave rectifier :

v
No load voltage, Vo = — (167)
T
Vv Vv R
Full load voltage, vV, = -1, R =—"2 [—L} (168)
T n | R;+R,
Vo _ Ve { R, }
T n | R, +R R
VR. = L= x100=—Lx100 (169)
Vo | Ry R,
n© | R;+R;
For full wave bridge type rectifier :
2V,
No load voltage, Vo = (170)
T
2V 2V R
Full load voltage, vV, = —*-L[,Q2R;)=—" L (171)
i n | 2R, +R,
2V, 2V, { R, }
T n | 2R, +R, 2R
R. = 100="—Lx100 172
v 2V, R, * R, * (172)
n | 2R, +R,

For full wave centre tap type rectifier :
In centre tap type rectifier there is only one diode in path of current so resistance 2R is replaced by
R.

f

R
VR. = R—fx100 (173)

L
Note : i.  Forideal diode R, = () so ideally V.R. = 0 for all types of rectifiers.
ii. Voltage regulation of full wave bridge rectifier is double in the case of half wave rectifier and
centre tape full wave rectifier. So voltage regulation of full wave bridge rectifier is poorer than
half wave and centre tape rectifier.

III. Form Factor
Form factor is defined as the ratio of rms value of output voltage to its average value. Mathematically,
it is given by,

V.
Form factor, FF = V—rms (174)

av

www.digcademy.com CADEMY digcademy@gmail.com



Diode Circuits

www.digcademy.com

EDC & ANALOG ELECTRONICS

For half wave rectifier :

an
2
FF & 57
e
For full wave rectifiers:
Vv

Vv N2 T
FF = —oms — = =1.11
Vaav 2Vm 2\/5

IV. Ripple Factor

[65]

(175)

(176)

Ripple factor is defined as the ratio of rms value of ac ripple in output to average value of the output

voltage. Mathematically it is given as,

0 ac rms

V.

av

Ripple factor, RF =

Where V. is rms value of ac ripple component in the output voltage.

The rms value of ac ripple component in output voltage can be given as

Vo=V -V
. rp - VeV - e

\Y% A

av

For half wave rectifier:

2
RF = (Ej —1=121
2

For full wave rectifiers:

R.F.

(ﬁjz ~1=0.48

IV. Rectifier Efficiency

(177)

(178)

(179)

(180)

(181)

Rectifier efficiency is defined by the ratio of output dc power to the input ac power of the rectifier.

Output dc Power P,

Input ac Power P,

iac

For half wave rectifier:
The dc output power of rectifier can be given by,
P c = Iiv RL

o,d

(182)

(183)
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The ac input power of rectifier is given by,
P =1, R +R))

ia in rms
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[66]

(184)

The rms value of input current is same as rms value of output current of the rectifier. Therefore, ac

input power can be given as,

= P =1.R+ R
2 R
e — x 100
Irms Rf +Irms RL
2
)
= n = T x 100

If diode is ideal, R.=0

4
N =Npax =5 X100=40.5%
T

(185)

(186)

(187)

(188)

(189)

If source resistance is also taken into consideration then R, is replaced by R + R,

R
=t R 0o
© R, +R_ +R|
4 R
For ideal diode, n=—.———xI100
n° Ry +R;

For full wave bridge type rectifier:
The ac input power of rectifier is given by,

P, = I .QR)+L, R,

l1ac

I R
n==4 o x100
. QR+ R,

(190)

(191)

(192)

(193)
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Note :

2
(21’”)RL
- n= & P %100 (194)
| 2R)+|*~| R
() eroe ) m
8 R
= N=—x——">—x100 (195)
o R, +2R,

If source resistance is also taken into account,

8 R
N=—.—————x100 (196)
n 2R, +R_ +R

For centre tap type rectifier, resistance 2R is replaced by R.. Then the rectifier efficiency for centre
tap type rectifier will be,

8 R,

= —— L %100 (197)
R, +R, +R,

n

Maximum efficiency of full wave rectifier is twice the maximum efficiency of half wave rectifier.

(v) Transformer Utilization Factor (TUF)
It is defined by the ratio of power delivered to the load and volt-ampere delivered by secondary side
of transformer. Mathematically,

Iazv RL

TUF = — 198
v (198)

inrms * ~in rms

As the rms value of input current is same as rms value of output current of the rectifier, therefore,
TUF can be given as,
Izv RL

= TUF = —&> L (199)
Y

intms ° ~rms

For Half Wave Rectifier:

2 2 2
\Y% \Y%
m R, L R,
TR, +R) n | R, +R,
TUF = V.1, A v (200)
J2 72 V2 2R, +R))
22 R,
=N TUF = * 'R, +R, (201)

For ideal diode, R,= 0
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242
TUF,,, = —{ =0.286 (202)
T

For Full Wave Bridge rectifier:

2
2V, 1 R,
UF n 2R, +R, 8 R, 203)
= =—X
v, 1V, n* R, +2R,

= TUF

x——L (204)
R, +2R,

For Full Wave Centre Tap type rectifier:

Replace 2R by R, in above equation for centre tap type rectifier as under,

8 R
= TUF = 5 x——— (204a)
© R +R,
For ideal diode, R,= 0
8
TUF, = —=0.812 (for both centre tap & bridge type) (205)
n

Example 20
In the single phase diode bridge rectifier shown in figure, the load resistor is R = 50 Q2. The source
voltage is v = 200 sin ot, where, ® = 21t % 50 radians per second. The power dissipated in the load
resistor R is

e3
3200 400
@ —W (b)) —W
i i
(c) 400 W (d) 800 W
GATE(EE/2002/2 M)
Solution : Ans.(c)
3

The power dissipated in load resistance depends on rms value of load current. The rms value of load
current for full wave rectifier shown will be,
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R
rms \/5 \/5 R
Given , source voltage, v =200 sinwot

200
220 5
rms \/E XSO

Power dissipated in R,

P — PR (2\/5)2x50 — 400W

Example 21
The circuit in figure shows a full-wave rectifier. The input voltage is 230 V (rms) single-phase ac.
The peak reverse voltage across the diodes D, and D, is

230 V/50-0-50V
(a) 1002V (b) 100 V
©) 502V (d) 50V

GATE(EE/2004/1 M)
Solution : Ans.(a)

230 V/50-0-50V

Peak inverse voltage(PIV) of a centre tap full wave rectifier circuit shown above is given by,
PIV =2V

Where, V is peak of secondary voltage of transformer. The rating of transformer is always given in
terms of rms value. So, the peak voltage in each section of secondary winding of transformer is,
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V= 50727

Then PIV of diode D1 and D2 will be,
PIV = 2v_=100v2V

Example 22
For an input, v (t) =5 — 2 sin (100 ©t) — cos (200xt), the output of a full-wave rectifier averager is
(a) 2 (b) 4
(©) 5 (d) 8

GATE(IN/2001/2M)
Solution : Ans.(c)

(~)
—/

Given input of full wave rectifier,

v, (t) = 5-2sin (100 wt) — cos (200mt)
The dc component of v, (t) is more than peak value of ac components so the diodes D, and D, are
continuously ON and output voltage is input signal itself.

v () = v, (t)=5~-2sin (100 wt) — cos (200mt)

The average value of ac components of output voltage is zero. Then the average output will be only
dc component.

Vodc = 5 V
Example 23
For the circuit shown in figure, the diode D is ideal. The power dissipated by the 300 Q2 resistor
100 Q, 0.5 W
b 200 Q,
s 0.5W
@ 60 cos 314 t

300 Q,

W

(a) 0.25W (b) 0.50 W

(c) 0.75W (d) 1.00 W

GATE(IN/2004/2M)
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Solution : Ans.(c)

1000, 0.5W

200Q,

i 0.5W

60 cos 314 t @

The given circuit is a half wave rectifier with rms output voltage of rectifier,

Y
2 2

300Q2,
1w

0,rms

Then rms value of current at output of rectifier,

Vs 30 1

T100+200+300 20

I
o,rms R

total

The power consumed by 300 Q2 resistance,
P =1 JxR=(0.05%300 = 0.75W

Example 24
In the circuit shown, assume that the diodes D, and D, are ideal. The average value of voltage V , (in
Volts), across terminals ‘@’ and ‘b’ is .............

(D

sin(t)
10kQ

GATE(EC-III/2015/2M)
Solution : 4.85 to 5.15

|/?\+
NCA
a
w2
2.
g
o
+
=
=

Case-I : Positive half cycle of input voltage.

www.digcademy.com CADEMY digcademy@gmail.com



Diode Circuits EDC & ANALOG ELECTRONICS [72]

During positive half cycle of input voltage , the diode D, is ON and diode D, is OFF. The equivalent
circuit for positive half cycle becomes as under

JFCADM sinwta% _ AMV— %b

From above circuit,

= 0 x 6msin®t = 27 sin ot
ab 10+ 20

Case-II : Negative half cycle of input voltage. The diode D, is OFF and diode D, is ON during
negative half cycle of input voltage.

The equivalent circuit during negative half cycle of input voltage is as under

i D2
o]

67 sinot 10k
) ag———AWW——9b

+ Vab

10kQ 20kQ
10 . .

VvV = x 6msinot = 37 sin wt

ab 10+10

The waveform of input voltage & V,, can be drawn as under

AT

&
a
—
\ 4

\ 4

T/2 T
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It is observed from the waveforms that the output wave V. is sum of two half rectifier waves. So, the
output voltage V_ is sum of the two half rectified waves V|, and V, as,

V., V 2n 3w
= _+_m2:_+_
2 on T T

v

av

vV +V

avl av.

5V

T

Example 25

In the Figures (a) and (b) shown below, the transformers are identical and ideal, except that the
transformer in Figure (b) is centre-tapped. Assuming ideal diodes, the ratio of the root-mean-square
(RMS) voltage across the resistor R in Figure (a) to that in Figure (b) is

>
V, sin(wt) ‘ ‘ R V, sin(wt) ‘ ‘ m
>

Fig.(a) Fig.(b)

() V2:1
(c) 2V/2:1

(b) 2:1

(d) 4:1
GATE(IN/2019/1M)
Solution : Ans.(b)

AAAA
VVV

V, sin(ot) @

1:1
+ +
V, sin(wt) v, V,

Fig.(a)
Let, transformation ratio of the transistoris 1 : 1.

The RMS value of voltage across ‘R’ in Fig.(a),
v

2
Circuit in Fig. ‘b’ is a centre-tap type full wave rectifier. The voltage across R in each half cycle is
\Y

S

R

\Y

RMSI

VO

Vs
2 2

sinot =V_sin ot
The RMS value of voltage across R is full wave rectifier is given by,
vV \Y

m 0

2 22
CADEMY

v

RMS2
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Ratio of RMS voltage across ‘R’ in Fig. ‘a’ to that of Fig.(b).
VRMSI _ Vo / \/E 2

Ve Vo /242 1

1.6.4 Comparison of Centre tap and Bridge type rectifiers
(i) PIV of bridge type rectifier V_where as itis 2V _ for centre tap type full wave rectifier.
(ii) Transformer Utilization factor (TUF) is better for bridge type rectifier as compare to centre tap
type rectifier.
(ii1) Size of transformer required for bridge type rectifier is smaller than centre tap or mid-point type
rectifier.
(iv) Voltage regulation of centre tap type rectifier is better than bridge type rectifier.

1.6.5 Comparison between half wave and full wave bridge type rectifier

(1) Rectifier efficiency for full wave is double of that of half wave rectifier.

(i1) Full wave rectifier gives higher output voltage, higher power and higher TUF.

(iii) Ripple voltage of full wave rectifier is smaller than half wave rectifier.

(iv) Ripple frequency of full wave rectifier is twice the ripple frequency of half wave rectifier.

(v) In full wave rectifier the direction of current in secondary winding of transformer. Changes in
every half cycle where as it is unidirectional in case of half wave rectifier. Due to unidirectional
current in half wave rectifier there is problem of transformer core saturation. This problem is not
present in full wave rectifier.

(vi) The voltage regulation of half wave rectifier is smaller than full wave bridge type rectifier.
Therefore, voltage regulation of half wave rectifier is better than voltage regulation of full wave
bridge type rectifier.

1.6.6 Rectifier Filters

The output from any of the rectifier circuit is not purely dc battery also has ac components called
ripples along with it. Ripple content of output of full wave is less than half wave rectifier. A filter
circuit converts pulsating

output of rectifier to a d.c. level. The commonly used filters are

1)  Shunt capacitor filter

i1) Series inductor filter

iii) Choke input filter or L-section filter

iv) Capacitor input or wt-filter

v) RC filter

1. Shunt Capacitor Filter

This filter is most simple has a capacitor load across output terminals of rectifier.

In shunt filter capacitor the diode current flows only for small duration when supply voltage is more
than capacitor voltage. This current is short duration surging current. A small resistor called the surge

limiting resistor is therefore always connected in series with the diode to limit this surge current.
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A. Half wave rectifier with shunt capacitor filter
Half wave rectifier with shunt capacitor filter is shown in Fig. 88. The capacitor C is selected such

that the time constant, RC, is much greater than the time period of the sinusoidal input signal.

D
o N °
+ + 1 R
VO glgve °T F %
o

Fig.88 Half wave rectifier with shunt capacitor filter

The waveforms of input voltage and output voltage with and without shunt capacitor filter are shown
in Fig. 89. It is observed that the output without capacitor filter is same as input during positive half
cycle and zero during negative half cycle. When a capacitor of suitable value is connected in shunt
with the load the output voltage is no more zero during negative half cycle.

V.
IHA
'
t
VO
A
Without
filter
>
t
VO
. VmA_
With v
filter

Fig.89 Waveforms of input voltage and output voltage of half
wave rectifier with and without shunt filter

At steady state operation the diode is forward for period T, in positive half cycle and output voltage is
same as input voltage. The capacitor gets charged to peak value,V _, of input voltage during positive
half cycle. After peak value, the input voltage falls below V where as capacitor is charged to V_ so
the diode gets reverse biased and capacitor starts discharging through load resistance,R. The capacitor
keeps on discharging for a period T, until the input voltage becomes more than the instantaneous
value of capacitor voltage. The diode is again forward biased and capacitor is again charged to V_.
This cycle of charging and discharging of capacitor repeats in every cycle of input voltage and
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the output voltage is, thus, non-zero during negative half cycle of input voltage and output voltage
waveform is smoothened resulting in reduction in ripple in the output voltage.

Expression of Ripple Voltage :
The total charge taken by the capacitor during charging period is given by:

q;, = CV, (206)
Where, V_is the ripple voltage and T, is charging period
The charge removed during discharging period.

qp, = 1, T, (207)
Where, I is average capacitor current during discharging and T, is discharging period.

It is observed from the waveforms that output voltage is varying between two fixed
levels. It will be possible only when the total charge stored by capacitor during charging
period is equal to total charge removed during discharging period in steady state

operation.
qu = qT2
= Cv. =1T,
I
= vV = LT (208)
! C
From waveform, T +T, =T
If RC>>T then, T, >>T,
= T =T,+T,~T, (209)
I
= V =& T (210)
! C
\Y g (211)
= =_d
r Cf

Where f is frequency of input signal
Average output voltage of the rectifier with shunt filter can be given as,
V

V, = Voo (212)
Id
Vo= Vo m 5 (213)

The dc current through the capacitor during discharging period is given by,

I
L= (214)
U
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B. Full wave rectifier with shunt capacitor filter
Full wave rectifier with shunt capacitor filter is shown in Fig. 90. The capacitor C is selected such
that the time constant,RC, is much greater than the time period of the input.

0
+
+ +
Vi @ Vin C= R V,
°

Fig. 90 Full wave rectifier with shunt capacitor filter

The waveforms of input voltage and output voltage with and without shunt capacitor filter are shown
in Fig. 91. The output of full wave rectifier with a shunt capacitor filter is similar to that of half
wave rectifier except that the output exists in full wave rectifier even during negative half cycle. In
full wave rectifier the ripple frequency is 2f where as it is f in case half wave rectifier. The capacitor
charges and discharges in every half cycle of input voltage.

VinA
VITA T,
>
t
V. A
Without V,_,
Filter
> t
VO
A
With Vv, AT
filter Sy

Fig.91 Waveforms of input voltage and output voltage of full wave rectifier with and without
shunt filter

Expression of Ripple Voltage :
The total charge taken by the capacitor during charging period, T, is given by:

q, = CV, (215)
The charge removed during discharging period,
q, = 1. T, (216)
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The total charge stored by capacitor during charging period is equal to total charge removed during
discharging period in steady state operation.

o ququZ
= CV. = 1I,T,
I
= Vo= T 217
=T 17)

From waveform, T, +T, = T2

If RC>>T then, T, >T,
= T2 =T, +T,~T, (218)
I, T
= vV = L — (219)
! Cc 2
Idc
= V. = (220)
2Cf
Average output voltage with shunt filter can be given as,
Vv
Vv =V —-—- (221)
av 2
Idc
Vo=V, == (222)
41C
The dc current through the capacitor during discharging period is given by,
21,
I = (223)
T

Note : i. Ripple voltage in full wave rectifier is approximately half of ripple voltage of half wave rectifier.
ii. The average output voltage of full wave rectifier is more than that of half wave rectifier.
iii. Ripple frequency of half wave rectifier is same as frequency of input signal. Where as ripple
frequency of full wave rectifier is twice the frequency of input signal.

1
2J3/RC

iv. The ripple factor of have wave rectifier with capacitor filter is given by, RF =

1
v.  The ripple factor of full wave bridge rectifier with capacitor filter is given by, RF = ——=—
pple f 1/ ge rectifi p fi g ) 4B /RC

Example 26
The figure shows a half-wave rectifier with a 475 uF filter capacitor. The load draws a constant
current [, = 1 A from the rectifier. The figure also shows the input voltage V,, the output voltage
V.. and the peak-to-peak voltage ripple u on V.. The input voltage V, is a triangle-wave with an
amplitude of 10 V and a period of 1 ms.
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1
+10Vi
1

+
Vi (i) 475 uF == Vc

Q lo=1A

The value of the ripple u (in volts) is ............

Solution : 1.9:2.2

N

I

J’_
Vi (i) 475 uF == Ve

Q Io=1A

(a)
1
1
1
1

—_———-—
1
1
1
1
1
1
1
1
1
'—
r
1
1
1
1
1

[79]

-------- >t

——pmm—h e ———

1
1
1
1
1
1
1
1

A\

The capacitor takes positive charge when diode is forward biased during positive half cycle of
input voltage and capacitor discharges when diode is reverse biased. Let charging period is T, and

discharging period is T,. Charge taken by capacitor during charging period.

q
Where u is ripple voltage.

= Cu

The charge removed from capacitor during discharging period,

q2 = IOTZ
From the given wave forms,
T, =T-T,=T
q2 = IOT
At steady state operation,
q, =9,
= Cu =1T
I, T
= u=-——
C
Ix1x107
= u=-——"—=210V
475%10
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2. Series Inductor Filter
In this filter a high value choke or inductor is connected in series with rectifier and load as shown in
Fig. 92.

Vi Rectifier

Fig.92 Rectifier with series inductor filter
The filter works on principle that inductor always opposes the change in energy stored in it. It should
be noted that a decrease in the value of load resistance or an increase in the value of load current
will decrease the amount of ripples in the circuit. Therefore, this filter is more efficient for small load
resistance or high load currents. This filter is not used with half wave rectifier. The output voltage of
series inductor filter is as shown ir\ll Fig. 93.
L/\

Vom f==nms S s S
Ky gy gy

’
I Y
V I 1 !
P [} [
av . (] .
' W) '
g Y]

Fig.93 Output voltage of rectifier with series inductor filter

3. Choke Input or L-section or LC Filter

A simple series inductor filter reduces both the peak and effective value of output current and output
voltage. On the other hand shunt capacitor filter reduces the ripple voltage but increases diode
current. The diode may get damaged due to large current and at same time causes greater heating of
supply transformer resulting in reduced efficiency.

In inductor filter ripple factor increases with the increase in load resistance R, while in a capacitor
filter it varies inversely with load resistance R, . From economical point of view neither series inductor
shunt capacitor are justifiable. Practical filters are derived by combining voltage stabilizing action of
shunt capacitor with current smoothening action of series inductor as shown in Fig. 94. Such a filter
is called L-section filter.

By using such combination ripple factor can be lowered, diode current can be restricted and ripple
factor can be made independent of load resistance. Two such combination are used in L-section filter
and w-filter.

The inductor passes dc and block ac component because of its small dc resistance than ac impedance.
Any fluctuation still left is filtered out by shunt capacitor as it has large resistance to dc and small
resistance to ac component. Ripples can be reduced effectively by making X, greater than X at
ripple frequency.
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Supply

Voltage Rectifier

Fig.94 Rectifier with L-section filter

The LC filters are replaced by IC voltage regulators, active filters that reduce ripple and hold output
dc voltage constant because their size and cost. This filter is not used for half wave rectifier.

4. Capacitor Input or n-Filter
The n-filter consists of shunt capacitor at the input side of L-section filter formed by inductor L and
shunt capacitor C, as shown in Fig. 95. The rectifier directly feeds the capacitor input filter.

L
+o0—— n FIII0 o )
Supply ,
Voltage Rectifier| ==C, ::C2 R, \'A
—o—| H— o o

Fig.95 Rectifier with capacitor input or or n-filter

The n-filter are characterized by high output at low current drains. Such filter gives high output
voltage and lower ripple than shunt capacitor and L-section filter.

The output voltage of n-filter falls off rapidly with increase in load current and, therefore, voltage

regulation with this filter is very poor.

Comparison of L-section and n-filter :

1) In zm-filter dc output voltage is more than L-section filter for same input.

ii) In m-filter ripples are less so clock required is smaller than L-section.

iii) RMS value of supply transformer is more in m-filter than L-section filter due charging current of
input capacitor.

iv) Voltage regulation of n-filter is very poor so, n-filter are suitable for fixed loads where as L-section
filter is suitable for variable load, provided a minimum current is maintained.

v) In w-filter PIV is large than L-section filter due to input capacitor.

The main drawback of n-filter is large size, more weight and higher external field developed by
inductor.

Bleeder Resistance :

The operation of inductor filter is based on fact there must be same minimum current flowing through
inductor all the times. To provide flow of this minimum current at all times through choke, a resister
called bleeder resistor is place across filter output as shown in Fig.96.
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Bleeder Resistor

Supply| Rectifier .‘|‘

Low Pass
Filter

Fig.96 Capacitor input or or n-filter with Bleeder resistance

Bleeder resistor maintain same minimum current in choke even if load resistance is open circuited

and improves filtering action. The value of bleeder resistor is designed to draw 10% of full load

current. Bleeder resistance serves following purposes;

1) It improves voltage regulation as there is some initial drop in supply

ii) It provides safety to operator by providing discharging path to the capacitor. When power
is switched off it provides path for discharging of capacitor. That is why it is called bleeder
resistance.

iii) It may be used as potential divider to provide multi-level output voltage.

iv) It provides minimum current through choke even when load resistance disconnected therefore, it
improves the filtering action.

Note : Bleeder resistor should not draw more than 10% of the load current.

5. RC Filter
The drawback of n-filter can be over come by replacing series inductor by series resistance, such
circuit is called RC filter.

R
+o0—— P J_ AMN J_ o,
Suppl
Voﬁlgg}’e Rectifier -|—Cl C2—|— %L \'S
— 00— b o

Fig.97 Rectifier with RC Filter

In RC filter ripples are dropped across series resistance R. The value of ‘R’ is about 10 times X .,.
The main drawback of this filter is that large drop across R gives poor voltage regulation. The load
current flows through R so there need to be arrangement for dissipation of heat produced in ‘R’. So
RC filter is suitable for high load resistance only.

1.7 Zener Voltage Regulator
The breakdown voltage of a Zener diode is a fixed voltage. Therefore, a Zener diode can be used as a

voltage regulator by connecting the diode in reverse biased mode across the load resistance as shown
in Fig.98.
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R
S ~ \IL
\ >
I, 1, .
L
Vs '|' v, AlRL V=V,
Z D

Fig. 98 Zener voltage regulator

The minimum current through a Zener diode is known as knee current. The knee current of Zener
diode is determined by voltage regulation of the device and maximum current is limited by maximum
current dissipation capability of the device. If P is maximum power dissipation capability and V,
is Zener breakdown voltage of the diode then the maximum current carrying capability of the diode
can be given as,

_ D,max (224)

Three design parameters of Zener voltage regulator are source voltage (V ), source resistance (R )
and load resistance (R ). While designing these parameters of the circuit it should be ensured that
minimum current should not fall below knee current and maximum current should not exceed limit
determined by maximum power dissipation capability of the diode. Following three cases present
the method to design load resistance, source resistance and source voltage by taking one parameter
as variable and remaining two parameters as fixed for ease of understanding the design procedure.

Case-I: R is variable, V_is constant and R  is constant.

V. -V
Supply current, I = SR z (225)

s

If V_and R are fixed then source current remains constant irrespective of load resistance.
Apply KCL, we have, [ =1 +L

= [ =L-1
Minimum load current, I, .~ =1 -1
Maximum load current, I =1 -1
vV, V
Load current, [ = L =—= (226)
RL RL
Maximum load resistance,
VZ
I (227)
max IL i

Minimum load resistance,
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- = (228)

L min I

L max

Case-II : When R is variable, V  is constant and R is constant
If R, is fixed then load current remains constant irrespective of source resistance.

vV, V
Load current, I = L =—= (229)
RL RL

Minimum source current,

s min L z min
Maximum source current,
s max = IL Z max
Maximum source resistance,
_ V.-V
S max - (230)
s min
Minimum source resistance,
V. -V,
.= (231)
S min

§ max

Case-I1I : When V _is variable, R and R, are constant.
If R, is fixed then load current remains constant irrespective of source resistance.
The source voltage can be given as,
V., =RI1+V, (232)

Minimum source current,

s min L Zz min

Maximum source current,

Il
[—
J’_
e

S max L Z max

Maximum source voltage,

§ max = RS IS max + VZ = RS(IL + IZ max) + VZ (233)
Minimum source voltage,

s min = Rs(IL + Iz min) + Vz (234)

Example 27
The current through the Zener diode in figure is
22k
_WV ¢ +
I, R,=0.1kQ
10V v=33y 33V

(a) 33 mA (b) 3.3 mA
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(¢) 2mA (d) 0 mA
GATE(EE/2004|1 M)
Solution : Ans.(c)
2.2kQ
—\W +
_>I \le R=0. le
10V—" V=33V R, 3.5V

Replacing Zener diode by its dynamic equivalent circuit the given network can be drawn as under,

2.2 kQ
—\WW\ +
g 1‘1' R,=0.1kQ
10V—=F" T V=33V R,V =35V
From the above circuit diagram,
VL = IZRZ+VZ
V,-V. 35-33
= I = = T =2mA
i R, 0.1x10

Example 28
The 6 V Zener diode shown in figure has zero Zener resistance and a knee current of 5 mA. The

minimum value of R so that the voltage across it does not fall below 6 V is

(a) 1.2 k ohms (b) 80 ohms
(c) 50 ohms (d) 60 ohms
GATE(EC/1992/2M)
Solution : Ans.(b)
500
MN
> L
+ + >
1) a— v, 3 R

Given, [,. =SmA

Source current,
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I = M=i=80mA
s 50 50

Maximum current through ‘R’,

I =1-1_=80-5=75mA

max s zknee

Minimum value of R,

\’ 6
| 2 = —~ =800
mn T 75x10

Example 29
A Zener diode regulator in figure is to be designed to meet the specifications: I, =10 mA, V =10V
and V. varies from 30 V to 50V. The Zener diode has V_ = 10V and I, (knee current) = 1 mA. For
satisfactory operation.

(a) R< 1800 Q (b) 2000 Q <R <2200 Q
(c) 3700 Q <R <4000 Q (d) R >4000 Q
GATE(EC/2002/2M)

Solution : Ans.(a)

+
I,=10mA’
\%

V.
m R o
t, S !

Minimum diode current,

Izk = 1 mA = (Iz)min
Load current, [[ = 10mA
Minimum source current,
(IS)min. = (Iz)min. + IL
= (1), = (1+10)=11mA
V, V.
Source current, I = /——=
s R
Vi = V.
= R =
1
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v, V.
Maximum value of R, R | - (1)

i (IS )min.

Case-I: When, V. =50V

50-10
R = T x10° = 3636.4 Q
Case-II. When, V, =30V,
-1
R = 3011 0 x 10° =1818.2 Q

If R 1is selected to be 3636.4 € then current though Zener diode falls below knee current when V,
falls below 50V. Therefore, R = 3636.4 Q circuit works satisfactorily only for V., = 50V. Whereas if
R is selected to be 1818 Q then current through the Zener diode is always more than knee current
for complete range of V, from 30 V to 50 V. Hence the given circuit works satisfactorily if R < 1800
Q.

Example 30
In the voltage regulator shown in figure the load current can vary from 100 mA to 500 mA. Assuming
that the Zener diode is ideal (i.e., the Zener knee current is negligibly small and Zener resistance is
zero in the breakdown region), the value of R is

AAA
\AAJ

R
+ .
< w Variable load
12V( SV 27100 t0 500 mA
(a) 7Q (b) 70Q
70
(©) ?Q (d) 140
GATE(EC/2004/2M)
Solution : Ans.(d)
I
MWW—>

R . 1, L
+ Variable load
V=12V _ V,=5V R, 100 to 500 mA

Current through zener diode,

Iz = IS_IL
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Vo=V, 12-5 7
Source current, I, =L+I = = =—
R R R
7
Load current, I = e I,
. 7
Maximum load current,I, = ——1,,..
,max R 5
- 7
Minimum load current, I, .~ = ——1, .
,min R s

(88]

As maximum current through the Zener diode is not specified so minimum load current cannot be

used to find R. The knee current of ideal Zener diode is zero.

IZ,knee = 0
7
= ILmax - E
7 7
:> R = = 3 =
I 50010

Lmax

So, the possible value of R is 14Q.

Example 31

The Zener diode in the regulator circuit shown in figure has a Zener voltage of 5.8 Volts and a
Zener knee current of 0.5 mA. The maximum load current drawn from this circuit ensuring proper

functioning over the input voltage range between 20 and 30 Volts, is

o AN o
1000 Q

Vi=20Vto30V V,=58V Load

' .

(a) 23.7mA (b) 142 mA
(c) 13.7mA (d) 242 mA
Solution : Ans.(a)
I
—MA—>
Rg = 1000 Q I, L

VE20V030V y _sgy
' "
(e,

The maximum current pass through 1000 Q resistance can be given by

30-5.8
= =242 mA
1000

s,max
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Zener knee current = 0.5 mA

The current through Zener diode should not fall below knee current for proper operation of circuit.
So, the maximum load current limit will be,

I =1 I = 242-0.5=23.7mA

L,max s,max - z,knee
Example 32
For the Zener diode shown in the figure, the Zener voltage at knee is 7 V, the knee current is

negligible and the Zener dynamic resistance is 10 Q. If the input voltage (V,) range is from 10 to 16
V, the output voltage (V) ranges from

200Q2
M\ ’ o
_l’_
V17§- Vo
(a) 7.00t0 7.29 V (b) 7.14t07.29V
(c) 7.14t0 743 V (d) 7.29t0 743V
GATE(EC/2007/2M)
Solution : Ans.(c)
200Q
\A A4 '+
S v,
Given, V, =7V, R,=10Q
V., =10to 16V
Replacing the Zener diode by its equivalent circuit, we have,
I
o— W\ )
200 YL
1002
V, \Y%
‘ V,=7V jT_ ’
o o
A\
Current in zener diode, 1 = -
z200+10
o N
Output voltage of circuit, V. = 10l +V_ = 10X —— +7
° rr 200+10
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when, V. =10V,
10-7
V =10x ——— +7=7.14V
° 200+10
when, v, = 16,
167
V =10x ———+7 =743V
° 200+10
Example 33

In the circuit shown below, the Zener diode is ideal and the Zener voltage is 6V. The output voltage
V (involts) is ...........

1kQ
WA

+
—10V 1kQ %VO

GATE(EC-1/2015/1M)
Solution : Ans. 5
1kQ
YW

- -
Nl T VZ’ZS/ 11<Q%v0

The VI Characteristics of Zener diode,

,VZ

The voltage across the Zener diode is clipped at level V,, if V_tries to become more than V.

Let us find the voltage V_ as function of input voltage when V. is less than V, . When the output
voltage is less than V_the Zener diode is reverse biased and does not work in the break down region
of VI characteristic. Under such condition the Zener diode behaves like and open circuit. So, the
equivalent circuit become as under,
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1kQ
WA
+
—_ 10V 1kQ % V,
The output voltage of the circuit,
1kQ
V = ——x10=5V
° 1kQ +1kQ

Given breakdown voltage of Zener diode,

V, =6V
Since the voltage across the Zener diode in the given circuit is less than the breakdown voltage of the
diode so the diode behaves like and open circuit and output voltage is 5 V.

Example 34
The circuit shown in the figure is used to provide regulated voltage (5 V) across the 1kQ resistor.
Assume that the Zener diode has a constant reverse breakdown voltage for a current range, starting
from a minimum required Zener current, I . =2 mA to its maximum allowable current. The
input voltage V| may vary by 5% from its nominal value of 6 V. The resistance of the diode in the
breakdown region is negligible.
R

AAA
\AALS

AAA

v, 5V z 1kQ

The value of R and the minimum required power dissipation rating of the diode, respectively, are

(a) 186 Q and 10 mW (b) 100 © and 40 mW
(c) 100 Q and 10 mW (d) 186 Q and 40 mW
GATE(EC/2018/2M)
Solution : Ans.(b)
I R
_>_'V\N\v
+ |+
—7_1 V. V, 1kQ E V,=5V
Given, V, =V _+5V
Road resistance, R = 1kQ

L

Minimum current of Zener diode,
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1.8

z, min = 2 mA
Input voltage, V. = 6V+5%
or V, =57t063V
V 5
Load current, I = —L__-
R, 1000

Minimum input current required for voltage regulation,

Ii,min = IL+ Iz,min: 5 + 2 = 7 mA
Minimum current from supply can be related to R as under,
Vi-V,
R = ——*
I

i, min

The maximum current through zero diode deter minimum power dissipation capability of diode and
minimum value of resistance R is determined by minimum value of V, & L.

\]imin_Vz
R = —wmn 'z
" Ii,min
R = 5‘7_i=1009
i 7%x10

Maximum supply current,

I. — i,max z
i, max Rmin
R = R ERET PN
b max 100 100
Maximum current through Zener diode,
L =L ~-[=13-5=8mA
Maximum power dissipated in the zener diode,
P =VI =5x8=40mW

2z, max z ~z, max
The minimum power dissipation rating of the diode must be equation to the maximum power
dissipation occurring in the diode.

PD, min = Pz, max = 40 mW
Miscellaneous Diode Circuits
When diodes are connected in electrical circuits the very first step of analysis of network is to check
whether the diode is ON or OFF. A diode is ON when voltage across the diode is more than cut
in voltage of the diode and it is OFF when voltage across the diode is less than cut in voltage of
the diode. The following examples present approach to analysis of the circuits consisting diodes as
circuit elements.
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Example 35
Assuming that the diodes are ideal in figure, the current in diode D, is

1 kQ 1 kQ

D2
5V D,

8V

(a) 8 mA (b) 5mA
(c) 0mA (d) —3mA

Solution : Ans.(c)
a
1 kQ 1 kQ
Dy
5V D

T T8V

L

GATE(EE/2004 |2 M)

Since anode of diode D, is applied a negative potential at cathode and positive potential at anode so,
it is forward biased and it behaves like as short circuit. Then the potential at node ‘a’ with D, open

circuited will be,

5=V, V,-(=8)
1x10° 1x10°

V =-15V

a

Since V, is negative , so, diode D, will be reverse biased and will behave like an open circuit. When

Diode D, is open circuited the current through D, is zero.

Example 36
Assume that D1 and D2 in figure. are ideal diodes. The value of current I is
Dl 2kQ
1 mA
(DO) T>
v
D2 2kQ
(a) 0 mA (b) 0.5mA
() 1 mA (d) 2mA

GATE(EE/2005 |1 M)
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Solution : Ans. (a)

D1 2kQ
1 mA
(DC) T> I‘

D2 2kQ

In the circuit shown above the diode D1 is forward biased and Diode D2 is reverse biased. So, current
through D1 is 1mA and current through D2 is 0 mA.

Example 37
What are the states of the three ideal diodes of the circuit shown in figure ?
1Q
1Q | N
3
10V _[ D, 102 @®sA
(a) D,ON, D,OFF, D,OFF (b) D,OFF, D,0ON, D,OFF
(c) D,ON, D,OFF, D,ON (d) D,OFF, D,ON, D,ON
GATE(EE/2006|1 M)
Solution : Ans.(a)
1Q

10
10V _[ D 1Q§ ’

Case-I : With voltage source alone:

Taking voltage source only we have,

10
—MA—
D, |
10V bl 102 | b

With voltage source alone the diode D, is forward biased , diode D, is forward biased and D, is
reverse biased and equivalent circuit becomes as shown below,
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1Q
—\\—
D, |
10V—— D, 1Q§ D,
Voltages, V., =V,=0V

Case - II : Current source alone:

Taking current source only the circuit becomes,

'
2 %f ®sA

[95]

With current source alone the Diode D, is forward biased , D, is reverse biased and diode D, is

reverse biased. So, the equivalent circuit becomes,
1Q

1Qy '

D| 122 D, ®sa

Voltages, V. =0,V, =25V

Conclusion:

I.  Diode D, is forward biased in both the cases so, D, will be ON when both sources are applied

together.

II. Diode D, 1s reverse biased in both the cases so D, will be reverse biased when both sources are

applied together.

III. Potential at node ‘1’ with voltage source alone is 0 V and potential at node ‘2’ with current source

alone is 2.5 V . So,the diode D, is reverse biased when both source are applied together.

Example 38
In figure ideal moving iron voltmeter M will read
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)
M
N

+ 4N
10 sin 314 t(I\,) Ideal diode L | oy uF

- T

(a) 707V (b) 1224V
(c) 1414V (c) 200V
GATE(EC/1993/1M)
Solution : Ans.(b)
O
M
N
i

+ .
10sin 314 t(l\) Ideal diode L 100 uF
- T
During first positive half cycle the diode gets forward biased and capacitor gets charged to peak

of input voltage. Then onward the capacitor retains its voltage. Then the voltage across the diode
becomes,

Vb

v. =V =10sin314t-10;
where, V_ = 10V = peak of input voltage

The moving iron voltmeter measures the rms value of voltage. So, the voltmeter connected across
the diode measures the rms voltage across the diode.

Vi = (10)2+£%J2

= 1224V

D,rms
Example 39
In the circuit of the given figure, assume that the diodes are ideal and the meter is an average indicating
ammeter. The ammeter will read

4 sin mt 10K
volts
-0
(a) 0.42A (b) 0.4 A
0.8 04
(c) —A (d) —mA
T T

GATE(EC/1996/1M)
Solution : Ans.(d)
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L L

a

I+
§ 10k /\ /\ >

'

4 sin ot
volts

o

During positive half cycle D, is ON and D, is OFF and during negative half cycle D, is OFF and
D, is ON. So, current through ammeter flows during positive half cycle only. As meter is average
indicating type so it reads average value of current through it. The average value of current through
meter can be given as,

Va1l 4

av n 10 10x=

= IavzﬁmA
e

Example 40
In the circuit of figure the current i, through the ideal diode (zero cut-in voltage and forward
resistance) equals

Ip

40
1oV 40 10 2A
(a) OA (b) 4A
(c) 1A (d) None of the above

GATE(EC/1997/1M)
Solution : Ans.(c)

The given network is

4Q
10V

We want to calculate current i) flowing from A to B.

Now converting the voltage source into current source and RHS current source into voltage source.
The equivalent circuit becomes.
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Il ; A [l% B 1Q
4Q- A I, B 10 ;
s
A @)
%A@D Q40 va) 2 ) £20 vV

On converting left side current source into voltage source the equivalent circuit again becomes as
under,

2Q i 10

2V

%x2=5\/<ﬁ>

As it 1s clear now that the diode will be forward biased.
Applying KVL in the circuit,
5-2i-i,-2 =0

= 3i, =3
= iD = 1A
Example 41

In figure a silicon diode is carrying a constant current of 1 mA. When the temperature of the diode is
20°C, V,, is found to be 700 mV. If the temperature rises to 40°C, V, becomes approximately equal

to
O+$
1 mA@? Vp
-y
o
(a) 740 mV (b) 660 mV
(c) 680 mV (d) 700 mV

GATE(EC/2002/1M)
Solution : Ans.(c)

The diode current equation is given by

b
I = Iale”VT —1]

Where, V_ = voltage across the diode

T
V., = Thermal voltage = ———
11600
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n = 1for Ge
= 2 for Si

o1
1 mA v,
¥

For the given circuit shown above,
I = 1mA
Case-I : T 20°Cor 293 K

Thermal voltage,

Vv, = L=£=0.0253Volts
‘ 11600 11600

The diode current,

0.7

[ = 1x107 =1, {ezw«ozﬁ - 1}
= 1x10°3 = [, [613,83 71]
= o = 985 x10°"A
Case-I1I : T, =40°Cor313K
The reverse saturation current as a function of temperature is given by,

L1

o = ]DIXZ{ 10 }
— 102 — 101 ><2(40—20)/10
= 02 = 101 x 2’2 :4101
= I =4x985x10" =394 x10°A

02

Thermal voltage,

T 313
Vi 2 =—— =(.02698 Volts
: 11600 11600

Since the diode is connected to a current source therefore, the diode current,

I =Il=1mA

2

lam]
Il

VDZ
1x1073 = I, |:ez><0.02698 _ 1}

[99]
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Vo,
= 103 = 3.94 xlo{e“’“% -1
— 1244 = —2
0.05396
= Vo,

= 0.6712 = 671.2mV
The closest value is 680 mV

Example 42

+V -

AV
1Q 1Q
vV, $ 1A
-
(@) min (V,, 1)

(c) min (-V,, 1)

In the circuit below, the diode is ideal. The voltage V is given by

(b) max (V,, 1)
Solution : Ans.(a)

(d) max (-V,, 1)

GATE(EC/2009/2M)
MN

1Q2 1Q2

v x (Dm

When Diode is ON given circuit becomes as under,

+ V- + -
AN AN
1Q

O

When Diode is OFF the circuit becomes as under,
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+ V- + -
M M
1Q 1Q
o
O O
(o}
I=1A

When V. > 1V Diode is OFF and V =1V and when V<1 V Diode is ON and V = V. . So, voltage V
is minimum of V, and 1 V.

Example 43
Statement for Linked Answer Questions 43 (i) and 43(ii) :

In the circuit shown below, assume that the voltage drop across a forward biased diode is 0.7 V. The
thermal voltage V. = kT/q = 25 mV. The small signal input v, = V, cos(ot) where vV, =100 mV.

9900 Q2

(i) The bias current I . through the diodes is
(a) 1mA (b) 1.28mA
() L.5mA (d) 2mA

GATE(EC/2011/2M)
Solution : Ans.(a)

DC bias current through diodes,

12.7-4x0.7
De 9900
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= [, = ImA

(ii) The ac output voltage v, is
(a) 0.25 cos(wt) mV (b) 1 cos(mt) mV
(c) 2 cos(wt) mV (d) 22 cos(wt) mV

Solution : Ans.(b)

AC equivalent resistance of diode,
& 25
ID

= —=25Q
1

r =

AC equivalent circuit becomes as shown below,

9900 Q2
A¢V O +
25Q
25Q
~)V,; Vac
SN 250
25Q
)
AC output voltage,
100
v = —XV.
a 9900+100 '
Given, v, = 100 cos ot mV
100
= v = ——x100 cos ot mV
a 10000
= v, = lcosotmV
Example 44
The i-v characteristics of the diode in the circuit given below are
A vsoav
1=+ 500 -
0A, v<0.7V
1kQ
i
+
- N
- |1ov v

The current in the circuit is
(a) 10 mA (b) 9.3 mA
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(c) 6.67mA

Solution : Ans.(d)

Characteristics of diode

From given circuit, v
= v
= v
= 3v
= v
i
Example 45

A voltage 1000 sin ot Volts i

across WX in Volts, is

(a) sin ot
(¢) (sin ot — |sin wt)| /2

Solution : Ans.(d)

(d) 6.2 mA
GATE(EC/EE/IN/2012/1M)

v—0.7
500

A

;v20.7V

0A
10-10° x i

;v<07V

-0.7
500

10— 10° x ~

10-2v+14
11.4

12 58y
3

3.8-0.7
500

=6.2mA

applied across YZ. Assuming ideal diodes, the voltage measured

1kQ

(b) (sin wt + |sin wt)|/ 2
(d) 0 forall t
GATE(EC/IN/EE/2013/2M)
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Above circuit can also be redrawn as shown under,

1kQ
AW
D D
Y ko .
Q) X
z D, Db,

Given, v = 1000 sin ot

When terminal Y is positive w.r.t. terminal ‘Z’ all the diodes are reverse biased and behave like open
circuit. Then the resistance across WX is open circuited from both terminals as shown below. So,
V,x 18 zero for positive half cycle voltage V.

1kQ

D, D
Y 1kQ .
V® W|—'\lVVW—|X
D, D,
| |

Z

When terminal Y is negative w.r.t. Z all the diodes are forward biased and resistance across WX is
short circuited as shown below. If resistance short circuited the voltage V , again becomes zero for
negative half also.

1kQ

MW
Y Pl | P
v @ W FwWw—{x
z D, b,

Thus voltage across WX is zero all the times.

Example 46
In the figure, assume that the forward voltage drops of the PN diode D, and Schottky diode D,
are 0.7 V and 0.3 V, respectively. If ON denotes conducting state of the diode and OFF denotes
nonconducting state of the diode, then in the circuit,

1kQ 20Q

(a) both D, and D, are ON (b) D, is ON and D, is OFF
(c) both D, and D, are OFF (d) D, is OFF and D, is ON

GATE(EC-1/2014/1M)
Solution : Ans.(d)
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1kQ 200
—WW WW

+ 4+

—_— 10V D]SZVDI Vi ZIDz

Given V.. =07V

D1

and V. =03V

D2
The Schottky diode D, has lower forward voltage drop. Its cut in voltage is also small. The diode D,
having small is cut in voltage is turned ON first. The moment diode D, is turned ON, the equivalent
circuit becomes as under,
1kQ 20Q
AMV l A\NV\V

(l
I
=
=

10-0.3
The current in diode I)2 , IDZ = m =0.686 mA

Once diode D, is turned ‘ON’, the voltage across diode D, can be given as under,

V,, =201,+03

D1

= V,, = 20x0.686x107°+0.3
= Vv, =0313V
Since voltage across diode D, is less than its forward voltage so diode D, will remain OFF once diode
D, is turned ON.
Example 47

The diode in the circuit given below has V| = 0.7 V but is ideal otherwise. The current (in mA) in
the 4 kQ resistor is .............

2kQ 3kQ

ImA CD >
4kQ 6kQ

GATE(EC-II/2015/2M)
Solution : Ans.: 0.59 to 0.61
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Before finding out the current in 4kQ resistor, we need to check whether the diode ‘D’ is forward
biased or reverse biased. If it is forward biased with V> 0.7V than it should be replaced by a battery
of 0.7 V to indicate a voltage drop and if it is reverse biased with V|, <0.7V then it should be replaced
by an open circuit.

Whether diode is ON or OFF can be checked by opening the terminals of diode and then checking

voltage across terminals of the diode. The equivalent circuit with diode replaced by open circuit
becomes as under,

6+3 12
Voltage at node ‘a’, V = ———x1Ix4=—=24V
: 6+3+4+2 5

4+2 36

Voltage at node ‘b’, VvV, = Ix6= I =24V

—X
b 6+3+4+2

Voltage across diode, V, =V, -V, =24-24=0V
Since V|, < 0.7V so the diode is OFF and behaves like as open circuit.
Then current through 4kQ resistor will be,
3+6
i = —x1mA =0.60 mA
3+6+4+2
Example 48

The I-V characteristics of the Zener diodes D, and D, are shown in Figure I. These diodes are used in
the circuit given in Figure II. If the supply voltage is varied from 0 to 100 V, then breakdown occurs
in
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I
-80V
—70V
(-
—) Y DI
ral
0-100V =~
V! / D2\
D2
Figure I Figure II
(a) D, only (b) D, only
(c) both D and D, (d) none of D, and D,
GATE(EC-III/2016/2M)
Solution : Ans. (¥)
I
-80V
=70V
(-
—) Y DI
-1 -
D1 0-100V 7 ok
D2 JAN
Figure I Figure II

From figure I the breakdown voltage of the diode D1 is 80 V and breakdown voltage of diode D2
is 70 V. Since diodes are connected in series therefore, the breakdown of diodes will occur only if
supply voltage is more than the sum of breakdown voltage of both diodes i.e. 80 +70 (=150V). Here
maximum supply voltage is 100 V so none of diode operates in breakdown region. Both diodes in the
circuit will be in reverse mode and will behave like open circuit.

Note : As per answer key of GATE exam the answer is option (a) which is incorrect.

Example 49

The silicon diode, shown in the figure, has a barrier potential of 0.7 V. There will be no forward
current flowing through the diode, if V, in volt, is greater than
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[108]

500 Q
Ll ov
I 2
(a) 0.7 (b) 1.3
(c) 1.8 (d) 2.6
GATE(IN/2017/1M)
Solution : Ans. (d)
2V
+
Vs
500Q2 -
MWW
vl
1

diode should be checked by opening the terminals of the diode as under.

+
£

These is no forward current in the diode voltage across the diode, V|, < 0.7 V. The voltage V , across
2V

Diode behaves as open circuit if
—>2-0.7
2

Vd

_>26V
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Example 50

The diodes given in the circuit are ideal. At t = 60 ms, qu (in Volts) is

C

100 sin (2n50t)v@ -9 < V>

C
GATE(IN/2018/1M)
Solution : Ans.: 200
V,;::Cl D, D,
N VA
@ - -
s p q _
/\bp, DN —T0GCV,
T +
Given V., = 100 sin 27 50t

During positive half cycle of input supply the diodes D, and D, are forward biased and
D, & D, are reverse biased. The circuit is not complete and capacitors remain uncharged.

c= o
o T

During nagative half cycle the diodes D, & D, one forward biased and diodes D, & D, are reversed
biased. The capacitor C, gets charged to peak of input voltage through diode D, and capacitor C,
gets charged to peak of input voltage through diode D,. The equivalent circuit for negative half cycle

becomes as under.

@

~T.1

D,
p

D,

eV, —>ql
[ ]
D, D

2
) ®

-C,V,

www.digcademy.com
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Time period of input signal,

T L =20ms

50

At t = 60, the input voltage is at its zero value. Then voltage across terminals p & q will be,
pa Vp N Vq =V~ (_Vm)

= vV, =2V, =2x100=200V

p

Example 51
A dc current of 26 pA flows through the circuit shown. The diode in the circuit is forward biased and
it has an ideality factor of one. At the quiescent point, the diode has a junction capacitance of 0.5 nF .
Its neutral region resistances can be neglected. Assume that the room temperature thermal equivalent
voltage is 26 mV.

N
L1

<

5 sin(mt) me ~ ) EE 100 ©

\Y%

For ® =2 x 10° rad/s , the amplitude of the small-signal component of diode current (in pA, correct
to one decimal place) is

GATE(EC/2018/2M)
Solution : Ans.(6.2 to 6.6)

100 Q

V%

Frequency of supply, ® = 2x10°rad/s

5 sin(ot) mV

Given, Thermal voltage, V. = 26 mV
DC current through diode, I, = 26 pA=pA =26 x 10° mA
Dynamic resistance of diode,
V. 26
o= T

2—73210009
d 1 26x10

D

Small signal equivalent circuit, for given diode circuit can be drawn as under.
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Ty

AAAA
LAAAS

+

5 sin ot mV@

1000

o

Small signal impedance of the circuit seen by voltage source,

1
I, X -
joC,
7 = 1004 ——71
I'd+ -
JoC,
1000 o 105 10° 1000
- Z = 100+ JoxX T X UIX =100+ —2
1000 + 1 1+]1
j2x10°x0.5%107°
= 7| = 781.02Q

Amplitude of small signal current in the circuit,

vV, 5x107°

Tz 78102

6.4uA

Example 52
In the circuit shown, V_is a square wave of period T with maximum and minimum values of 8 V and
—10 'V, respectively. Assume that the diode is ideal and R =R, = 50 Q.

The average value of V| is volts (rounded off to 1 decimal place).
R,

ﬁfVV\
L1 °
Vi IBI +

+8T— —
T/2 T"f (:;:) \/S \]L
-10
°
GATE(EC/2019/1M)

Solution : Ans.(-3.1 to -2.9)
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R, = 50Q
—\WW—
1 °
S :
Vs@) R, =500 Vv,
°
Wave form of V.
AV
+8V
» t
T2 |T
+10V+ —
Case-I: Positive Half cycle
During positive half cycle of input voltage, V_ = +8. The diode D is reverse
biased and acts like open circuit. The equivalent circuit becomes as under,
R

o o °
+
(i V=8V RZ v,
N
Voltage across R,
V., = L><Vs= >0 x 8
' R,+R, 50+50
= V. =4V

L

Case-II : Negative half cycle

During negative half level, V_ = — 10. The diode ‘D’ is forward biased and acts like a short circuit.
The equivalent circuit for negative half cycle becomes as under,
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o
o
+ @

Voltage across R, V. =V =-10

L s -
The wave for may V| can be drawn as under

Vi A

+4V

T2 (T

-10V-

Average value of V| can be given as,

av

lT
V. = ¥.(|:VL(t)dt
T
Here, Vi =+H4V 0<t<—
2

= -10V ; %<t<T

2

— | —

V.o = ——TJ/.24dt+ } (—IO)dt}

T/2

% =—4x1—10(T—I]
La T[T 2 2

—_—

2-5=-3V

000
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GATE QUESTIONS

0.1 Assuming the diodes to be ideal in the figure, for the output to be clipped, the input voltage v, must
be outside the range

10k

ﬁhhh * 0
10k,
© 1
1Y 2V

1T 1,
(a) -1Vto-2V (b) 2V to 4V
(c) +1 Vto-2V (d) +2V to 4V

AAAN
Yvvy
<
°

GATE(EE-II/2014/2M)
0.2  Avoltage signal 10 sin wt is applied to the circuit with ideal diode, as shown in figure. The maximum,
and minimum values of the output waveform V_ of the circuit are respectively.

10kQ

(a) +10Vand-10V (b) +4Vand-4V
(c) +7Vand-4V (d +4Vand-7V

GATE(EE/2003/2 M)

0.3 The cut-in voltage of both zener diode D, and diode D shown in Figure is 0.7 V, while break-down

voltage of D, is 3.3 V and reverse break-down voltage of D is 50V. The other parameters can be
assumed to be the same as those of an ideal diode. The values of the peak output voltage (V,) are

1kQ

. D
10 sin wt ? 1kQIV,
®=314rad/s D

(a) 3.3 V in the positive half cycle and 1.4 V in the negative half cycle.
(b) 4 V in the positive half cycle and — 5 V in the negative half cycle.
(c) 3.3 Vin both positive and negative half cycles

(d) 4V in both positive and negative half cycle.
GATE(EE/2002/1 M)
0.4  For the circuit shown below, assume that the zener diode is ideal with a breakdown voltage of 6 Volts.
The waveform observed across R is
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W1
N

12sinmt Cf\) R § Vy

6V
/\ 6V
(a) / W (b)
12V
12V
(©) (d) \ / \/
-6V
-6V
GATE(EC/2006/2M)

0.5  Inthe following limiter circuit, an input voltage V, =10 sin 100t is applied. Assume that the diode
drop is 0.7 V when it is forward biased. The Zener breakdown voltage is 6.8 V.

o_IVV\v 0
+ 1K +
Vin Dl ——
A D2V,
V4 6.8V
o o

The maximum and minimum values of the output voltage respectively are
(a) 6.1V, =07V (b) 0.7V,— 75V
(c) 7.5V,- 0.7V (d) 7.5V,-75V
GATE(EC/2008/1M)

0.6  Inthe circuit shown, assume that diodes D, and D, are ideal. In the steady state condition, the average
voltage V_, (in Volts) across the 0.5 pF capacitor is
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0.1pF

0.7

0.8

0.9

0.10

GATE(EC-III/2015/1M)
The power delivered by a signal source with 100V r.m.s. sinusoidal voltage and 50Q2 source resistance
to a load consisting of a diode in series with 50 resistor is

(a) 25W (b) 50 W
(c) 141 W (d) 70.7 W
GATE(IN/1997/1M)

The peak value of the output voltage V, across the capacitor in figure, for a 230 : 9 transformer and a
230V, 50 Hz, input, assuming 0.7 V diode drop and an ideal transformer, is

?
1000 uF
p— VO
lj O
(a) 12.73 (b) 11.33
(c) 7.6 (d) 9.0
GATE(IN/2005/1M)

The Zener diode shown in the circuit has a reverse breakdown voltage of 10 volts. The power
dissipation in R would be

[ SAAY
Rg =200 Q I, = 50 mA
30V
v, R,
O
(a) 0.5W b)1 W
) 15 W d2 W

GATE(EC/1994/2M)
A Zener diode in the circuit shown in figure has a knee current of 5 mA, and a maximum allowed
power dissipation of 300 mW. What are the minimum and maximum load currents that can be drawn
safely from the circuit, keeping the output voltage V constant at 6 V ?
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(a) 0 mA, 180 mA (b) 5mA, 110 mA

(¢) 10 mA, 55 mA (d) 60 mA, 180 mA
GATE(EC/1996/2M)

Q.11 In the circuit shown below, the knee current of the ideal Zener diode is 10 mA. To maintain 5V
across R , the minimum value of R, in Q and the minimum power rating of the Zener diode in mW,

respectively, are

ov] T
— U Load
~ L
V,=5V SR
(a) 125 and 125 (b) 125 and 250
(c) 250 and 125 (d) 250 and 250

GATE(EC/EE/IN/2013/2M)
Q.12 In the circuit shown, the breakdown voltage and the maximum current of the Zener diode are 20 V

and 60 mA, respectively. The values of R, and R are 200 Q and 1 kQ, respectively. What
is the range of V, that will maintain theIgener diode in the ‘on’ state?
——— AW
+ R
e K
(a)22Vto34V (b) 24Vto36V
(c)18Vto24V (d) 20Vto28V

GATE(EC/2019/2M)

Q.13 Assuming that the diodes in the given circuit are ideal, the voltage V| is
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FETs & MOS Capacitors
10 kQ
10 V=
(a) 4V bS5V
(c) 75V (d)12.12V
GATE(EE/2010/1 M)
Q.14  For the circuit in figure the voltage v, is
20 20
NV %%
e _ -2V
- 203V, +
+
(@ 2V (b) 1V
(c) -1V (d) None of the above
GATE(EC/2000/2M)
Q.15  The diodes and capacitors in the circuit shown are ideal. The voltage v (t) across the diode D1 is
C1 D2
t
TR
1 N
+
cos(wt) CND D1 _-—C2
(a) cos (wt)—1) (b) sin (wt)
(c) 1—cos (wt) (d) 1—sin (wt)
GATE(EC/2012/1M)
Q.16  Assuming Zener diode D, has current-voltage characteristics as shown below on the right and
forward voltage drop of diode D, is 0.7 V, the voltage V , in the circuit shown below is
In
1 kQ
Av‘v‘v OVO
1 kQ 2.7V R
3.7 VC"_’) Dl% 0.7V "y
D2
<+
(a) 3.7V (b) 2.7V
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() 22V (dov
GATE(IN/2011/2M)
Q.17  For the circuit shown in the figure assume ideal diodes with zero forward resistance and zero forward
voltage drop. The current through the diode D, in mA is

D, D,
I'N
2000
= 1oV =38V
=10v

GATE(IN/2014/1M)
Q.18  In the circuit shown, Vs is a 10 V square wave of period, T =4 ms with R =500 Q and C = 10 pF.
The capacitor is initially uncharged at t = 0, and the diode is assumed to be ideal. The voltage across

the capacitor (V) at 3 ms is equal to volts (rounded off to one decimal place).

GATE(EC/2019/2M)
0.19 Consider the diode circuit shown below. The diode, D, obeys the current-voltage characteristic

T

I, =1 (exp[ V\’; j— IJ, where n> 1, V_> 0, V is the voltage across the diode and I | is the current
n

through it. The circuit is biased so that voltage, V > 0 and current, I < 0. If you had to design this
circuit to transfer maximum power from the current source (I,) to a resistive load (not shown) at the
output, what values R, and R, would you choose?

1(® >

(a) Small R, and small R, (b) Large R, and large R,
(c) Small R, and large R, (d) Large R, and small R,
GATE(EE/2020/2M)

Q.20  If the diodes in the circuit shown are ideal and the breakdown voltage V_ of the Zener diode is 5V,
the power dissipated in the 100 Q resistor (in watts) is
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0.21

0.22

0.23

0.24

50Q 100 Q
—W\—> M\
Diode
10 sin (100mt) Vv, Zener n
volts '\D Z diode C—D v
(@) 0 b) 1
(c) 25/100 (d) 225/100

GATE(IN/2020/1M)
Assume the diodes in the circuit shown are ideal. The current I flowing through the 3 k€ resistor (in
mA, rounded off to one decimal place) is

2kQ — K15V

12V o—K}—wW—
I 3kQ
1>—<—'\N\r1—|<l—o 10V
6v o——K}—m—

2kQ ——K}——o5v

GATE(IN/2020/2M)
In the circuit shown below, all the components are ideal and the input voltage is sinusoidal. The

magnitude of the steady-state output V, (rounded off to two decimal places) is V.
C,=0.1pF D,

Tﬁ 1 b °T

230V (rms) D, = C,=0.1pF V,

[o, O

GATE(EC/2020/1M)
An asymmetrical periodic pulse train v, of 10 V amplitude with on-time T, = 1 ms and off-time T,
=1 ps is applied to the circuit shown in the figure. The diode D, is ideal.

20 nF
1L
I\ +

v@ 500k9§ DY v,

The difference between the maximum voltage and minimum voltage of the output waveform v_ (in
integer) is V.

GATE(EC/2021/2M)
In the circuit shown, the input V, is a sinusoidal AC voltage having an RMS value of 230V 20% .
The worst-case peak-inverse voltage seen across any diode is V. (Round off to 2 decimal

places.)
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JAN

V. C = §R

ZSZTS

L g ®

GATE/(EE/2021/1M)
0.25 In the circuit shown, a 5 V Zener diode is used to regulate the voltage across load R. The input is
an unregulated DC voltage with a minimum value of 6 V and a maximum value of 8 V. The value of
R, is 6 Q. The Zener diode has a maximum rated power dissipation of 2.5 W. Assuming the Zener
diode to be ideal, the minimum value of R  is Q.

Ry
N *

<
il
N

| %"

=<
=

M

GATE/(EE/2021/1M)

0.26 The waveform shown in solid line is obtained by clipping a full-wave rectified sinusoid (shown

dashed). The ratio of the RMS value of the full- wave rectified waveform to the RMS value of the
clipped waveform is

(Round off to 2 decimal places.)

A

..........
~~~~~~

» Ot

&3
N

GATE(EE/2021/2M)
000
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s & Explanations of GATE Ques

0.1 Ans.(b)

AVAEVAN
v, @ 10KS  V,

v —_— 2V

The output will be clipped when either of the diode is ON.
When both diodes are off the voltage,
10 1

v, = XV, ==V, =V,
X 10+10 2
Diode D, is OFF when,
V, <-1V
V.
= — < -1
2
= Vv, <2
Diode D, is OFF when,
Vy, > 2
V.
= — > 2
2
V. > 4V

From above two cases it is observed that both diodes will be off when 4 <V, <— 2. Thus, either of
the diode is ON and output is clipped if input voltage is outside the range -4 <V, <-2.

0.2 Ans.(d)

10kQ

6/. 4V

)
10kQ %

In the circuit shown above it is clear that Diode D, turns ON only during positive half cycle and
Diode D, turns ON only during negative half cycle of input signal.

Condition -I: D, is OFF and D, is ON
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When Diode D, is ON and D, is OFF the equivalent circuit becomes as under,
10kQ2

D] Dz
4V 2 A%

<V>_ 4v ™
IOkQ% 1' )

When diode D, is ON the output voltage is clipped at level of 4 V. .V =4V

0,max

Condition -II: D is ON and D, is OFF
When Diode D, is ON and D, is OFF the equivalent circuit becomes as under,

10kQ
+
+ D, —T_Dz
V., 4V Vou
@ w
10kQ
Output voltage,
Vv, +4
V o= —4+-2"7x10
© 20

As D, is ON during negative half cycle only so the maximum input voltage during negative half cycle
gives the maximum output voltage during negative half cycle.

Given, A\ =-10V

-10+4
— 44 0+

0,max

x10 =—7V

Thus the maximum output voltage during positive half cycle is +4 V and during negative half cycle
itis —7V.

0.3 Ans.(b)

10 sin ot D, 1kOSV
®=314rad/s D

Case-1 : Positive half cycle

S > (V, V) orv, > 8V

D,— ON (Zener break down)
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D— ON (forward biased)
So, v, =V, +V =33+0.7=4V
. 1
when, v, <2(V,+V,),D,is OFF and v, = 5 Ve

Case-II :Negative half cycle
During negative half cycle
D = OFF (Reverse biased as v, <50V)
D, = OFF ( Because D is OFF)

So, v. = —v_ =5sinot

waveforms :

So, peak output voltage,

= 4 V ; During +ve half cycle

Vo peak

=— 5V ; During —ve half cycle.

0.4 Ans.(b)
\Z

YN
N

V,,=12sinmt C") R § Vi

Case-I : Positive half cycle
During positive half cycle the diode is reverse biased till V. <V _and forward biased for V. >V .
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Where V_is breakdown voltage of diode. Therefore,
For V. <V,
V., =0
For v, >V

V., =V -V =12sinot-6V
Case-II: Negative half cycle
During negative half cycle the diode is forward biased . Therefore,
V., =V, =12sin ot

Waveform of V, :

Vi ‘r

12 V ...................

6V | i~ s

t
-12V
0.5 Ans.(c)
o—WW\ o
1K
)|
AD2 V,
V4 6.8V
o o

Input voltage V, = 10 sin 100xt

Case-I : Positive half cycle
A.when,v. >(V,+V_ Jorv >(68+0.7)V
D, — ON (zener break down)

4

D, — ON (forward biased)

1

D, — OFF (reverse biased)
So, v, =V, +V, =68+07=75V
B.when, v _<(V,+V,),

D, — OFF (reverse biased)

Z

1

www.digcademy.com
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D, — OFF (Because series connected diode D, is OFF)
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D, — OFF (reverse biased)

Z
So, v, = v,_=10sin 100t

Case-II: Negative half cycle
During negative half cycle,
A. when, v. >-07V

m

o

, — OFF (voltage is less than cut in voltage)

— OFF (reverse biased)

o

5]

—OFF (voltage is less than cut in voltage)

<

=V

mn

<-0.7V

— OFF (voltage is less than cut in voltage)

So,
B. When,

=]

Uo<

N

— OFF (reverse biased)

— OFF (voltage is less than cut in voltage)
=V,=-07V

5]

< O O

So,

Wave forms :

Vin
N
+10V 4
7.5V
-0.7V
-10V1

o\

Cd

+10vi .
7.5V

-0.7V
-10V

R

So, peak output voltage,
= 7.5V ; During +ve half cycle

Vo peak

=—0.7V ; During —ve half cycle

0.6 Ans. 100
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0.1pF

[ a
— I+

Vab

During very first negative half cycle of input voltage, the diode D, is forward biased and 0.1uF
capacitor gets charged to peak of input voltage such that,

Vo, =50V
and during positive half cycle just after the first negative half cycle, the diode D, is reverse biased and
diode D, is forward biased and 0.5uF capacitor gets charged to V| plus peak of input voltage. So,

V, = (V,+50V)=100V

0.7 Ans.(a)

v R =500 V,

o

The given circuit is half wave rectifier. The rms current at the output of rectifier is given by,

L, 1 v, 1N,

oms ~ ) 2R +R, 2R +R,

1J2x100 1
=N ] =X~ A
oms 2 50450 /2

The power delivered to the load,
1 2
=N P=1 2RL=(—j x50=25W

0.8 Ans.(b)

1000 uF

lj 0

The supply voltage on secondary side of transformer is,
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V., = i><230=9V
230

s2

The output of transformer is connected to full wave bridge rectifier. The peak output voltage across

the capacitor will be,

o,peak = Vm o 2'\/D
where V_is peak of supply voltage and V | is voltage drop across the diode
= Vo = V2x9 -2x07=11.32V
0.9 Ans.(d) L
o—AM—
T Rg =200 Q I, = 50 mA

O

Current drawn from the source,

V,—V. 30-10 20

I = =0.1A
§ R, 200 200
So, power dissipated in R ,
P =1’R =(0.1x200=2W
0.10 Ans.(c)
500 T
> o
Iz IL +
+ +
_|, 9V 6V Load v,
o
Knee current is minimum current of Zener diode. Therefore, minimum Zener diode current,
Z,min = 5 mA
Maximum power dissipation,
Z,max = VZXIz,max
= 300 x 1073 = 6 x L o
= L = 50mA
From the circuit diagram , the source current,
9-6
I = — =60mA
s 50

Since, the source current is constant therefore, the current through the load will be minimum when

current through Zener diode is maximum.

So, minimum load current is ,
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= Is _IZ

max

60 -50=10 mA

and maximum load current is,

]Lmin = 15 _IZmin =60-5
= I, ==55mA
Q.11 In the circuit shown below, the knee current of the ideal Zener diode is 10 mA. To maintain 5V
across R , the minimum value of R, in Q and the minimum power rating of the Zener diode in mW,
respectively, are
21000
VL e
L
~ L
V,=5V SR
(a) 125 and 125 (b) 125 and 250
(c) 250 and 125 (d) 250 and 250
GATE(EC/EE/IN/2013/2M)
0.11 Ans.(b)
I
ZR=1000Q
i T
Vo=10V T YL
- + > R
N v, =5y
Given, knee current of Zener diode,
I, .. =10mA
Current supplied by the source,
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[ - VS‘szlo‘stomA
s R, 100
Maximum load current,
L max = IS - IZ knee
= [, =350-10=40mA
Minimum load resistance,
= A = > - =125Q
L min 1 40x10

L max

Maximum current in Zener diode,

IZ, max = IS
Maximum power dissipation of Zener diode determines the minimum power rating of Zener diode.
Maximum current in Zener diode gives maximum power dissipation in diode which occurs when

load current is zero. Maximum current in diode flows when load is open circuited.

Maximum current in Zener diode,

L. =1, =50mA
Maximum power dissipation in Zener diode,
PDmax - VZ IZmax: 5 x 50 X 1073 W
= P = 250 mW

D max

Minimum power rating of diode,

P, =P, =250mW

Q.12 Ans.(b)
I R I,
W\ >
IZ
+ <
v(©® v, =R
Given, vV, =20V,
Zm = 00 MA =60 x 1073
R, =200Q
R, = 1kQ=1000Q2
V. 20
Load current, I = —Z =—"_=20mA =20x%x 103 A
R, 1000
Input supply current,
L =1L+I
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Maximum value of input supply current,

i, max = Iz, max + IL
= L = 60420 mA=380mA
Input supply current in term of input voltage is given by
[ = Vi-V,
' R

1

L 1S maximum when \Z 1S maximum

I _ i, max - VZ
i, max ]K1
= Vi, max = Ii, max Rl + VZ
= me = 80X 107x200+20 V =36V
Knee current of Zener diode is not given. So, assuming, I, . =0

Minimum supply current,

imn = [ =20x107°A
Minimum supply voltage,
T T (o
= Vv =20 x 1072 x 200 + 20 =24V

i, min

Thus, range of V. for keeping the Zener diode in ‘ON’ state is 24V to 36V.

Q.13 Ans.(b)

10 V3

In the given circuit the diode D, is forward biased and diode D, is reverse biased. So, the diode D,
behaves like a short circuit and D, behaves like open circuit. Then the equivalent circuit becomes as
shown under,

D, 10k D,

10k |
10 V3 v, IRRY
10k T

Applying the voltage divider rule, we have,
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10
= 10 V=
Vo 10+10>< V=SV

0.14 Ans.(d)
Let diode is ideal with v =0
20 A(V,) 2Q

+

4V T 2V

+15

Assuming diode to be forward biased by node voltage.

The KCL at node ‘A’ gives,
Viz4 Vo Va2

=0
2 2 2

2
= vV, = ZVolts

3
From circuit, vV, =V,-V,

-2

= Vo :_VA+VD:T+VD

If diode is assume to be ideal then V,= 0

2
= VO = —EV
0.15 Ans.(b)
Cl DZ
Yo ;4
| N

+ + 1V— +
cosor () C D ==

+

The given circuit is a half wave voltage doubler. During first positive half cycle of input voltage
diode D, is forward biased and diode D, is reverse biased. The capacitor C, gets charged to peak of
input voltage. During negative half cycle of the input signal D, is forward biased and diode D, is
reverse biased and capacitor C, gets charged to peak of input voltage as shown in figure. Once both
capacitors get charged both diodes get turned of and capacitors remain charged because there in no

www.digcademy.com CADEMY digcademy@gmail.com



FETs & MOS Capacitors EDC & ANALOG ELECTRONICS [133]

path for discharging of these capacitor.
Applying KVL on source side, we have,
v() +v,—cosot =0
v(t) = cosot— v
but v, =1V

cl

= v(t) = cosot— 1V

0.16 Ans.(c)

I/\
1kQ
AN OVO
1kQ 27V R
3.7VCD Dl% 5 0.7V “y
2
=

Let Zener diode D, is reverse biased but not working in breakdown region. Then D, behaves like
open circuit. Then equivalent circuit becomes as under.

1kQ I
AAA > o \/0
+ _

m(j) s

? + _|_ V=07V
Current supplied by source,
3.7-0.7

I = —=1.5mA
2k

1kQ

<
Il

Output voltage, 1.5x1+0.7

-

Since V, appears across Zener diode also. This voltage is less than break down voltage of zener diode,
so Zener diode is not working in breakdown region.

0.17 Ans. 10
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D, D,
1 N
N 1
2000
— 10V —8v
— 10V

The diodes circuits are solved by finding which diode is ON and which is OFF. Whether a diode is
ON or OFF can be checked by opening the diode and finding voltage across the diode. So, replacing
both the diodes by open circuit, the equivalent circuit will be as shown below.

b + Vp— 2 + V,— ¢
—oO o—e
200Q
= 10v —8v
.;T;. 10V
T

If both diodes are off then current through 200 € resistance is zero and voltage at node ‘a’is V. = 10V.
Now let us find voltage across diode D, and D, under this condition,

V, =V.-V,=10-10=0V

D1
VvV, =V,-V =10-8=2V
Since diode are ideal therefore diode D, will remain off because it is not forward biased and diode

D, will be ON as it is forward biased. Ideal diode is replaced is short circuit when it is ON and by an
open circuit when it is OFF. So, equivalent circuit becomes as under,

ID] IDZ
(e, O O
2000
= 10V —8V
— 10V

So, current through diode D, will be,

10-8
I = ——=10mA
bz 200

The current through diode D,
I, =0

0.18 Ans.(3.2 to 3.4)
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Given, R = 5000, C=10 pF
Time period on input signal, T =4 ms
Diode ‘D’ is forward biased during positive half cycle and behave like short circuit. The voltage

across the capacitor during positive half cycle of input supply can be given by

e

v = V,-(V,-V

c0+

Here, V. =0

Co-

The voltage across a capacitor can be change suddenly.
VCO+ = VCO— = 0

V() = V,,(I-e %)

The capacitor charges to 10V at t = co for input supply voltage of 10V.

vV =10V
_ t
Vc(t) — 10[1—6 500x10x10"’J
-3
At t = %=4X10 =2x107

_2x107
V= 10[1-e 107 |=329V

The diode is reverse biased during negative half cycle and behaves like an open circuit. So, voltage

. . . T
across the capacitor at t = 3 ms is same as voltage across the capacitor at t = 5 =2ms.

. V(t=3ms) = V (t=2ms) =329V
0.19 Ans(d)
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For transfer of maximum power to the load the resistance R2 is kept small so the voltage drop across
R2 is less than the forward bias voltage of the diode. The resistance R1 is kept large so that voltage
drop across R1 is large. The large voltage drop across R1 gives large voltage across the load and
hence power transferred to the load.

0.20 Ans.(a)

50Q +  — A 1000

10 sin 100 mit V @v \Y é‘l’ggé Ci) 5V

Case-I : AC supply voltage less than 5V

The diode D is reverse biased when AC supply voltage less than 5V and diode ‘D’ is OFF. Under
this condition Zener diode is ON because it is reverse biased by DC supply of 5V, so, voltage V =
5V. But current through Zener diode is zero because if current starts flowing under this condition the
voltage drop across 100Q2 resistance reduces V, below 5V and Zener diode is turned OFF.

Case-1I : AC supply voltage is greater than 5V.

When AC supply becomes move than 5V, the diode D is turned ON and Zener diode operates in
breakdown region with V_ = 5V. Under this condition also the voltage drop across 100 € resistance
is zero. So, the current through 100 Q resistance is zero under this case also.

So, the power dissipated in 100 Q resistance is zero watt.

0.21 Ans.(1.81t0 1.8)

12V

6V

Diode D, is given largest biasing voltage which forward biases the diode D, and reverse biases the
diode D, and D,. Therefore, D, is ON and D, & D, arc OFF.
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So, voltage at node ‘B’is, V, = 15V

Assuming that anode terminals of D, & D, are at higher potential so D, & D, are forward biased so
D, & D, are ON. The equivalent circuit under given biased condition can be drawn as under,

D,
——0—0——0
b, 2k0 15V
12V
IX B Dz
o——o 10V
D, 3kQ
6V D
2kQ 0 0—o05V
Applying KCL at node ‘A’, we have,
VA—12+VA—6+VA—15 _ 0
2 2 3
8V,—84 =0
VvV, = ﬁ=2=10.5V
A 8 2

Under this condition V, is 10.5 V which is less than 12 V so diode D, must reverse biased and it must
be OFF. Under such condition equivalent circuit is drawn by opening terminals of diode D, as under,

D]
—00—o0
D 2 KO 15V
12V o—o
B D,
o—o 10V
3kQ
6V
2kQ 0 o—o05V
V, -6 15-6
Current, [ = 2 " mA=—"—mA=18mA
X 2+3 5
0.22  Ans(644 to 657)
C,=0.1pF D,
o 1 M )
i 1
230V (rms) D, == C,=0.1pF V,
o o

The given circuit is a half wave voltage doubler circuit. The output voltage V_ across capacitor C, of
the circuit is twice the peak value of input supply voltage.

V.= 2x\2V, . = 2x3/2x230 % 650.54V

0.23 Ans.(10t0 10)
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Given,

20 nF
I

il
+ 10V -

(| |) 500 kQ

=

D,\

TON

T j—

OFF

Time constant of circuit,

T

1 ms

1 us

Vin
A
10V
+
VO
Vo A
-10V

EDC & ANALOG ELECTRONICS

[138]

=V

RC=500x10°x20x10?=10%=10 ms

= 4

The diode D, gets forward biased during very first positive half cycle and capacitor get charged to
+10V with polarity as shown in circuit. The output voltage is zero during T period. The diode gets
reverse biased during T .. period. The capacitor does not discharge because the time constant of

circuit is very large in caparison to T ..

Thus the output voltage during T period is,
v, = -v =-10V

The waveforms of input and output voltages are as shown Fig. above. Thus, the difference between

maximum and minimum output voltages is,

AV0 =V

0, max

Ans.(389 to 391)

Y

0, min

=0-(-10)=10V

VO

=R

Given circuit is a full wave rectifier whose peak inverse voltage is given by,

Given,

PIV =V _
Where V_ is peak value of input supply voltage.
V.. =230V+2%
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Maximum possible value of rms input voltage
\Y = 230+0.2 x230=276 V

rms, max

Worst or maximum posible PIV,

(PIV) = /2x276=390.32V

0.25 Ans.(29.00 to 31.00)

=

Y
9

o
Given, V, =5V
V. = 6Q
Z, max = 25 W = Vz Iz, max
7, max = EZEZOSA
V.
Supply current, I = —
S RS
Maximum supply current,
V..—-V, 8-5
I = = - A=0.5A
s, max RS
Minimum supply current,
V. . -V -
I . — i, min z — 6 5 :lA
s, min Rs 6 6
Load current, [ =1-1
Maximum load current, I, = L oin = Lo

Let minimum or knee current of zener diode is zero.

= I =1 =—A

Load resistance, R =
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Minimum load resistance,

-V 5
emin Qo 1/6
=300

0, min

0.26 Ans.(1.20t0 1.23)

m sannens e
. ., e .,
. N , .

.....
L ~,

0.707V ; R \/ \/ \
» Ot

i 3t g 2n 3n
4 4
RMS value of unclipped rectified wave,
Vo= Vo _ 0.707V_,
rms \/5

3"

4 n

sin” ot d(ot)+ _[ (0.707V,, )2 d(ot)+ I V?sin® ot d(ot)

rms2 4 3n

I
_
Q-

O s | 7
=%
~

V21 sin20t )" w1 sin2ot \*
= vV = |[—|Z|ot- +—+—| ot—
me2 |2 2 ), 42 2
4
= AV = Vm l l E_l +£+l E_l
s n|2\4 2) 4 2\4 2
1 1 1
- =V, || E-= [+==0.575V,
2 tl4 2] 4
Vit _ 0707V, o
V. 0575V,
oo
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BJT Biasing and Thermal

Stablization /|

2.1 Concept of Q-point and load line
Consider a BJT biasing circuit shown in Fig.1. In the amplifier circuit shown in the Fig.1, the
capacitors C, and C_are called input and output coupling capacitors, respectively. The coupling
capacitors are used to block DC biasing signals from AC input and output signals of the amplifier.
The coupling capacitors are replaced by open circuit for DC analysis and by short circuit for small
signal AC analysis. Therefore, the coupling capacitors will not be shown in remaining part of this
chapter for DC analysis.

If only DC biasing signals are considered then the KVL in collector circuit can be written as,

Ve = IR AV, (1)
V.-V
— I = CCR CE
C
1 \Y
- [ = — V. +-C< 2
C RC CE RC ()

Above equation represents a straight line on output characteristics of BJT with slope of line equal to

1 . . V, . . A
——— and intercept on I _-axis at —£€ and intercept on V-axis at V. as shown in Fig. 2. The
C C

straight line represented by above equation is called as DC load line of the amplifier circuit.

+VCC
L
> <
R 2 g
< 'F ——
vio—{p— v,
+ _
VBE_

Fig. 1 BJT amplifier with fixed bais
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The DC biasing base current can be obtained by applying KVL in the base circuit as under,

Vee = LRV, €)
Vee =V,
= IB CcC BE (4)
RB

The DC load line of amplifier circuit along with output characteristics and operating point are shown
in Fig. 2

Operating Point
The intersection of DC load line with output characteristics corresponding to base current of the
circuit is called the operating point or Q- point of the amplifier. The operating point is denoted by

co-ordinates (V ., I ;) on the output characteristics as shown in Fig.2.

CEQ’

IC A Active I‘egi()n
< N
%C' R
N\%
ICCZ :. 4% IB4 ...........
sat |5 NN e
Q
1
“ : oo/ I,
e NN
N
.............. IB:O
ICEO = : T \ _\' )
4\ VCEM VCEQ Vcc VCE

Fig.2 DC load line overlapped with output characteristics of the amplifier circuit

AC Load Line
For AC signals coupling capacitor is short circuited then load line is called AC load line. The AC load

1 1
line can be drawn with a slope of —[R— + R_} The R_.and R, appear in parallel for AC analysis.
C L

T +Vee

=

o>

A A'I'A
=

Fig. 3 BJT amplifier with fixed bais and load resistance R, .
1

1
Slope = —| —+— 5
ope {Rc Rj )
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2.2

When load impedance is also considered the slope of the load line becomes more negative. The
selection of Q-point on a.c load line should be such that the Q-point remains in the active region for
wide variations in input signal.

Biasing of BJT

Establishing the Q-point or operating point in output characteristics of a transistor with external DC
voltage applied at base and collector terminals in Common-Emitter configuration or at emitter and
collector in common base configuration or at collector and base in common collector configuration
is called biasing of the transistor. Biasing of the transistor is essential, so that the operating point
remains in desired region i.e. active region, saturation or cut off, for complete range of the input
signal. For active region of operation the Q-point is located at center of load line for distortion free
output signal. The load line and various regions of operation of BJT amplifier are shown in Fig. 4.

I A Active region
EC IBmax ........
£ RN
? IQsat
5§ 1|
p= cQ =
=
ﬁ ¥
LoV 5 0
CEO ] IS e >
A Ve Veo \ Ve Ve

Cutoff region
Fig.4 Regions of operation and load of CE configuration of BJT

There are three regions of operations of a BJT called active, saturation and cutoff regions which have
discussed in details along with BJT characteristics. These regions are summarized as follows,

Active Region

A BIT operates in active region when emitter is in forward bias and collector in reverse bias. BJT
works like a linear amplifier in active region of operation. The collector current for active region is
given by,

I =BL=—"I4 (6)

Saturation Region

A BIT operates in saturation region when both emitter and collector in are forward biased.

When base current of BJT is increased the Q-point shifts from cut-off to active and then active to
saturation region. The base current at the boundary of saturation and active region is given by,

I _ lew (7)
’ p
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V.-V
where, I, = —¢Chwt (8)
¢, sa RC

The current I,  is collector current at boundary separating active and saturation regions.

The base current given by equation (7) is maximum current for active region and minimum current
for saturation region. For saturation region, V , = V ar when 'V (cateulated) V car the BJT operates
in active region. The BJT behaves like a closed switch when it operates in saturation region.

Cut-off region :
If BJT operates in cut-off region then both emitter and collector junctions are reverse biased. BJT.
The BJT behaves like an open switch when it operates in cutoff region of operation.

Steps of DC or Bias Analysis of BJT

i) Base current is obtained from base circuit by appling KVL

ii) Circuit is assumed in active region so that I . = BI,

iii) V, is obtained from collector circuit by taking I . = BI,

iv) If calculated value of V. is more then V.  then BJT operates in active region else in saturation

v) If BJT operates in active region then values of I. and V  calculated in (ii) and (iii) give Q-point

vi) If BJT operates in saturation region then Vis taken as V. and collector current is again
calculated by taking V., =V,  because the relation I. = BI, is not applicable to saturation
region.

vii) When BJT operates in saturation region the the value of V, _ and collector current obtained in
step (vi) give operating point.

2.3 Fixed Bias Circuits of BJT

2.3.1 Fixed Base Bias Circuit
The base circuit of fixed bias circuit is biased by connecting a resistor R, between base and supply
voltage , V.. and collector circuit is biased through resistor R . from s signal source of supply as

shown in Fig. 5 (a). The circuit can be redrawn by separating base and collector circuits as shown in
Fig. 5 (b).

e
L. R,
R, +
= VCE
> NN /=
VCC T \_]BF Vcc
(a) Fixed base bias b) Equaivalent circuit of fixed base bias

Fig.5 Fixed base bias circuit of CE configuration of BJT
Applying KVL in the base circuit, we have,
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VCC_ IBRB - VBE =0
VCC — VBE

= L= TR ®
B

Let BJT operates in active region such that I . = BI, (10)
Applying KVL in the collector circuit, we have,
Vcc a ICRC - VCE =0

= Ve = Ve~ LR, (11)
= VCE - Vcc o BIB RC (12)
L If V>V, then BJT operates in active region with V., given by equation (12) and I,
given by equation (10).
. IfV <V ,then BJT operates in saturation region with Vo= Ve s and Ieo is obtained using
equation (11) by replacing V., =V as under,
VCC - VCE sat
I, = ———— (13)
CQ RC
Example 1
In the circuit shown in figure, the current gain () of the ideal transistor is 10. The operating point of
the transistor (V_, I ) is
10Q
=40V
(a) (40V,4A) (b) (40V, 5A)
(c) (0V,4A) (d) (15V,4A)
GATE(EE/2003/2 M)
Solution : Ans.(c)
10Q
—40V

Since base-emitter junction is forward biased in above circuit so, BJT is operating either in saturation
or in active region but not in cut off.

Given, B =10, I,=05A
Let the transistor is operating in active region.
= I. =BI,=10x05=5A

From the collector circuit,
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Vi = Ve ~IR.=40-5x10=-10V
Vo = Ver ™ Vagane— — 10V -07=-10.7V

Negative value of 'V, represents forward biased collector junction. Since V, is negative, therefore,
the transistor must be operating in saturation region.

For saturation region ,

CEat = 02V=0V
So, from collector circuit,
CEsat Vcc - ICRC =0
= I. = V. /R.= 40/10=4A

So, the operating point (V, ICQ) of the transistor is (0V, 4A).

CEQ’

Example 2

In the amplifier circuit shown in figure, the values of R and R, are such that the transistor is operating
atV,,=3VandI.=15mA when [ is 150. For a transistor with 3 of 200, the operating point

(Ve 10) s TV, =6V
R ;3 23S
< _| I—
e
(3) (2V,2mA) ) (b) (3 V,2mA)
(c) 4V,2mA) (d) 4V, 1mA)

GATE(EC/2003/2M)

Solution : Ans.(a)

Given, Ve =3V, I.=15mA,B =150
Base current of transistor amplifier is given by,
1. 15
I, = —=——mAd =10 pA=0.01 mA
£ 150

From the base emitter circuit,
Vcc - IBRI _VBE =0
6-001R -0.7 =0

N R = 670.7:5.30 — 530 kQ
0.01

! 0.01
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From the collector emitter circuit,
Vcc o Ich _VCE =0
6-15R,-3 =0

= R = g =2k0
2 1.5
When , B = 200,
From base- emitter cicuit,
Vcc - IBRI _VBE =0
6-1,%x530-0.7 =0
6-0.7 5.3
= I, = =——=10pA
R, 530

Collector current,
I

C

BI, =200x10 =2 mA
From the collector emitter circuit,
Vcc o Ich _VCE =0

[147]

= Vi = Ve ILR, =6-2x2=2V
Example 3
Assuming V. =0.2 V and = 50, the minimum base current (I,) required to drive the transistor in
figure to saturation is
3V
IC
1 kQ
I
—
(a) 56 uA (b) 140 pA
(c) 60 nA (d) 3pA
GATE(EC/2004/1M)
Solution : Ans.(a)
3V
I
1 kQ
I
—

Given, B =50,
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Since A\ =02V

CE,sat

From the collector circuit ,

(VCC - VCE,sut) _ 3-0.2 _

IC’sal = R 2.8mA

Minimum value of base current required to drive the transistor in saturation region is given by,

_ [C,Sat
Bmin ﬁ
2.8
= . = —=56 u4d
B min. 50 ,U
Example 4
For a silicon BJT shown in Figure, find R, to establish V=2V, Assume V. =0.7 V.
12V
(a) 283 kQ (b) 10 kQ
(c) 200 kQ (d) 242 kQ
GATE(IN/1998/1M)
Solution : Ans.(a)
Given, V. = 07V,B=50
and Ve =2V,
V.-V 12-2 10
Collector current, [, = %= =—=2mAd
R, 5 5
Voltage, Ve = Ver = Vipane=2-07 =13V

Positive value of V , represents reverse biased collector junction. Since V , is positive, therefore,
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the transistor is operation in active region.

[149]

Base current of transistor in active region,

I, = Ie _ i:0.04mA
B g 50
Ve =V, 12-0.7 113
From base circuit, R, = % = = =282.5kQ
I, 0.04 0.04
Example 5
The biasing circuit of a silicon transistor is shown below. If B = 80, what is V . for the transistor?
+V =12V
=2k
R,;=100k Re
J’_
Ve B=80
(a) —6.08V (b) 0.2V
() 1.2V (d) 6.08V
GATE(IN/2006/2M)
Solution : Ans.(b)
+V =12V
_ R=2k
R,=100kZ L
J’_
I, YCE p=80
J’_
VBE 1
KVL in base circuit gives,
VCC - IBRB B VBE =0
= 12-1,%x100-0.7=0
12-0.7
5 = =0.113 mA
100

Let BJT is operating in active region with,

I. = BL
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I. = 80%0.113=9.04 mA
Applying KVL in collector circuit, we have,
Vcc - ICRC - VCE =0
= Ve =12-9.04%x2=-6.08V
Voltage across collector junction,
VCB - VCE - VBE
= Ve = —6.08-0.7=-6.78

Negative value of V_, for npn BJT indicates that collector junction is forward biased and the BJT
operates in saturation region.

For saturation region, V.. . = 02V
Example 6
In the circuit shown, the silicon BJT has = 50. Assume V. =0.7and V= 0.2 V. Which one of
the following statements is correct?
10V
R,
50kQ
5V
R,

(a) For R.=1kQ, the BJT operates in the saturation region
(b) For R. =3 kQ, the BJT operates in the saturation region
(c) For R =20 k€, the BJT operates in the cut off region
(d) For R =20 k€, the BJT operates in the linear region

GATE(EC-III/2014/2M)

Solution : Ans (b)
V. =+10V

RC

vk

I
o
9
<

Given, Vi
V = 0.2V

CE(sat)

p
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The BJT operates in cutoff region when both collector and emitter junctions are reverse biased.
Here base is given positive potential and emitter is grounded so emitter junction is forward biased.
Therefore, the BJT is either in active or in saturation region depending on value of R..

From base circuit,
VBBi RB IB o VBE =0
N [ = VBB—VBE=5—0.7
B R, 50

mA =86 pA

Let BJT is in saturation then, KVL in collector circuit gives,

Vcc = RC IC,sat - VCE(sat) =0
10-0.2 .
= I = R, (1)

Minimum base current required for saturation is given by,

I
IB min = .
p
. IC,sat
For saturation, I; >
or IC, sat < BIB
= o S 50x86x 106
Therefore, for saturation region,
10-0.2
< 50%x86x10°
RC
9.8
= R

> 7
¢ 7 50x86x10°

= R 2.28 kQ

\2

So, option (b) is correct.

Example 7

In the following circuit, the transistor is in active mode and V= 2V. To get V. =4V, we replace R .

: R,
with R.. Then the ratio —< is ........
C
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+10V

GATE(EE-II/2015/1M)

Solution : Ans. 0.74 to 0.76

7~

Current in base circuit,

For active region of BIT, V= 0.7
10-0.7 93
= I, = ==
RB RB

Collector current for active region is given,

I. = ﬁIB:Bx% ..... (1)

B

From collector circuit,

For active region collector current does not change with change in R rather it is determined by
equation (i).
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Therefore, 1. remains unchanged when R . is replaced by R’

10-2  10-4
R. R
R, 10-4 6 3
= _— = = =
R, 10-2 8 4
R!
= —< =075
R

2.3.2 Fixed Bias with Potential Divider
The base circuit of potential divider fixed bias circuit is biased using a potential divider circuit
consisting of resistances R, & R, and collector circuit is biased through resistor R . from a single
source of supply as shown in Fig. 6 (a). The circuit can be redrawn by separating base and collector
circuits as shown in Fig. 6 (b).

B =

(a) Potential divider bias circuit (b) Equivalent circuit of potential divider bias
Fig.6 Potential divider fixed bias circuit of CE configuration of BJT

The potential divider circuit to the left of terminals A & B of above figure can be replaced by its
Thevenin’s equivalent as shown below,

Fig.7 Potential divider circuit and its Thevenin’s equivalent circuit.
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The Thevenin’s equivalent resistance seen across the terminals A & B is resistance seen across the

terminals A &B by replacing the voltage source by short circuit. If voltage source V.. is replaced by

short circuit then resistance seen across A & B is parallel combination of R, and R..
RIRZ

B = R 4R, (14

The Thevenin’s voltage is open circuited voltage seen across the terminals A & B. It is voltage drop
across resistance R, under open circuited condition.

R

V.. = Z_V 15
TH R1+R2 cc ( )

The circuit can be redrawn by replacing the potential divider by its Thevenin’s equivalent circuit as
shown in Fig.8

*Ic R.
RTH IB +
- VCE
* - /=
—4 Ve Ve

Vi T -

Fig.8 Potential divider fixed bias circuit of CE configuration of BJT
with potential bias replaced by its Thevenin’s equivalent circuit.

It is observed from circuit of Fig.8 that the biasing becomes similar to that of equivalent circuit of
fixed base bias. Therefore, the method of analysis now becomes similar to analysis of Fixed bias
circuit as under,
Applying KVL in the base circuit, we have,
VTH_IBRTH_VBE =0
VTH — VBE

= [, = —— 16
B R, (16)

Let BJT operates in active region, then
I. = BI, (17)
Applying KVL in the collector circuit, we have,
Vccflc RC7VCE =0

= VCE - VCC a Ic Rc (18)

= VCE - Vcc - l3IB Rc (19)

i If V>V then BIT operates in active region with V., given by equation (19) and Ieo
given by equation (17).

. IfV <V, then BJT operates in saturation region with V. =V . _ and I, is obtained using

equation (18) by replacing V. =V,  as under,
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VCC B VCE sat
CQ RC
6.3.3 Fixed Bias with Collector Feedback
The base circuit of collector feedback fixed bias circuit is biased connecting a feedback resistor R,
from collector terminal to base of the BJT and collector circuit is biased through resistor R .. from a

single source of supply as shown in Fig. 9.

+VCC
R.
Ic
+
VCE
+ —
Vie _ Y L=I.+1,

Fig.9 Collector feedback fixed bias circuit of CE configuration of BJT

From base circuit :-

Vee— I+ I)R. LR, -V =0 (21)
Let BIT operates in active region,
I. = Bl (22)
= V. —-[RAO+P)+RJI,-V =0 (23)
Vee =V,
— I _ CcC BE (24)

B R, +R.[1+B]

From Collector circuit :

Vcc - Rc (IB + Ic) - VCE =0 (25)
= Ve = Ve T+ PRI, (26)
i If V>V then BIT operates in active region with V., given by equation (26) and I,
given by equation (22).
ii. IfV <V then BJT operates in saturation region with Vo= Ver and Ieo is obtained using
equations (21) and (25) by replacing V. =V, in equation (25)
Example 8
In the given circuit, the silicon transistor has 3 = 75 and a collector voltage V. = 9V. Then the ratio
of R;and R is ...........
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15V

R¢

GATE(EE-1/2015/1M)
Solution : Ans. 100 to 110

Given, B =75V.=9V
Voltage, Vg = V.-0=V_ =9V
Current through R .
=L +I.=(1+p)I,
= I =(1+75)1,=761, (1)
Ve =Ve 15-9 6
Also, [ =—<—¢= =—. ...(i1)
RC RC RC
V.-V,
Base current, L, = CR L

For active region, V. = 0.7V

= I, = === (iii)

From (i), (ii) and (iii), we have,
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656,83
RC B
- % _ 76X83 10513

2.4 Self Bias Circuits
A self bias circuit consists of a resistance R, connected in series with emitter terminal of the BJT. The

purpose of the resistor R, is bias stabilization of operating point or Q-point of BJT against variations
B, I, and V_ with temperature.

2.4.1 Base Bias with Emitter Register

Abiasing circuit with emitter resistance connected in emitter circuit of a common emitter configuration
of BJT is shown in Fig. 10.

Fig.10 Self bias with emitter bias resistance in CE configuration of BJT
Applying KVL in the base circuit, we have,

VCC B IBRB o VBE a (Ic + IB) RE =0 (27)
Let BJT operates in active region,

I. = BI, (28)
= VCC - IBRB o VBE - (BIB + IB) RE =0 (29)
. P VeV 0

Ry +(1+P)R;

Applying KVL in the collector cicuit, we have,

VCCiIC RC7VCE7(IB+IC) REZO (31)
= V.- BLR, -V, - (I+B) [, R.=0 (32)
= Vi, =V.- [[3RC +(1+p) R, (33)

L IfV >V . then BJT operates in active region with V. given by equation (33) and I ., given
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by equation (28).
. IfV <V ,then BJT operates in saturation region with V
equations (27) and (31) by replacing V., =V

b0 = Veg o aNd 1, is obtained using

cE. s 1N €quation (31).

Example 9
The transistor circuit shown uses a silicon transistor with V. = 0.7 V, . ~ I, and a dc current gain of

100. The value of v, 1S
+10V

10 kQ 5Q

100 Q

(a) 4.65V (b)5V
(c) 63V (d) 723V

GATE(EE/2010/2 M)
Solution : Ans.(a)

R, =10 kQ

Applying KVL in base circuit,
Ve R I, -V~ R I =0

= 10-10x10°1, —0.7- 1 x100=0

Let BJT is operating in active region.

Then, collector current, I =1 = BI, = 1001

= 10-10x10°I, —0.7— 100I =0

= 10-10x10°I, —= 0.7 — 100x100I, =0
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= I = 93 mA = 0.462 mA
20
. 9.3
Emuitter current, I = I =100I =100 x 20 mA
9.3
Output voltage, V. = 100 x 100 x 2 x103V = 465V

Example 10
In the circuit of figure, assume that the transistor has h,, =99 and V ;. = 0.7 V. The value of collector
current I, of the transistor is approximately

33kQ

- 12V
4V
(a) [3.3/3.3] mA ) (b) [3.3/(3.3 +0.33)] mA
(c) [3.3/33] mA (d) [3.3/(33+3.3)] mA
GATE(EE/2003/1 M)
Solution : Ans.(b)
= 12V

Given, hFE = 99, VBE =0.7V
From the base circuit,
VBB - IBRB _VBE _(1+hFE )IBRE =0
L. 4-07 33
B 33+100x3.3 33+330

=

The collector current is given by,
I. =h_I

C FE'B

09X mA o 33
¢ 363 3.3+0.33

= 1

2.4.2 Self Bias with Potential Divider
A self bias circuit with potential divider consists of a resistance connected in series with the emitter
as shown in Fig.11
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(a) Potential divider self bias circuit (b) Equivalent circuit of potential divider

Fig.11 Potential divider self biased circuit of BJT

When potential divider is replaced by its Thevenin’s equivalent, the Thevenin’s equivalent voltage
and resistance of divider are given as,

R

V.. = e/ 34
TH Rl + R2 cc ( )
- R (35)
Re R, +R,
Applying KVL in the base circuit, we have,
VTHiIB RTH7VBE7(IB+IC))RE:0 (36)
Let BIT operates in active region,
I. = Bl (37)
= VTH_IBRTH_VBE_(I +ﬁ) IBRE:O
= VTH o [RTH +(1+4B) RE] IB B VBE =0
Vi =V,
= I, = H PR (38)
(Ryy +(1+B)Re)
Apply KVL in collector circuit,
Vee = IeRe =V = (IB + Ic) R.=0 (39)
= Vi~ Vo BLR~+B) ;R =0 (40)
= V=V [0+ R, +BRJI, =0 (41)
L IfV, >V, then BJT operates in active region with V., given by equation (41) and I, given
by equation (37).
. IfV <V, then BIT operates in saturation region with V., . =V, _ and I, is obtained using

equations (36) and (39) by replacing V. =V in equation (39).

CE, sat
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Example 11

[161]

In the circuit of figure shown below assume that the transistor is in active region. It has a large 3 and
its base-emitter voltage is 0.7 V. The value of I is

? 15V
RC
10 kQ I
C
S kQ 4300
777
(a) Indeterminate since R_is not given (b) I mA
(¢) SmA (d) 10 mA
GATE(EC/2000/2M)
Solution : Ans.(d)
)
R, IRAY
10 kQ I
C
> kO 430 Q

=

For large value of B, base current, I

, 1s negligible. Then voltage at base of BJT is

approximately same as Thevenin’s equivalent voltage at the base. Thevenin’s equivalent of voltage
divider at the base of BJT,

5
w = 3P EVEY,
Voltage across emitter resistance,

V., = V,-V,.=5-07=43V
IC - IEi IB
For large of B, I, can be neglected.

Collector current,

4.3 1
So, =

I.=1 =— = 10mA
430 100

C E

Ve
RE

Note :When B is large I .~ I,. I, can be calculated by finding out value of V, across R,.
Example 12

Assuming that the B of the transistor is extremely large and V,, = 0.7 V, . and V_, in the circuit
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shown in figure are

5Vo
i
2.2KQ
4KQ § g
+
VCE
tko 300 Q
(@ I.=1mA,V =47V (b) I.=05mA,V =375V
() I.=1mA,V =25V (d I.=05mA,V =39V
GATE(EC/2004/2M)
Solution : Ans.(c)
Ve=t5V
22k
4k
+
VCE
Lk 300 ohm
Thevenin’s equivalent voltage at the base,
1
Vth = g X 5 = lV
Thevenin’s equivalent resistance at the base,
R, = X% 080
b 1+4

When B is large, the base current is small and drop across R, is negligible.
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In such case, voltage at emitter terminal,

V, =V, -V, =1-07=03V

E
Then, emitter current, I, = V., /R;=0.3/0.3=1mA
Since base current is negligible, so,
I.~1, = 1 mA
From the collector circuit, we have,
Ve = IR -V, =0

= Vo =V —I.R.=5-1x22=28V
Then, Vg = V.-V, =28 -03=25V
Example 13
In the transistor circuit as shown below, the value of resistance R, in KQ is approximately,
+10V

(a) 1.0
(c) 2.0

(b) 1.5
(d) 2.5

GATE(IN/2013/1M)
Solution : Ans.(a)

Given [, =2mA, V=50V

D.C. biasing circuit of BJT can be drawn as under,
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Veco +10V

15 kQ I.=2mA
+
=V
L,
6 kQ § N
Emitter current,
IC
L =1 +1=I.+—==I
p
I, = 2mA
KVL in collector circuit,
10— 1.5x10° I~V —~ [ R_=0
= 10-1.5x10°x2x107°-5-2x10"°R_ =0
10-8
= R. = — =1kQ
E 2x10
2.4.3 Self Bias with Collector Feedback
+VCC
b3
\AAJ ~ /IC
+
4 Ve
VBE

R L=I+1,

Fig.12 Potential divider self biased circuit of BJT

Apply KVL in the base circuit, we have,

Ve (Ic + IB)RC —Ip Ry =V~ (IC + IB) R, = 0 (42)
Let BJT operates in active region,

I. =Bl (43)
= Vo .—(U+B) LR -LR, -V, ~(A+P)[,R,=0 (44)
= V.~ [1+PR +(1+PBR, +RJ, -V =0
— I = Vee = Vie (45)

B R, +(1+B)R. +R})
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Applying KVL in the collector circuit, we have,

Ve IR =V — (I .+ )R, =0 (406)

= Voo~ (B R -V -(1+B IR, =0 (47)

= VCE - VCC —(1+ B)(RC + RE) IB (48)

L IfV >V . then BJT operates in active region with V. given by equation (48) and I ., given
by equation (43).

. IfV <V, then BIT operates in saturation region with V. =V . _ and I, is obtained using

equations (42) and (46) by replacing V. =V in equation (46).
Note : i. Potential divider self bias circuit is most preferred biasing circuit because it provide better
stabilization among all circuits.
ii. Values of Junction voltage at 25°C for Si and Ge

VCE, sat VBE, sat VBE, active VBE,cut-in VBE, cut-off
Si| 0.2 0.8 0.7 0.5 0
Ge| 0.1 0.3 0.2 0.1 -0.1

iii. The value of Si is always more then value of Ge.

Example 14

V,
For the circuit shown in the figure below, it is given that V., = % The transistor has f = 29 and

Ve = 0.7V when the B-E junction is forward biased.

Ve =10V
R, 4R
C
B =29
E
R
L Ry .
For this circuit, the value of ? is
(a) 43 (b) 92
(c) 121 (d) 129

GATE(EE-II/2017/2M)
Solution : Ans.(d)
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V=10V
4R
L +1
C
Ic
+
VCE
E _
R vt
Given, V_ = Vee V,. =0.7,=29 ,V_=10V
> VCE o’ BE T e
Applying KVL in the collector circuit gives,
V. —4R(1, +1) -V, ~R(,+1)=0
VCC
= Vee =55 = SR(1,+1)
V,
= % = SR(I, +1.)
Relation between I . & 1,
I. = BI,=291,
10
= 5 - SR(I, +291)
= 30I,R =1
= I ! (1)
= —— i
30R

Applying KVL in base circuit gives,

Ve —4R(I,+1)-R, I~V —R(I, +1)=0
= 10-5R(I,;+291)-R.I,-0.7=0

= (150R+R,)1,=9.3

Putting expression of I, from equation (i) in above equation, we have,

1
= 150R+R)*x —— =93
( 2 30R

= 5+ Ry =93
30R
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[167]

RB
= —2 =30x43=129
R

2.5. Miscellaneous Biasing Circuits

2.5.1 Bias Circuit with bias voltage at emitter

In this circuit a negative biasing voltage is applied at emitter terminal instead of a positive biasing
voltage at the collector terminal. A bias circuit with negative bias voltage at emitter terminal is shown

in Fig.13.

Fig.13 Bias Circuit with bais voltage at emitter

Applying KVL in base circuit, we have,
_RB IB - VBE + VEE =0
— IB _ VEE — VBE
RB
Let BJT operates in active region with
I. = BI,
Applying KVL in collector circuit, we have,
_IC RC - VCE TV = 0

= VCE - VEE - BIBRC
L IfV >V, then BIT operates in active mode with V.,
by equation (51).
ii. IfV <V, then BJT operates in saturation region with V., =V

equation (52) by replacing V by V

CE,sat”

2.5.2 Biasing of BJT with Two Power Supplies

(49)

(50)

(51

(52)
(53)

given by equation (53) and I, given

« and I, is calculated using

A BJT can be biased using two power supplies with one connected on collector side and another on
emitter side. The biasing of collector is done using positive voltage and biasing of emitter is done

using negative voltage as shown in Fig.14

www.digcademy.com CADEMY

digcademy@gmail.com



BJT Biasing EDC & ANALOG ELECTRONICS [168]

+VC C

_VEE
Fig.14 Biasing of BJT with two power supplies
Applying KVL in base circuit, we have,

R, I~V -LR, +V_ =0 (54)
= R, -V, -0, +I)R +V =0 (55)
Let BJT operates in active region with
I. = Bl (56)
= R, -V, -(1+B) I, R, +V_ =0
. N o -

Ry +(1+PB)R,

Applying KVL in collector circuit, we have,

Vcc n Ic RC - VCE - R, (IB + Ic) TV = 0 (58)
= Ve = VetV —BLR. - (1 +B) R, (59)
L IfV >V then BT operates in active mode with Vo given by equation (59) and Io given
by equation (56).
. IfV <V, then BIT operates in saturation region with Vero™ Vepsa and [, is calculated using

equation (58) and (55) by replacing V. by V. _ in equation (58).

Example 15
In the circuit of figure, the value of the base current I, will be
+5V
5kQ
=50
10 kQ
mm ~-10V
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(a) 0.0 pA (b) 18.2 pA
(c) 26.7 uA (d) 40.0 pA
GATE(IN/2004/1M)

Solution : Ans.(b)

2.5.3

Yoy
Given, B =350,V,=07V.

Let BJT is operating in active mode with,
I. = Bl
Applying KVL in the base circuit,
-V, -0+ LR -V _ =0

= —07-(1+50)I,x 10k —(-10)=0

10-0.7
= I, = ————=182uA

51x10k
Biasing with Current Source
Biasing of BJT can be done with by connecting a constant current source in series with emitter as
shown in Fig. 15.The biasing of BJT with current source helps in increasing input resistance at base
without adversely affecting the bias stability. The emitter current is independent of  and R . The

constant current source is implemented using a current mirror circuit which will be studied separately
in later chapter on compound circuits. 4V
cc

Fig.15 Biasing of BJT with current source
The emitter current of the BJT , I, =1

Base current in terms of emitter current the BJT can be given as,
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IE
IB - 1+B (60)

Example 16
The common emitter amplifier shown in figure is biased using a 1 mA ideal current source. The
approximate base current value is

Vee=5V

R.=1kQ

out

B =100

Vin@ 1 mA

(a) OpA (b) 10 pA
(c) 100 pA (d) 1000 pA

GATE(EE/2005/2 M)
Solution : Ans.(b)
Vee=5V

R.=1kQ

out

B =100

v, 1 mA

From above circuit,

[[ = 1mA
Relation between base current and emitter current,,
IE =(1+ B)IB
1 1
= I = I x1 mA =10 pA

BT 4B " 14100

2.5.4 Biasing of Emitter Follower or Common Collector Configuration
An emitter follower circuit has load resistance connected in series with emitter terminal. The output
of the circuit is taken from the emitter terminal as shown in Fig. 16. The biasing voltage can be
applied at emitter or collector terminals.
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Fig.16 Biasing of emitter follower circuit of BJT
Applying KVL in the base circuit, we have,
_RBIB o VBE o RE IE + VEE =0

The emitter current of BJT is given in terms of base current and collector current is given as,

IE = IB + Ic
= _RBIB - VBE - RE (IB + IC) + VEE =0

Let BJT operates in active region with,

I. = Bl
= R,I,-V, ~R (1+B)[,+V_ =0
— L = Vee — Vie

B R, +(1+P)R,
Applying KVL in collector circuit, we have,
_VCE - IE RE + VEE =0
= V- +)R. +V, =0

= VCE - VEE —(1+ B)IB
i IfV >V, then BIT operates in active mode with V.,
by equation (64).
ii. IfV <V then BJT operates in saturation region with Vo™ Versa

equation (68) and (63) by replacing V., by V. _ in equation (68).

CE,sat

Example 17

[171]

(61)

(62)
(63)

(64)
(65)

(66)

(67)
(68)
(69)

given by equation (69) and I ., given

and I, is calculated using

In the circuit shown in the figure, it is found that V,, = 0.7 V.and V_, = 0 V. If B, = 99 for the

transistor, then the value of R, in kilo ohms is ............ kQ.
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1+10V
Rgp
— VE=0V
e |y,
-10V
GATE(IN/2015/2M)

Solution : Ans. 92 to 94

R, 3 C
I +
_>

+
V,=0

¢ L=(1+B )1,

B
Vi E

1kQ

-10V
Given, V.. = 0.7V,V,_=0,B, =99

Emitter current,

BE

V. —(=10) _0+10

I = =10 mA
E 1k 1k

Emitter current in terms of base current is given by,

L =0a+Bol,

I 10

= I = —Fft-= mA = 0.1 mA

B I+ 1+99
Applying KVL in base circuit gives,

10-1T,R, -V, =0
VBE - VB _VE

= V, =V, +V.,=07+0=0.7V

Putting value as V,, & I in equation (i),
we have,

10-0.1x10°R,-0.7 =0
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=

= —10_0'1 =93kQ
B 0.1x10

2.5.5 Biasing of PNP transistors
The biasing circuits of PNP transistors are similar to NPN transistors. The biasing voltage may
be given to emitter or collector terminals. A self biased circuit of PNP transistor with bias voltage
applied at collector junction is shown in Fig.17

Fig.17 Biasing of self biased PNP transistor

Applying KVL in the base circuit, we have,

V.- R L-V_,-RIL =0 (70)
The emitter current of BJT is given in terms of base current and collector current is given as,
I =1, +1, (71)
= VEE - RE(IB + Ic) - VEB_ RBIB =0 (72)
Let BJT operates in active region with,
I. = Bl (73)
= VEE a (1+B)IBRE - VEB_ RBIB =0 (74)
Vi =V,
— — EE EB (75)

1
B R, +(1+B)R;

Applying KVL in collector circuit, we have,

VEE_VEC_IE RE_IC Rc =0

= VEEi VEC o (IB + IC)RE B IC RC =0 (76)
= Ve = V,-0+BI R, - BLR. (77)
Voltage across the collector junction,

Ves = Vee™ Vis (78)

ii.

If V., < 0 then collector junction is reverse biased and BJT operates in active mode with V
given by equation (77) and Io given by equation (73).

If V,> 0 then collector junction is forward biased and BJT operates in saturation region with
Vico™ Vecsa @0d I, s calculated using equation (72) and (76) by replacing V. by V i

equation (76)

EC,sat m
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[174]

Note: V, and V., are negative for PNP and positive for NPN transistors whereas V,, and V,. are

positive for PNP and negative for NPN transistors

Example 18

In the circuit shown, the PNP transistor has [V .| = 0.7 V and p = 50.Assume that R, = 100 kQ. For

V., to be 5V, the value of R, (in kQ) is

Solution : Ans: 1.04 to 1.12

Given, Vgl = 0.7V, B =50,
R, = 100kQ, V =5V
V., = 0.7V

Applying KVL in base circuit, we have,
VEE _VEB o RBIB =0
Ve =V 10-0.7

GATE(EC-III/2014/1M)

I, = = mA = 93 uA
B R, 100 #
Collector current, I. = BI,=50x93 uA=4.65mA
Output voltage,
Vo = IC RC
\Y 5
= R, = —=—2kQ =1.075kQ
I. 465
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Example 19

In the circuit shown in the figure, the BJT has a current gain () of 50. For an emitter-base voltage
V., = 600 mV, the emitter-collector voltage V. (in Volts) is ............

3V

60 kQ 5000

i

GATE(EC-III/2015/1M)
Solution : Ans. 2

Given, B =50,V,=600mV=0.6V
Applying KVL in base to emitter circuit,
V.~ V., —60kl,=0
3-0.6-60KkI,=0
I, = 620;12 40 pA
For active region of amplifier,
I. = BI,=50x40x10°=2mA
Applying KVL in collector circuit,
V..~ V., .—5001I. =0
= Ve =3-500%x2x107°=2V
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2.5.6 BJT Biasing with Zener Diode
A Zener diode is sometimes connected between base terminal and ground to fix the voltage at base
terminal of BJT as shown in Fig.18. This circuit can be used for voltage regulation if load is connected
in emitter.

Fig.18 BJT biasing with Zener diode in base circuit
Applying KVL in base circuit,
VZ_VBE_IERE =0

Vv, -V,
N [ = ~Z_BE (79)
RE
I
B t [, = — 80
ase current, 5 P (80)
V-V
Currentin R, [ = &% (81)
Rl
Current through Zener diode,
L =1-1, (82)
Collector current, I. = Bl (83)

Applying KVL in collector circuit,
VCC_ICRC_VCE_IERE =0
= VCE - Vcc - Ic Rc —I Ry (84)

Equation (83) and (84) give the operating point of BJT.

Example 20
The transistor used in the circuit shown below has a  of 30 and I .., is negligible.

If the forward voltage drop of diode is 0.7 V, then the current through collector will be
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=
1k D V,,=0.7V
V(TE(sal): 02 V
V =5V
-12V
(a) 168 mA (b) 108 mA
(¢) 20.54 mA (d) 5.36 mA
GATE(EE/2011/2 M)
Solution : Ans.(d)
=
15k 22k
1k D V,,=0.7V
Vs =02V
V =5V
-12V

Above circuit can be redrawn as,

Given,V =5V, V =07V, V=07V, V
KVL in base circuit,

V-, x1lk-V -V _=0

=0.2V,B=30, .. =negligible

CE(sat)

CBO

5-14 .
I, = TmA =3.6 mA (1)

Let, BJT is operating in active region,
then, I. = BI,=30x3.6mA=108 mA
Applying KVL in collector circuit, we have,
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—1,x22k-V  +12

= VCE

0 ....(i)
12-108x2.2=-2256V

As V is coming out to be negative so BJT must be operating in saturation region with V , =V, .

Taking Ve = VCE(Sat), we have
12— Vg, 12-0.2
L= ——"mA = mA =5.36 mA
2.2
Example 21

A transistor circuit is given below. The Zener diode breakdown voltage is 5.3 V as shown. Take base
to emitter voltage drop to be 0.6 V. The value of the current gain B is...............

+10V
L 2200
47kQ 2
0.5mA vy
+
v, /\ 4700

GATE(EE-1/2016/1M)
Solution : Ans. 18.0:20.0
+10V

\

4.7kQ 3

[=0.5mA Y

+
v, 7

Given,V,=53V, V. = 0.6V
Applying KVL in base circuit,
VZ_VBE_REIE =0
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= 53-0.6-470x1, =0

47 =0.01A =10 mA
. 470

= 1

Current in 4.7 kQ resistance,

10-V, 10-5.
I = Z = 0-5.3 =1mA
4.7k 4.7k

Base current, I I[-1,=1-0.5=0.5 mA

Relation between base current and emitter current is given by,

B

L = {1+P),
= 10x 103 = (1+B)x0.5x1073
— B =19

2.5.7. Examples on Biasing of Composite Circuits

Example 22
If the transistors in figure, have high values of  and a V,, 0f 0.65 volt, the current I, flowing through
the 2 kilo ohms resistance will be....

6.5 kO 2210
+
1.85 kQ —-— 10V
1.65kQ L KO
77T
(a) 1mA (b) 2mA
(c) 3mA (d) 4mA

GATE(EC/1992/2M)
Solution : Ans.(a)

- 10V
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Given, Vi = 065V
ICl ]cz ..
For large value of B, I, = 7 and I, = 7 are negligible.

I = ICl :IEZZICZ =1

El
Approximate voltage at base of transistor Q1,
1.65

V,, = x10=1.65V
1.65+1.85+6.5

Voltage across emitter resistance of Q,,
V., =V, -V, ,=165-065=1V

Then, emitter current of Q ,

[ = £="=1ImA
R, 1

El

V1
E

Since B of transistors is large therefore,
I =1,=1,=1, =1mA

Note : When B is large I = 1,.. 1, can be calculated by finding out value of V. across R,.

Example 23
Consider the circuit shown in the figure. Assuming V., =V . = 0.7 volt, the value of the dc voltage

V, (involt) is ..............
V..=25V

Q, (B, = 100)

=
<
=
[l
!

GATE(EC-III/2016 /1 M)

Solution : Ans. 0.45:0.55

www.digcademy.com CADEMY digcademy@gmail.com



BJT Biasing EDC & ANALOG ELECTRONICS [181]

2.6

V=25V

Given, Vie, = Vi, = 0.7V, B, =50, 8, =100
Voltage at terminal E,
V=V~ Vg, =25-07= 18V
From base circuit of transistor Q,
V.-V, - 10KxI_—-1=0
= 1.8-0.7-10kI,-1=0
0.1
= IBZ = ﬁmA =10 ].LA
Collector current of transistor Q,
I, = B,I,,=50x10x10°=0.5 mA
Tk x 1.,

Voltage, V.,
= \Y 1 x10°x0.5%x10%=0.5V

C2

Bias Stability and Stability Factors
The collector current of BJT is given by,

Ve

o = Bl +(1+P)o(—e ") (85)

i
Il

where, Vg = V= Vi
When temperature of the transistor increases,  and I increases and V reduces. Due to change in
these factors, the collector current also increases and hence Q-point shifts toward saturation region

which may drive the BJT to saturation.

As collector current increases due to increase in temperature more heat is generated at collector
junction, which results further increase in temperature and increase in temperature again results
increase in 3 and I, and decrease in V,,, which in turn results in further increase in I . and the process
becomes ‘cumulative’ finally resulting into either pushing the transistor operation to saturation or
resulting into thermal breakdown or thermal runaway or secondary breakdown of the BJT.
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The bias stability of BJT can be improved by using following techniques,
i) Use of self-bias circuit.

ii) Temperature compensation by using non linear temperature sensitive devices.

Stability Factors :
1. Stability factor with respect to V
The stability factor with respect to V,, is defined as rate of change of collector current per with
change in voltage V.. Mathematically it can be given as,
ol
Ve 0 Vi

2. Stability Factor with respect to 1.,
The stability factor with respect to I, is defined as rate of change of collector current per with
change in voltage I . Mathematically it can be given as,
ol

ICO - a ICO

3. Stability factor with respect to f3.
The stability factor with respect to B is defined as rate of change of collector current per with
change in voltage . Mathematically it can be given as,
ol
Sy = =<
op

2.6.1 Stability factors of potential divider self bias circuit
Consider a potential divider bias circuit as shown in Fig.19(a). The potential divider can be replaced
by its Thevenin’s equivalent as shown in Fig. 19(b).

(a) Potential divider self bias circuit (b) Equivalent circuit of potential divider
Fig.19 Potential divider self biased circuit of BJT

Applying KVL in the base circuit,
VTH = RTHIB + VBE + RE (IC + IB)
VBE = VTH - RTHIB - RE (Ic + IB) (86)

The collector current of BJT is given by,
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Note :

I = L+ (1+B) T, 87)
L.«
- I, = FC_( EB) Ieo (88)

From equation (86) and (88), we have,

Ve = Von —Ryy F_C_[ﬂj IC0:|_RE|:IC +I_C_ Sast) IC0:|
o p p B

Vi = Vg + Ry +Rg) (%} Leo _[RI;H + Re ([13+ P) i|IC (89)

1. Stability Factor with respectto V

The expression of stability factor w.r.t. V,, can be obtained by assuming I, and B as constants
and V, as variable.

Differentiate equation (89) w.r.t V, we have,
Ry +(1+B)R; 01
- | = R +d+PRe Olc (90)
p 0Vgg
ol -
_ s, = e _ P 1)
‘ OVge Ry +(1+P)Rg
Assuming large 3, we can approximate above expression as under,
- - -1
= Sy,, = B ~ p ~— (92)
(I+P)Rg BRg Rg
= Sy = o 93)
VBE ~ RE

Here, negative sign indicates that I . decreases with increasing V. and vice versa. It is observed from
above equation that Sy decreases with increase in R,. In other other words the variation in I, w.r.t.

V,; decreases with increase in emitter resistance R .
Fractional change in I . w.r.t. fraction change in V can be derived using equation (89) as under,
0l 0V

o variation =
% Variati 94
Ic Ic RE
Al —-AYV,
or £ = L (95)
Ic Ic RE

Variation in I .with respect to V,, is inversely proportional to drop across R,.
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2. Stability Factor with respect to I
The expression of stability factor w.r.t. I, can be obtained by assuming V_ and 3 as constants and
I, as variable.

Differentiate equation (89) w.r.t I__, we have,

Co”

0+[Rg +RTH)(

N 0 1+BJ_RTH+(1+B)RE.GIC

B B Olco

olc _ Rg +Ryy) A+B)

= S, = 96
feo Olco Ry +(+P)Rg 0
Ri +R
S, = —Eo T (97)
RTH
Rg +| ——
i
Assuming large 3, we can approximate above expression as under,
R; +R R
S, o~ —E Ty S (98)
CcOo RE RE

Itis observed from above equation that S, =~ decreases with increase in R .. In other words the variation

in [, w.rt. I, decreases with increase in emitter resistance R...
Fractional change in I . w.r.to. fraction change in I, can be derived using equation (89) as under,
Ale Ry

=1+
Algg Rg ©9)
RTH
= Al = [1+ R, JAICO
Al Al
= Zc¢c _ (1+RﬂJ& (100)
I ) lo
Al Al
I Ie o R
Drop across R results in reduction of percentage variation in I ..
3. Stability factor with respect to 3
Stability factor with respect to B is given by
ol IS
S, = —C_-_ ¢ (102)
op  BA+P)
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Note :

2.7

It is observed from above equation that change of I, w.r.t. B is small when J is large. So, the effect of
temperature on transistor with higher [ is less as compared to transistor with smaller ‘3.

For practical consideration, Ge transistor is stable for temperature upto ‘75°C’ and Si transistor is
stable upto’175°C".

Bias Compensation

Bias compensation is used to compensate the variation in I. with variation in temperature. Bias
compensation is achieved by using temperature sensitive devices such as diodes, thermistors and
sensitors.

2.7.1 Bias Compensation for V.

Bias compensation against the variation in I . due to variation in V with temperature can be achieved
by connecting a diode in the emitter circuit as shown in Fig.20. It is essential to have material of
diode same as that of BJT to achieve the compensation.

Fig.20 Circuit for bias compensation for V

If BJT and diode are made of same material then the variation in base to emitter voltage of BJT and
diode voltage is same.
0 Vg oV,

= —L2 =9 T 1
pee pee 5mV/ (103)

Applying KVL in the base circuit, we have,

Vg = LR (V. — V) + (1.t )R, (104)
I 1+B)1
But, I, = _C_M (105)
p p

Putting I in equation (104), we have,

_ B[VBB B (VBE B VD )] + (RB + RE) (1 + B) ICO

|
¢ Ry +(1+PB)Rg

(106)

If aVBE _ avD then a(VBE -Vb)

oT oT oT

=0 (107)

It is observed from equation (106) that the variation in I.is function of variation in V.~V with
temperature. Since, variation in (V,,— V) with respect to temperature is zero, therefore, variation in
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I w.r.t. variation in Vdue to change in temperature will be zero.

2.7.2 Bias Compensation for I
Bias compensation against the variation in I . due to variation in I, with temperature can be achieved
by connecting a diode between base terminal and ground as shown in Fig.21. It is essential to have
material of diode same as that of BJT to achieve the compensation.

—

AN

DO

1

Fig.21 Circuit for bias compensation for V

The diode in the above circuit is reverse biased. The current through a reverse biased pn diode is
reverse saturation current. If I is reverse saturation current then current I in resistance R, can be
given as,
I =1+1, (108)
The applying KVL in the base circuit, we have,
Vee = Vie _ Vee

So, I = R, ~ R, (109)
Base current, I, =1-1, (110)
Collector current, I. = Bl,+(1+P) I, (111)
= I. =BA-I,)+A+B)I, (112)
= I. = BL+1,+BI. 1) (113)

The reverse saturation current I, is of order of mA for G, and nA for Si. Here, term (I~ 1) major

effect on I .. The variation in I, with temperature is compensated by variation in I, therefore, over

DO’
all variation in I, due to temperature is compensated and I .almost remains constant with variation

in temperature.

Note : i. The currentl ., is of order of WA for Ge and of order of nA for Si. Therefore, compensation for I .,

is used in Ge transistor, because I . plays major role in Ge.

ii. The compensation for V., is used for Si BJT because V. higher for Si BJT as compred to Ge BJT.
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2.7.3 Bias Compensation using Thermistor
The bias compensation for variation in I, due to variation in temperature can be provided either
by connecting a device with negative temperature co-efficient such as thermistor between supply
terminal and emitter terminal of BJT or by connecting thermistor in either of arms of potential divider.
I. Compensation by connecting thermistor between supply terminal and emitter

The circuit for bias compensation by connecting a thermistor between supply terminal and emitter is
shown in Fig. 22.

VWWy

ReEy (I:+y)

Fig.22 Bias compensation using thermistor between supply terminal and emitter

The potential divider of above circuit can be replaced by its Thevenin’s equivalent as shown in Fig.
23.

Ve

VBE -
Rpzy (Ipt+1y)

VTHf |

=

Fig.23 Potential divider replaced by its thevenin’s equivalent circuit

Applying KVL in the base circuit, we have,
VTH_IBRTH_VBE_RE(B+ 1) IB_REIT:() (114)
VTH — VBE — REIT

b R+ (PR, (1)

Collector current, I. = Bl (116)

When temperature of BJT is increased the collector current try to increase. As thermistor has a
negative temperature co-efficient, therefore, resistance of thermistor is decreased and current I is
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Note :

2.7.4

increased. Increase in current I results in increase in drop across R, and which in turn results in
decrease in base current. The decrease in base current again results in reduction in collector current.
Hence increase in collector current with increase in temperature is compensated by reduction in base
current due to decrease in resistance of thermistor. The voltage drop across R, provides a negative
feedback in base circuit which helps in stabilization of Q-point of BJT.

II. Compensation by connecting thermistor in place of lower resistance Rw of potential divider

The circuit for bias compensation by connecting a thermistor in place of lower resistor of potential
divider is shown in Fig. 24.

A\

Thermistor

<
b
P2

Lo

Fig.24 Bias compensation using thermistor in potential divider
Base current, I, =1-1, (117)

B

Collector current, I. = Bl (118)

The increase in temperature results in increase in collector current and decrease in resistance of
thermistor. Decrease in resistance of thermistor results in increase in current I through the thermistor.

The increase in thermistor current results decrease in base current I, because current I remains almost
constant with temperature. Decrease in base current results in reduction in collector current. Hence
increase in collector current due to temperature is compensated by decrease in base current due to

increase in thermistor current with temperature.

Thermistor in base emitter circuit provides compensation for self bias as well as fixed bias circuit.
But thermistor across collector provides compensation for self bias circuit only.

Bias Compensation using Sensistor

Sensistor is a semiconductor device with positive temperature coefficient. Therefore, the resistance
of sensistor increases with increase in temperature.

I. Compensation by connecting sensistor in upper part of potential divider

The circuit for bais compensation by connecting a sensistor in place of upper resistance of potential

divider is shown in Fig. 25.
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+ Ve

I

Sensistor

R.g

Fig.25 Bias compensation using sensistor in potential divider

Base current, I, =1-1 (119)
Collector current, I. = Bl (120)

The increase in temperature results in increase in collector current and increase in resistance of
sensistor. Increase in resistance of sensistor results in decrease in current I through the sensistor.
The decrease in sensistor current results decrease in base current I, because current I remains almost
constant with temperature. The decrease in base current results in reduction in collector current.
Hence increase in collector current due to temperature is compensated by decrease in base current
due to increase in thermistor current with temperature.

II. Compensation by connecting sensistor in series with emitter terminal

The circuit for bias compensation by connecting a sensistor in series with emitter terminal of BJT is

shown in Fig. 26.

~
AA

=
(3]
AAAA

Fig.26 Bias compensation using sensistor in series with emitter

The potential divider of above circuit can be replaced by its Thevenin’s equivalent as shown in Fig.
27.
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=

Fig.27 Potential divider replaced by its Thevenin’s equivalent circuit

Applying KVL in the base circuit we have,

Vi~ LRy = V=R B+ DL =0 (121)
Vg =V
I, = b (122)
Ry +(+B) Ry
Collector current, I. = Bl (123)

The increase in temperature results in increase in collector current and increase in resistance of
sensistor. Increase in resistance of sensistor results in increase in decease in the base current. The
decrease in base current results in reduction in collector current. Hence increase in collector current
due to temperature is compensated by decrease in base current due to increase in resistance of
sensistor.

2.8 Thermal Runaway and Thermal Stability
The maximum power dissipated in a BJT is limited by the temperature of collector junction. The
collector current of BJT increases with increase in temperature. The increase in collector current
with temperature results in increase in heat generated at the collector junction which in turn further
increases the temperature and hence the collector current. The effect becomes cumulative resulting in
thermal breakdown or thermal runaway of the BJT. The thermal runaway may damage the transistor
permanently.

Thermal Resistance
The temperature rise at collector junction is proportional to the power dissipation at junction.
T-T, <P, (124)
where, T, is temperature of junction, T, is ambient temperature and P is power dissipated
By replacing the proportionality sign by a proportionality constant, we have,
T-T, =0P, (125)
where, proportionality constant, 0, is called thermal resistance.

Differentiating P w.r.t. junction temperature,Tj,we have,
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oP, 1
b _ 1 (126)
oT. 0

J

It is observed from above equation that the rate of heat dissipation w.r.t. junction temperature is equal

to —.
0
Condition of Thermal stability

The heat generated at the junction should be less than the rate of heat dissipation for thermal stability
of the transistor. Therefore, thermal runaway of BJT can be avoided if,

0P, 0P,
—£ < =2 (127)
oT, oT,
where, P is heat generated at the collector junction of the BJT.
0P, 1
= —£ < = (128)
oT; 0
Condition of Thermal stability of self-bias circuit
R, 3
R,
L
Fig.28 Circuit of CE configuration of BJT for thermal stability
Applying KVL in the collector circuit, we have,
Ve = Ve IR~ .+ I)R, (129)
Let, [+1, = 1. (130)
= VCE ® Vcc - ICRC - ICRE (131)
= VCE ® Vcc_ Ic (Rc + RE) (132)
Power generated at collector junction,
P. =V, (133)
For active region, Vo = V= Vae® Ve (134)
= P. = VL.

Putting expression of V , from equation (131) in above equation, we have,
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P, ~ Vo .~ I2(R_+R)) (135)

Condition for thermal stability of BJT,

0P. 1
—S <= (136)
oT, 0
0P, ol 1
0 —< = <= 137
' ( ol j ( oT, ] 0 (137)
The collector current increases with increase in temperature.
ol >0 (138)
oT

i
If collector current increases with temperature then heat generated at collector junction must decrease
with collector current for thermal stability of BJT.

Therefore, for thermal stability of BJT,

dP,
—£ <0 (139)
ol
0 2
= —— (Vecle = IcRe +Rg) <0 (140)
ol
= Ve 2ILR.+R) <0 (141)
V,
= o> — (142)

¢ 2R +Ryp)

Vee =V,
From equation (131), I. = < _CF (143)
(R¢ +Rg)
Putting above relation of I . in equation (7.132), we have,
VCC — VCE > VCC (144)
Re +Rg 2(R. +Ry)
V,
= Vcc_ VCE = % (143)
V,
N Vo < 2 (146)

Above equation gives the condition of thermal stability of BJT in common emitter configuration of
BIT. The relation given by equation (146) restricts the operating point of BJT in upper half of load
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line as shown in Fig.29.

Cl\

Vee
RC

hermally stable region
[ Q

1 2 ' CE

Thermally
stable

(193]

Fig.29 Location of operating point of BJT for thermal stability in CE configuration

It is observed from output characteristics and load line of CE configuration of BJT that the BJT is

thermally stable if its operating point lies in upper half of load line.

000
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0.1

0.2

0.3

GATE QUESTIONS

In the transistor circuit shown in figure below, collector-to-ground voltage is + 20 V. Which of the
following is the probable cause of error?

+20V
10k
+10V 47k
(a) Collector-emitter terminals shorted (b) Emitter to ground connection open
(c) 10 KQ resistor open (d) collector-base terminals shorted

GATE(EE/1994/1 M)
Consider the circuit shown in figure.If the B of the transistor is 30 and I, is 20 nA and the input voltage
is +5V, the transistor would be operating in

+12V

2.2KQ

(a) Saturation region (b) Active region
(c) Breakdown region (d) Cut-off region
GATE(EE/2006/2 M)

The transistor in the given circuit should always be in active region. Take V =02V, V, =07
V. The maximum value of R in Q which can be used, is

CE(sat)

GATE(EE-II/2014/1M)
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BJT Biasing
0.4 In the figure shown, the npn transistor acts as a switch
+5V

V. (0) 4.8 kQ
A
2V
+
V()
0 Viel> "
-l 5
t(in seconds) © 1

For the input V_(t) as shown in the figure, the transistor switches between the cut-off and saturation
regions of operation, when T is large. Assume collector-to-emitter voltage saturation Vg = 0-2V
and base-to-emitter voltage V. = 0.7V. The minimum value of the common-base current gain (a) of

the transistor for the switching should be .
GATE(EC-1/2017/2M)
0.5 A transistor amplifier circuit is shown in figure. The quescent collector current, rounded off to first
decimal, is
Vee=24V
4.7kQ
560 kQ C
VO
;. C
P B =100
! NV =07V
C=0.1 pF
(a) 2.6 mA (b) 2.3 mA
(c) 2.1 mA (d) 2.0 mA
GATE(IN/2003/2M)
0.6 The circuit using a BJT with B = 50 and V,, = 0.7V is shown in figure. The base current I, and
collector voltage V . are respectively
20V
430 kQ 2kQ
F—ov,
—)
10 puF
1 kQ 40 uF

1 -
-

(a) 43 pA and 11.4 Volts (b) 40 pA and 16 Volts
(d) 50 pA and 10 Volts

(c) 45 pAand 11 Volts
GATE(EC/2005/2M)
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Q.7  For the BJT circuit shown, assume that the B of the transistor is very large and V.= 0.7 V. The mode
of operation of the BJT is

10 kQ
M\
@X0%
2V 1 kQ
+
(a) Cutt-off (b) Saturation
(c¢) Normal active (d) Reverse active

GATE(EC/2007/2M)
0.8 Consider the circuit shown in the figure. Assume base-to- emitter voltage V.= 0.8 V and common
base current gain (o) of the transistor is unity.

+18V

|

2 44kQ

4kQ

2kQ

AAAA
VVVY

The value of the collector- to — emitter voltage V., (in volt) is

GATE(EC-II/2017/1M)
0.9  Forthe BJTQ, in the circuit shown below, B =00, V. =0.7 V. The switch is initially closed. At time
t =0, the switch is opened. The time t at which Q, leaves the active region is

(a) 10 ms
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(¢) 50 ms (d) 100 ms

GATE(EC/2011/2M)
Q.10 In the circuit shown below, the silicon npn transistor Q has a very high value of 8. The required value
of R, in k€ to produce I.= 1 mA is

(a) 20
(c) 40

GATE(EC/2013/2M)
Q.11  In the circuit shown below, V= 0.7 V.

The B of the transistor and V ., are, respectively.
(a) 19and 2.8 V (b) 19and 4.7V
(¢) 38and 2.8 V (d) 38and 4.7V

GATE(IN/2007/2M)

Q.12 Discrete transistors T, and T, having maximum collector current rating of 0.75 amps are connected
in parallel as shown in the figure. This combination is treated as a single transistor to carry a total

current of 1 ampere, when biased with self bias circuit. When the circuit is switched on, T, draws

0.55 amps and T, draws 0.45 amps. If the supply is kept on continuously, ultimately it is very likely
that

(a) Both T and T, set get damaged (b) Both T, and T, will be safe
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(c) T, will get damaged and T, will be safe (d) T, will damaged and T, will be safe.

GATE(EC/1991/2M)
Q.13  For good stabilised biasing of the transistor of the CE amplifier of figure we should have

a £<<1 b £>>1
(a) (b)
RB B
(c) &«MJ (d) £<<htL
RE RE

GATE(EC/1990/2M)
Q.14 Introducing a resistor in the emitter of a common amplifier stabilizes the dc operating point against
variations in

(a) only the temperature (b) only the  of the transistor
(c) both temperature and 3 (d) none of the above
GATE(EC/2000/1M)
Q.15 The common emitter forward current gain of the transistor shown is f=100.
+10V
1 kQ
270 kQ L KO

The transistor is operating in
(a) Saturation region (b) Cutoff region
(c) Reverse active region (d) Forward active region

GATE(EE/2007/1 M)
Q.16  Inthe BJT circuit shown, beta of the PNP transistor is 100. Assume V. =—0.7 V. The voltage across
R will be 5V when R, is kQ. (Round off to 2 decimal places.)
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12V

GATE/(EE/2021/1M)

aoa

www.digcademy.com CADEMY digcademy@gmail.com



BJT Biasing EDC & ANALOG ELECTRONICS
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ANSWERS & EXPLANATIONS

0.1 Ans.(b)

47K B
+10 Veo

Gro-und

If collector to ground voltage (i.e. V) is + 20 V then voltage drop across R.. is also zero. Voltage
drop across R can be zero only if collector current is zero. The collector current under the given
condition (i.e. V., =+ 20 V) can be zero only if either BJT is off or emitter terminal is open circuited.

0.2 Ans.(b)
V. =+12V

R=2.2kQ

Vigg=—12V
Above circuit can be redrawn as under,
V. =+12V
R =2.2kQ
IC

T
where,
VvV, = R, xV, — R, X Vg = 100 x5— 15 x12
® R, +R, R, +R, 100 +15 100 +15
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0.3

_ %y
23

100x15 1500 300

and y = = = kQ
' 100+15 115 23

Applying KVL in base circuit, we have,

Vth o Rth IB _VBE =0
- 2390, 07 <0

23 23
64-0.7x23
= I, = "% =159.67 uA
300

= I, =160 pA

Let BJT is operating in active region. Then collector current,

IC :BIB+(1+B)ICBO
Given, B= 30,1... =20nA

> “CBO

= 1. =30x160x 107 +(1+30)x 20 x 10°mA

C

4.8 mA

Q

= L.

Applying KVL in collector circuit, we have,
Vee— IR =V, =0

= 12-48%x22-V_, =0

= Vi, = 144V

Voltage V , at saturation, V, _ =0.2

BJT operates in active region when V. >V,

So, transistor in given circuit operates in active region.

Ans. (22 to 23)
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Given, Vg = 0.7V
= 0.2V
Applying KVL in base circuit gives,
5-21,-07 =0

5-0.7
= [, = ——=2.15mA
B 2k

VCE(sat)

Let BJT is operating in saturation region.

Applying KVL in the collector circuit gives,

5 - RC IC,sat - VCE(sat) = 0
5-Vepay 5-0.2
N I = CE(sat) _
- Rc Rc
For active region,
I
IB < C,sat
p
5-0.2
= 2.15x 1073 <
PR,
Given, B =100
4.8
= R. < -
2.15x107 %100
= R. < 22320
Therefore, maximum value of R . for active region,
R. = 22.32Q
0.4 Ans. : 0.89 to 0.91
‘k Vin(t)
2V
— T
>t

From base circuit,

www.digcademy.com

[202]

digcademy@gmail.com



BJT Biasing EDC & ANALOG ELECTRONICS [203]
V. 12k xI -V, =0

— I — in BE
B 12k
when BJT is ON, V. =2V
2-0.7
= I = =0.108mA
B 12k

Collect current,

o= 2 Ve 3702y,
ot 4.8k 4.8k

Minimum base current required for switching of BJT from cut-off to saturation state,

I

IB > C,sat
= 0.108 > 1
' p

0.108

Relation between a & B is given by,

= o > 0.902

Therefore, minimum value of o should be
a . = 0.902

mi

0.5 Ans.(b)
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Applying KVL, in base circuit, we have,
Vee =t R~ LR, =V, =0

For active region,

I. =BI,
= Vee = Ve = B I, R+ R,
— L = Vee = Vi

B (1+B)R. +R,

Given,
V=24V, R =4.7kQ, R, =560kQ, B=100, V, = 0.7V.

— L = ﬂzzz.sz LA
B 101x4.7+560

So, the collector current, I, = BI, =100 x22.52 pA =2.252 mA

0.6 Ans.(b)

40 uF

T .
T

The coupling capacitor behaves like open circuit for dc biasing signals.

Apply KVL in base region, we get,
Vcc a IBRB B VBE o IERE =0
VCC a IBRB B VBE a (1+B)IBRE =0
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= 20-0.7 = 430x [,+(50 + I)x I,x 1
= 19.3 = (430 + 51
= I, = D3 mA =40 pA

481
Collector current, I. = BI,=50x40 pA=2 mA
Collector voltage, Vo = V1R, =20-4=16V

0.7  Ans.(b)

10 kQ

2@

-
Appying KVL in base circuit,
2-V,, =1Ix1, L. @)
. 1
Emitter current, I =1.+I,=1 [1 +Ej
. 1
When, B is large, 1+E ~1
L~ L. (i1)
Putting above relation in (i), we have,
2-V, =1,
= I. =2-07=13mA

Applying KVL in collector circuit,
10-1.x10-V_ —1xI =0
Using relation of (ii), in above equation, we have,
Vg = 10-111.=10-11x1.3=-43V

Vs = Vep = Vpane =43 =07 =-5V

BE,active

Negative value of 'V, represents forward biased collector junction. Since V , is negative, therefore,
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the transistor must be operating in saturation region.

0.8 Ans.:55t06.5

V=18V

Given, V.. =

current gain, B = =00

Replacing potential divider in base circuit by its Thevenin is equivalent, the circuit can be drawn as
under,
V. =18V

The value of V and R are given as,

R
v - : v, =—0 g -4V
® ~ R +R, 44+16

and R = R 16x44 ) oa

™ R,+R, 16+44

KVL in base circuit gives,
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0.9

Vth - IB Rth o VBE - RE (IB + IC) =0

48 -1, x11.73-0.8 - 2k(I, + 1) =0
= 11731, +2k (I, +1)=4
Relation between I. & I is given by

I. 1

[ =-£=X=0
B B ©
11.73 x0+2k (0 +1) =4
= IC = 2mA
Emitter current, I[[ =L+1.=0+1.=1.=2mA

Applying KVL in collector circuit gives,
VCC_IC RC_VCE_REIE =0

= 18-2x4-V_ -2%x2 =0

= Ve, = 6V

Ans.(c)

Case-I :- When switch S is closed

(207]

When the switch S is closed the voltage at collector terminal is zero. The collector junction is reverse
biased and emitter junction is forward biased and BJT operates in active region.

Applying KVL in the base circuit, we have,
V-V, -V, =0
= -5-07-V, =0
= vV, =57V
The emitter current can be given by,
_ Vg —(-10) _ -57+10 _

I
E R, 43

1 mA

Voltage of capacitor, V_ =0V
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Case-II :- When switch S is opened at t =0
Applying KVL on load side,
+ V.-V, ,-LR -V, =0
V.-V, ,—-43+10
At saturation, V=02V
V. =-10+43+0.7=-5.5V

C

Applying KCL at collector terminal, we have,
I = 1.+
Current through capacitor, . = I~ 1,

For large value of transistor gain b, the emitter current is approximately same as collector current.

C

I
1= IE—IBzIE—FCzIE =1 mA

= 1 =05mA-1
= [[ =-0.5mA
Current through capacitor,
dV.
lo = C5=1
1 T
= Ve = G ! 1, dt

Let T is period required to drive transistor from active to saturation. The voltage of the capacitor is
appears at collector terminal. When this voltage becomes equal to the base voltage the BJT operation
changes from active to saturation. So, operation of given BJT changes from active region to saturation
when the capacitor voltage becomes equal to —5V.

1 T
= 5 = —0.5x107)dt
5x107° l( )
5x5x107°
= T="——5 =50ms
0.5%10

0.10 Ans.(c)
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Given, I.
Base current, 1

0.11

EDC & ANALOG ELECTRONICS

V=3V

when J is very high I is negligible

Emitter current,

IE
IE
Voltage at base terminal,
VB
= Vi
= \Y

L+~

1 mA

VBE + IERE
0.7 + 1x10° x 500
12V

If base current is negligible then,

VB
= 1.2
= 1.8 R,
= R

Ans.(a)

www.digcademy.com

~

R2
—_—FX
60x10° +R,

VC C

_ R 3
60x10° +R,
1.2 % 60 x 10°

%><60><103 =40 kQ

[209]
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V=10V

From above circuit,

Voltage across the emitter resistance,
. V., =V,-V_,=6-07=53V
Emitter current,

be Yl 5 s oma
R, 530

Collector current,
I. =1 -1,=10-0.5=9.5mA

C
DC current gain of transistor,

I. 95
B = ==

19

“c
I, 05

Voltage at collector terminal,
Vo =V, —IR.=10-95x02= 81V
Voltage, Vg = Ve-V,=81 -53=238

0.12 Ans.(c)

When collector current in T, is more than that of T, the heat dissipation at collector junction is
more in T, than T,. So, the temperature rise at collector of T, is more than that of T,. Higher heat
dissipation at collector junction of T, results in generation of more number of electron hole pairs at
collector junction of T, and hence collector current in T, is further increased and collector current
in T, is decreased because the total current through both transistor is constant at 1 mA. This effect
becomes cummulative. At one stage the current in T, increases beyond maximum limit resulting
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in damage of collector junction of T,. Therefore, negative temperature co-efficient of BJT makes it
unsuitable for parallel operation.

0.13  Ans.(b)

The stability factor of above circuit is given by,

(1+,8)[1+§3j

E

RB
(,B+1)+R—

E

For good stabilizing circuit stability factor should be independent of a § for which

0.14 Ans.(c)

<<1

>>1

Introducing a resistor in the emitter of a common amplifier stabilizes the dc operating point against
variations in both temperature and f.

Q.15 The common emitter forward current gain of the transistor shown is f=100.

The transistor is operating in
(a) Saturation region

(c) Reverse active region

0.15 Ans.(d)

www.digcademy.com

+10V

1 kQ

270 kQ L KO

(b) Cutoff region
(d) Forward active region
GATE(EE/2007/1 M)
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V= +10V

Applying KVL in base circuit,
VEE - IERE a VEB - IBRB =0
= V- (IR, -V —LR =0
Let BJT operates in active mode with I, = BI, then
V.- B+DHILR -V ~-[LR,=0
— IB - Vee — Vis
Ry +(1+PB)R,
For pnp transistor,
V., =07V

EB
10-0.7
= I =
B 270+ (1+100)x1

= I, =25pA
Collector current,
I. = BI, =100 x 25 pA

= I[. =25mA
Applying KVL in collector circuit,
V-0 +I)R IR -V, =0
= V.=V, ,-(1+BLR —-I.R,
= V= 10-101 x25x10°x1-25x1
= Voo = 4975
Voltage across collector junction,

Voo = Vo, — V.. =0.7-4.975=-4275

Negative value of V. for pnp transistor indicates that collector junction is reverse biased. So, BJT in
given circuit operate in forward active mode as emitter junction is already forward biased.

Note : V, and V. are negative for PNP and positive for NPN transistors whereas V_,and V. are

www.digcademy.com CADEMY digcademy@gmail.com



BJT Biasing EDC & ANALOG ELECTRONICS [213]

positive for PNP and negative for NPN transistors.

Q.16  Inthe BJT circuit shown, beta of the PNP transistor is 100. Assume V. =~ 0.7 V. The voltage across
R.will be 5V when R, is kQ. (Round off to 2 decimal places.)

R, % R, > 1.2kQ
4.7kQ

R, % ReZ 33k

12V

GATE/(EE/2021/1M)
0.16 Ans.(16.70 to 17.70)

The potential divider can be replaced by ifs. Thevenin’s equivalent, the circuit becomes as under,

R, 1.2kQ
Ve |
R, — v
NN p—
4—
I Ve
Vo —
T R¢ 3.3kQ
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R.R
Here, R, = R/[|R,=—"—
R, +R,
4.7R,
= R, = —— 2
‘ 47+R,
R
and V. = 2 = 2__x12V
®  R,+R, +R,
Given, voltage across R ,,
V. =5V
Vo S
Collector current, I. = —=——mA=15ImA
R, 33
I 5 1
Base current, [, = S=-—x—mA
B 3.3 100
= I, = 1515 pA
1+ 1+100 5
Emitter current, I, = BXIC = X—mA
B 100 3.3
= I. = 1.53mA

Applying KVL in base emitter circuit, we have,
12-12L+V, - I,R -V, =0
12-1.2x1.53-0.7-15.15x10°R =V,

-3
- R, <12 — _15.15><10 X4'7R2+9.464
R, +4.7 R, +4.7
= 12R, = -0.071 R, +9.464 (R, +4.7)
9.464x4.7
= R2 = -
12+0.071-9.454
= R, = 17.06 kQ
00
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3.1 Concept of Q-point and load line

Consider a enhancement MOSFET biasing circuit shown in Fig.1. In the amplifier circuit shown
in Fig.1, the capacitors C,and C_are called input and output coupling capacitors, respectively. The
coupling capacitors are used to block DC biasing signals from AC input and output signals of the
amplifier. The coupling capacitors are replaced by open circuit for DC analysis and by short circuit
for small signal AC analysis. Therefore, the coupling capacitors will not be shown in remaining part
of this chapter for DC analysis. If only DC biasing signals are considered then the KVL in collector
circuit can be written as,

Voo = LRV (D)
Voo =V,
= I, = DD DS )
Rp
1 V
= I = ——V, +—2 3
D RD DS RD ( )

Above equation represents a straight line on drain characteristics of enhancement MOSFET with

VDD

. 1 : .
slope of line equal to R and intercept on I -axis at
D D

and intercept on V _ -axis at V as

shown in Fig. 2. The straight line represented by above equation is called as DC load line of the
amplifier circuit.

Fig. 1 MOSFET amplifier with fixed bais
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A MOSFET has very high input resistance due to oxide layer, therefore, the gate currentin MOSFET

1S zero.
S I, =0
Then gate to source voltage is same as DC biasing voltage in gate circuit as under,
VGS - VGG “4)

The DC load line of MOSFET DC bias circuit along with drain characteristics and operating point
are shown in Fig. 2.

Operating Point
The intersection of DC load line with drain characteristics corresponding to input gate to source
voltage of the circuit is called the operating point or Q- point of the amplifier. The operating point is

denoted by co-ordinates (V ., I;,,) on the output characteristics as shown in Fig.2.

Saturation region
I, A

Ohmic
or
Triode region

Lo F277

Cut off region

Fig.2 DC load line and drain characteristics of the MOSFET amplier circuit

3.2 Concept of Biasing of MOSFET

The biasing of a MOSFET involves establishing operating point or Q-point in desired region of
operation i.e. saturation , cut-off or ohm regions. For amplifier applications the operating point should
be located in saturation region and for switching applications the operating point shifts between
ohmic and cut-off regions. The location of Q-point and various regions of operation of MOSFET
amplifier are shown in Fig. 2. If drain voltage in amplifier circuit of Fig. 1 is taken as output voltage
and gate to source voltage as input voltage then the output voltage of the circuit can be given by,
Vis = Vop — IRy, ®)]

The voltage transfer characteristics showing operation of MOSFET as an amplifier biased at operating
point Q can be drawn as shown in Fig. 3. It is observed that the voltage transfer characteristics are

almost linear for small variations of input voltage near Q-point in saturation region of operation.
Therefore, MOSFET can be used as a linear voltage amplifier in saturation region of operation.
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Vis A

cutoff] saturation} triode or ohmic
[ - - b= Pl

DSQ

<
|
i
|
| i
|
1
|
o

P

Voss= VUSQ7 Vif----

>

GSB VGS

-|< -
< -
2

< -

Fig.3 Voltage transfer characteristics of MOSFET amplifier circuit

Saturation region

A MOSFET works in saturation region when V. > V_and V >V . — V.. The drain current is
non-linear function of gate to source input voltage in saturation region. The MOSFET works like a
transconductance amplifier in saturation region of operation.

The drain current of enhancement type MOSFET in saturation region is given by,

1,C, W
= =50 Ve = V)" =KVgs =V ©)
_ MHCOXW — k_nE
where K = oL 2L
and k = unCOX

The parameters K & k are sometimes called as transconductance parameters. These are measured in
HA/V? .

If channel modulation effect is neglected then the drain current is independent of drain to source
voltage in saturation region. However, MOSFET can be used a linear voltage amplifier in saturation
region of operation for small signal variations.

Triode or Ohmic region:

A MOSFET work in ohmic region when V >V and V <V . — V_. The drain current is ohmic
region is function of both gate to source and drain to source voltage. The MOSFET works like closed
switch offering a finite resistance in ohmic region of operation.

The drain current of enhancement type MOSFET in ohmic region is given by,

[
Il

K[2(Vy— V)V oV, ] (7

anoxw _ kn E
2L 2 L
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Cut-off region

A MOSFET work in cut off region when V< V_and V=V . The drain current is ohmic region
is zero and the MOSFET works like an open switch cutoff region of operation.

Note: i. The drain current of N-MOSFET (or NMOS) flows from drain to source and it is represented
by I, or I, The drain current of P-MOSFET (or PMOS) flows form source to drain and it is

represented by I, or I,. The expression of drain currents of P-MOSFET are given by,
n,C, W ) . .
I, = T(VSG_ | Vi ; For saturation region (®)
C,W Vi
_ Ex [(Vag—| Vi )Vyp — SD_] ; For ohmic region )

ii. The voltages V., V, . and V_are positive for N-MOSFET and negative for a P-MOSFET . The
voltages V., V, are negative for N-MOSFET and postive for a P-MOSFET.

iii. A P-MOSFET works
a. In cutoff region when V. < V.| or V >V,
b. In saturation region when V. > |V | and V> (V. — |V, |) orV <V, andV <V —V.)

c. In ohmic region when V. > |V | and Vo, < (V. — |V, |) orV <V, andV >V —V,.

3.3 Biasing Circuits of MOSFET

3.3.1 Biasing of N-MOSFET By Fixing Voltage V__
The biasing of an enhancement type N-MOSFET by fixing voltage V  is shown in Fig. 4. This
circuit has separate arrangement for base and collector circuit.

Vo
R,
I, pl¥h
—> G =+
Vv
N v DS
\% GG VGS S

Fig. 4 Biasing of Enhancement MOSFET by Fixing V ¢
The gate terminal of MOSFET is isolated from channel by oxide layer so current in gate terminal is
Zero.

I.=0

o G
From above circuit, Vi = Vo (10)

Applying KVL in the drain circuit, we have,
VDD_ ID RD _VDS =0
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MOSFET & JFET Biasing
(11)

= VDS = VDD o ID RD

The drain current for saturation region is given by,

I — “ncoxw V *V 2 12
51 VeV (12)

D 2L
p’nCOXW
= Voo = V- T(VGS -V,)’R, (13)

Example 1
For the MOSFET M, shown in the figure, assume W/L =2,V =20V, p C = 100uA/V* and

V. = 0.5 V. The transistor M, switches from saturation region to linear region when V. (in volts)

1S

GATE(EC-III/2014/2 M)

Solution : Ans.(1.4 to 1.6) TVD"

+
Vin ._l VDS

+
VGS —

Y

w
— =2,V =2V,pC,=100 pA/V?,V_ =0.5

Given,
L
Drain current for saturation region is given by
1 W 2
ID = Euncox .T(VGS _VTH)

From gate circuit,
Vi =V, -0=V,_

GS in
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P
Il

%xlOOxloﬁ x2(V, —0.5)°

= I, = 10%(V,_—-0.5)
Applying KVLin the drain circuit,

Voo~ ,LR=V, =0

= V=V, -LR
= Vi = 2- 104V, —0.5)x10x10°
= Vi = 2-(V, 0.5y (i)

MOSFET operation changes from the saturation region to linear region at,
Vs = VGS ~Viu

DS
= Vs =V, - V=V, -05 ....(i1)
From (i) and (ii), we have,
2—-(V, -05)7 =V -05
= V. ?-225=0

= V. =15V

3.3.2 Biasing of N-MOSFET with Potential Divider
Fig.5 shows the biasing of enhancement n-channel MOSFET using a potential divider bias. The
potential divider provides a fixed biasing voltage at gate terminal of the MOSFET.

+VDD +VDD

(a) Potential divider bias circuit (b) Equivalent circuit of potential divider
Fig. 5 Biasing of Enhancement MOSFET with potential divider bias

The Thevenin’s equivalent voltage and resistance of potential divider are given by,

R
V., = .V, 14
TH R1+R2 DD ( )
R, = BB (15)
T R, +R,

www.digcademy.com CADEMY digcademy@gmail.com



MOSFET & JFET Biasing EDC & ANALOG ELECTRONICS [221]
The gate current of MOSFET is zero. Therefore, voltage at gate can be given as,

R

V. =V, = 2.V, 16
G G R, +R, DD (16)
From the gate circuit, V., = V -1 R (17)
Applying KVL in drain circuit, we have,
VDDiIDRDivDsilD RS =0
= Vs = VI, R, +R) (18)

The drain current in above equation can be replaced by expression given by equation (6).

Example 2
For the circuit shown, assume that the NMOS transistor is in saturation. Its threshold voltage V=

W
1V and its transconductance parameter p,C (fj =1mA / V*. Neglect channel length modulation

and body bias effects. Under these conditions, the drain current I | in mA is

o V,, =8V

AAAA

GATE(EC-1/2017/2 M)
Solution:Ans. ( 1.9 to 2.1)

<

@)
AN
VWv

=

5
a-AAAA

<40
y

SMQ

A
VVVy
Ve
—

5

AAAA

VWY
2]
=
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The potential divider of circuit can be replaced by its Thevenin’s equivalent as under,

vo= Ry o0 Lgosy
®  R,+R, 345

R RR, _3x5_15,
®  R,+R 3+5 8

The circuit can be redrawn as under

V,, =8V
1kQs R,
I;
Rm > G D¢ ID
15 +
Moy ¢ I,
sv _I_ v, 1kQS R,
Gate current is zero for MOSFET.
o I, =0
Applying KVL in gate circuit, we have,
Vth_VGS_IDRs =0
= VGS = Vth - ID Rs
= Vo =5-1x1000,;,; (1)

The drain current of MOSFET for saturation region is given by,

1 W

2 ..
ID = E“’ncoxf(VGS_VT) ..... (11)
. 1, Co W
Given, -1 = ImA/V?, V. =V _=1V
. 1 -3 2
= I, = 5%107 (Vs =)

Putting expression of V _, from (i) in above equation, we have,

[ = %x103(5—1o31D —1)’

D

If drain current is taken in mA then above equation can be modified as,

1 2
I, = 561, =1
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= 1,2-101, +16 =0
= I, = 2mA & 8 mA

If drain current [ is 8 mA then voltage gate to source voltage V . becomes —3 V. In that case the
MOSFET will not operate in saturation region.

I, = 2mA

3.3.3 Biasing of N-MOSFET with Feedback Configuration
Fig.6 shows the biasing arrangement of enhancement n-channel MOSFET using a feedback from
drain terminal of the MOSFET.

Fig. 6 Biasing of Enhancement N-MOSFET with drain feedback bias

The gate current in MOSFET is zero, therefore, the voltage drop across the feedback resistor R, is
zero and voltage at gate terminal is same as the voltage at drain terminal. Thus the circuit can also be
drawn by replacing resistor R ; by short circuit as shown in Fig.7

Fig. 7 Equivalent circuit of drain feedback bias
From gate circuit of Fig. 7, we have,
vV, =V, (19)
Vas = Vs (20)
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IfV =V then V >V _ —V_ and MOSFET works in saturation region.
Applying KVL in the drain circuit, we have,
VDD_ ID RD _VDS =0

= VDs = VDD - ID RD (21)
From equations (20) and (21), we have,
Vas = Voo~ LRy (21a)

The drain current in above equation can be replaced by expression given by equation (6).

Example 3
For the n-channel MOS transistor shown in the figure, the threshold voltage V., is 0.8 V. Neglect

channel length modulation effects. When the drain voltage V= 1.6 V, the drain current [ | was found
to be 0.5 mA. If V| is adjusted to be 2V by changing the values of R and V. the new value of I | (in

mA) is
+VDD
R
D
G
S
(a) 0.625 (b) 0.75
(c) 1.125 (d) 1.5
GATE(EC-I1/2014/2M)
Solution : Ans.(c)
I+VDD
I{E R
D
YI,
+
G[—)—l - YDS
¢+
VGS_ *S

From above circuit, Vs = Vs =V,

e Vs > Vs =V
MOSFET Operates in saturation region when V_ >V . —V_.
The drain current for saturation region is given by,

k W , .
L = 57 (Ve V' =K (Vg = Vi)
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Case-I when V, =V =V _ = 1.6V

I, = 0.5mA
0.5x 107 = K(1.6 — 0.8)*
= 0.5 x107
0.64

Case-Il when V = Vs = Vs =2V
0.5x107

= = (2-08)
D 064 )

= I, =1.125 mA

3.3.4 Biasing of N-MOSFET with Two Power Supplies

Fig.8 shows the biasing of enhancement n-channel MOSFET using separate power supplies for drain
and source terminal.

+VDD
R,
I
I,=0 D * K
o +
VDS
G + _
Vs S
|
R, -Loyb
R
_Vss

Fig. 8 Biasing of Enhancement N-MOSFET with drain feedback bias

The gate current in MOSFET is zero, therefore, the voltage drop across the resistor R, is zero. So,
the source current is also same as the drain current. Applying KVL in the gate circuit, we have,
-V LR A+V =0 (22)
Vs = Vs~ I Ry (23)
Applying KVL in the drain circuit, we have,
VDDi ID RD 7VDS - ID Rs =0
= Vs = Vi, — I, R,2+RY) (24)

The drain current in above equation can be replaced by expression given by equation (6).

3.3.5 Biasing of N-MOSFET with a Constant Current Source

The biasing of a enhancement type n-channel MOSFET with a constant current source series with
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source terminal is shown in Fig.9.

+VDD
R,
v =1
I,=0 D
S +
VDS
G + _
Vs S
R (V)1
_Vss

Fig. 9 Biasing of enhancement MOSFET with drain feedback bias

The constant current source is implemented using a current mirror circuit which will be discussed
latter in compound circuits.

3.3.6 Biasing of P-MOSFET

N-MOSFET is preferred over the P-MOSFET due to its better frequency response of on account
higher mobility of electrons. However, a simple biasing circuit of a P-MOSFET has been discussed
in this topic to make better understanding of biasing of P-MOSFET. Fig.10 shows the biasing of

enhancement p-channel MOSFET by connecting biasing voltage at the source terminal.

+VSS
+
VSG S +
VSD
G _
D * I,
R,

Fig. 10 Biasing of Enahancement P-MOSFET

The gate current in MOSFET is zero. So, the source current is also same as the drain current.

From above circuit, Vi = V0= Vg

Applying KVL in the drain circuit, we have,
Vss 7VSD7 ID RD =0
= V. = V.- R

SD SS D™D

Example 4
The value of R for which the PMOS transistor in figure will be biased in linear region is

(25)

(26)
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(227]
T+4V

_L_| V,=-1V

) R l I mA

(a) 220Q (b) 470

(c) 680Q (d) 1200 Q
GATE(EE/2004 /2 M)

Solution: Ans.(d) AV
S

_ES}—I VT: -1V

From above circuit,

D D
Also, Vo = V-V, =4-R . ()
Vi = V-V, =4-0= 4V ....(ii)
A PMOS is biased in linear region, when,
Vo SV~ IV .(iii)
Threshold voltage V. is negative for PMOS.
Given, v,=-1. L. (iv)
Putting value of V,, V. and V_ from (i), (i1) and (iv) in equation (iii), we have,
4-R <4-|-1]
= 4-R < 3
= R > 4-3
= R > 1kQ

Among the given options R = 1200 Q2 satisfies the above condition.

Example 5

The PMOSFET circuit shown in the figure has V., =-1.4 V, K, =25 uA/V>, L =2 pm, A = 0. If I
=—0.1 mA and V_ =-2.4V then the width of channel W and R are respectively.
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o +t9V
(a) 16 pm and 66 kQ (b) 18 um and 33 kQ
(¢) 16 um and 33 kQ (d) 18 um and 66 kQ

IES(E&T,16)
Solution: Ans.(a)

V= +9V

The voltages V
PMOSFET .

When the drain terminal of MOSFET is shorted with gate terminal the MOSFET works in saturation

region. The drain current of PMOSFET for saturation region is can be given by,
1 W 2
ISD = EKp T(VSG_|VTP |)

Vs and current I  are negative and V, V. and current I are positive for a

DS’ SD?

Given, V,=-1.4 V,K, =25 pA/V>,L=2 um, A = 0,1 =—0.1 mAand V  =-2.4V
The source to drain voltage, Vo = -V = —~(-2.4)V =24V

The source to drain current, [, =—1 = —(-0.1) mA = 0.1 mA

Since drain is shorted with gate terminal,

Vi =V, = 24V
Putting above values in expression of drain current, we have,

-6
0.1x10° = 22107 W _(2.4-1.4)
2 2x10~
- W = 16 um

Voltage at drain terminal, V =V -V =9-24=66V
Voltage at drain terminal is related to source to drain current as under,
vV, = Rl

=N 6.6 = R(0.1x 10°)
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R = 66 kQ
3.3.7 Examples on Biasing of Combination of MOSFET's

[229]

Example 6

Both transistors T1 and T2 shown in the figure, have a threshold voltage of 1 Volts. The device

Parameters K, and K, of T1 and T2 are, respectively, 36 pA/V> and 9 pA/V?. The output voltage V
is

o5V
—| 0TI
_>
I
Vo
—| T2

g

(a)1V

b2V
)3V (d4avVv
GATE(EC/2005/2M)
Solution : Ans.(c) v
+
VDSI Tl
+ z
VGSl
_ 1_0 Vv,
+
; - stz T,
VGSZ
For both MOSFETs, V. =V
So, Vs > Vi Vi

When V> (V—V,) MOSFET Work in saturation region. The drain current for saturation
region as

I, = K(V, V)
Where K is parameter of MOSFET.
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As both MOSFET are connected in series, therefore,

A

= KI(VGSI_ VTI y= KI(VGSZ n VTz)2
Given, K, =36 A V2, K,=9 uA/V?, V,=V,=1V
Also from given circuit,

VGS] - VDS =5 7Vo

Vosr = Vo =V
= 36(5-V,-1 Y =9 v, -1y
= 24-V) =V, -1
= vV, =3V

0
Example 7

In the circuit shown below, for the MOS transistors, p C, = 100 uA/V?* and the threshold voltage V.
is 1 V. The voltage V., at the source of the upper transistor is

(@ 1V (b) 2V
() 3V (d) 3.67V
GATE(EC/2011/2M)

Solution : Ans.(c)

VX
+
Q, Vs = Vs

+ p—
VGSZ —_ |

MOSFET Q1:
VDS] = 6_VX;VG51:5_VX
VGS1 —VT =5—Vx— 1 =4—Vx
= VDS] > VGS] _VT
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MOSFET operates in saturation when V>V _ -V

So, MOSFET Q), is operating in saturation region with drain current,

T

kW
IDl = T(VGSI _VT)2
C
where, K = Hoox
2
. _ , W B
Given, unCOX =100 pA/V?, T =4, \ 1V
100
I, = TX4 (Vs — 1) pA
= I, =50><4(57fol)2
= I, = 200 (4 — V., P A (1)
MOSFET Qz:

N4 = VGSZ :Vx ;

DS2

VGSZ_VT = Vx_1

= VDsz > VGsz -V,
So, MOSFET Q, is also operating in saturation region with drain current,
kW
Y S — (VGSZ - VT)2
W
For MOSFET Q,, T - 1
= I, =50x1(V —1)
As both MOSFETS are in series, therefore,
IDl = ID2
= 200 (4-V )* =50(V -1y
= 2(4-V) =V —1
= 3v. =9
= V. =3V

X

Example 8

1 W
For the MOSFETs shown in the figure, the threshold voltage [V |=2 V and k = 5 nC,, (fj =0.1

mA/V?. The value of I (in mA) is
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Vie=+12V

R,
210 kQ

11,

GATE(EC-1I/2014/2 M)
Solution : Ans.(0.88 to 0.92)

<

SR=-10k) ¢S

AAA,

Q
A

Ioz +
VGSZ —
= S
V¢ =-5V
For MOSFETs, I, =0andI_ =0
Voltage at gate of NMOS,
Vi = 0-(-5)=5V

For above circuit, the drain current is same for both NMOS & PMOS. The drain current for NMOS
can be given as,

l’lnCoxW 2
ID = oL (VGSZ_Vt)
. 1,Co W
Given, —F— =0.1mA/V?* &V =2V
2L !
= I, = 0.1 X107 (5-2)*=0.9 mA
Example 9

In the circuit shown, both the enhancement mode NMOS transistors have the following characteristics:

k,=nu,C, (—j =1—; V__ = 1V. Assume that the channel length modulation parameter A is zero
n L V ™

and body is shorted to source. The minimum supply voltage V  (in volts) needed to ensure that

www.digcademy.com CADEMY digcademy@gmail.com



MOSFET & JFET Biasing EDC & ANALOG ELECTRONICS [233]

transistor M, operates in saturation mode of operation is
Vbp

2V M;
T

GATE(EC-III/2015/2 M)
Solution : Ans. (2.9 to 3.1)

+VDD
Y In
I +
_g_l MZ VDSZ
+ > _
VGSZ - Y ID1 = IDZ
Lo, *
2Vo—>—| ~ M, Ve
+ > —
VGS] —

Minimum drain to source voltage required for operating a NMOSFET in saturation region is given,

by,
Vos = Vas— Vi
Given, V. = 1V for both MOSFETs
For MOSFET M, Vosi = Vea = Vin
From given circuit, Ve =2-0=2V

= V., =2-1=1V

DS1

Applying KVL in drain circuit of both MOSFETs we have,
VDD_ VDSZ o VDSI =0

= VDsz = VDD - VDSI - VDD -1
Since drain of M, is shorted with gate terminal, therefore,
VGSZ = VDSZ
= VGsz = VDD - VDSl = VDD -1
The drain current of a MOSFET for saturation region is given by
1 \Y 2
I, = E'anox 'T(VGS _VTN)
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Gate current for MOSFETs, I, =0
If both MOSFETs work in saturation region then

L, =1,=1,

1 w 2 1 w 2
= Euncox T(VGm _VTN) = Euncox T(VGsz _VTN)
= VGSl - VTN = VGsz - VTN
= 2-1 =(V,,-D-1
= V.. =3V

DD

3.4 Biasing Circuits of JFET
The concept of operating point and load line of JFET is exactly similar to that of a MOSFET amplifier
circuit. The gate current of JFET is also zero and the drain current is given by,

2

V

I, = IDSS( _%} (27)
P

When V, is pinch of voltage of JFET and I is drain current when gate terminal is shorted with
source terminal i.e. V= 0.

3.4.1Fixed Bias Configuration of JFET
The source terminal is directly connected to ground in a fixed bias circuit. Fig. 11 shows the fixed

biased circuit of n-channel JFET. v

Fig. 11 Fixed biased circuit of n-channel JFET

The gate current in JFET is assumed to zero. Therefore, the voltage drop across the resistance R, is

ZEerO0.
Vs = Vo (28)

G

Applying KVL in collector circuit, we have,
VDD_ID RD_VDS =0
= Vs = V-1, R (29)

D™D
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Putting expression of V ¢ from equation (26) the drain current of JFET in fixed bias circuit becomes,

2 2
v, V,
= I, = IDSS(l—ﬁj =IDSS[1+ VGGJ (30)

P P

3.4.2 Self Bias Configuration of JFET

A self biased circuit if JFET consists of a resistance in series with the source terminal of JFET. This
resistance provides a negative feedback in the input gate circuit of the amplifier.

+VDD
R,
=0 Dtyh
+
G Vis
B .
Vi S¢ ¥ D
R, R

Fig. 12 Self biased circuit of n-channel JFET

Voltage at source terminal,
V. = RI (31)

S s D

Gate to source voltage,
Vi = V-V =V, -RI (32)

GS
Since gate current of JFET is zero, so, voltage drop across R is zero. Then the voltage at gate

terminal is also zero.

V. =0

G
= Vs = —RJ, (33)
Applying KVL in drain circuit, we have,
VDD - IDRD - VDS o IDRS =0
= Vs = Vo — LR, Ry (34)
By putting the expression of V ¢ from equation (33) in equation (27), the drain current of JEFT

becomes as,
2 2
V. (_IDRS)
I, = Ipss (I_V_GPSJ =Ipgs [I_V—p (35)
IDI{S ’
= I, = Ings| I+ v (36)
P

Above equation can be solved for obtaining the drain current, I of the JFET.
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Example 10
The JFET in the circuit shown in figure has an I =10 mA and V= -5 V. The value of the
resistance R_for a drain current I = 6.4 mA is (select the nearest value)

+
=10V
(a) 150 ohms (b) 470 ohms
(c) 560 ohms (d) 1 kilo ohm.
GATE(EC/1992/2M)
Solution : Ans.(a)
+
=10V

Given, [ = 10mAV,=-5V, [ =64mA
The drain current of JFET is given by,

2

V,
I. =1 -
DS DSS|: Vt :|

V 2
= 6.4x107° = 10><10'3{1——C‘53}
= 1—h = /0.64

(=5
v,
= SGS =08-1=-02V
= Vi = -1V
From gate - source circuit,
Vi TR, =0
= Vi = — IR
-1.0 10000 1250

= R = = —_—

x1000QQ = —— =156.25Q
4 64 8

S

So, nearest value of R_is 150 Q. .
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3.4.3 Potential Divider Bias Configuration of JFET
The potential divider bias configuration of JFET is shown in Fig. 13. The potential divider is used to
supply bias voltage to the gate terminal of the JFET.

Fig. 13 Potential divider bais configuration of n-channel JFET

Voltage at source terminal,

Vo = RI; (37)
Since the gate current of JFET is zero, therefore, the voltage at the gate terminal can be given obtained
by applying voltage divider rules as under,

R
v, = 2.V, 38
G R] + R2 DD ( )
Gate to source voltage,
Vs = Vo= Vs= Vo~ Ry (39)

Applying KVL in drain circuit, we have,
VDDiIDRDivDsiIDRS =0
= Voo = V-1, R, +RY) (40)

Note : i. The biasing circuits of depletion type n-channel MOSFET are similar to JFET and the drain current
is given by

2
V.
Ig = Ipgs {l_f} (41)

t

Where V is the pinch off voltage or threshold voltage and 1, is drain current when drain is shorted
with the source terminal of MOSFET.
ii. The current I, for depletion type n-channel MOSFET is given by,
_ Mncox W 2
bss =75 L
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Example 11
For the circuit shown in figure Iso (in mA) and Viso (in V) are related through ZIDSQ =@4+ VGSQ)Z.
The following data is given: V =15 V,R =1.0 MQ, R, = 6.5 MQ, R/ =2.0 kQ, R,=1.0 kQ, 1

> "DSS
= 8mA. The value I, assuming the gate current, is negligible, is approximately equal to

+
Vi)
L
(a) 5mA (b) 2.0 nA
(c) 23 nA (d) 3.4 mA

GATE(IN/2005/2M)
Solution : Ans.(b)

Given, R, = 1 MQ, R,= 6.5 MQ2, R, = 2kQ, R = 1 kQ, Vi = 15V
and 2IDSQ = (4 + V(;sQ)z

1 .
- Lso = 5(4+VGSQ iy A JsLlVA &2 00000 (i)

For DC analysis of amplifier the coupling and bypass capacitors are replaced by open circuits. Then
equivalent circuit for DC signals,

I
IG: 0 ’o) Ds R
T D
Ry Vas_ DS
Ry
T ]
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3.5

R, R, Ix65 13

where, = = =
Ko R, +R, 1465 15
R 1
V. = LV = x15=2V (i
™ R IR, ™ 1465 (i1)

Since gate current is negligible, so, current in source resistance R is same as [ and drop in R, is
negligible, For gate circuit,

V.-V =R 1

TH ' GSQ D "DSQ
Putting V., and I, from (i) and (ii) in the above equation, we have,

1 >
— Z—VGSQ = 2X5(4_VGSQ)
= 2N = (4_VGSQ)2
= 2-Vio = 16-|r8VGSQ+VGSQ2
= VGSQ2+9VGSQ+14 =0
= Vi = —2V, -7V
1 >
Ihso = 5(4—2) ~2mA
- La—ryp~4a5ma
or IDSQ_E(_)N'

Complementary MOS (CMOS) Logic Inverter

A CMOS is most widely used technology used in analog and digital circuit design. It has almost
replaced the NMOS due to its inherent advantages like low power dissipation and high driving
capability.

3.5.1 Construction of CMOS

A CMOS consists two matched enhancement n-channel (Q, ) and p-channel (Q,) MOSFETs fabricated
on same p-type substrate as shown in Fig.14a. The p-channel MOSFET or PMOS is fabricated on
p-substrate in a specially created n-region called n-well. Both NMOS and PMOS transistors are
separated from each other by a thick oxide layer that functions as an insulator. The source terminal of
NMOS is connected to p-substrate body and source of PMOS is connected to n-well so that no body
effect is observed. Fig. 14b shows the circuit of a CMOS inverter. Input signal is common to both
NMOS and PMOS and output is taken from common drain terminals of both NMOS and PMOS as
shown in Fig. 14b.
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Vot

A
+

V.o—¢ o
Thick SiO, . v [ov
(isolation) +
| o QN VDSN
+ » _
VGSN
p-type body N
(a) Cross-section of CMOS (b) CMOS inverter circuit

Fig. 14 CMOS cross-section and inverter circuit

3.5.2 Circuit Operation of CMOS Inverter
Two levels of input voltage V, = 0 and V, = V__ will be considered for understanding of the operation
of CMOS circuit shown in Fig. 14b. The transistors in CMOS inverter are used as switches. They are
operated either in cutoff or ohmic region of operation. The lower NMOS transistor, Q, , is assumed
to be driving transistor and upper PMOS transistor, Q, , is assumed to be the load. Let the magnitude
of supply voltage (V) is more than twice the magnitude of threshold voltage (V) of each MOSFET.
For the CMOS circuit shown above,

vV =V

N DSN

or Vo = VDD _VDSP

Case-I: When V.=V __

Then VSGP = VDD — Vi = VDD - VDD =0

VGSN - Vi_O:VDD_OZVDD
As V., is zero which is definitely less than [V | and V ¢ 1s equal to V| which is more than V_,
so transistor Q, is OFF and transistor Q is ON. When Q, is OFF and Q, is ON, the output terminal
of CMOS is connected to ground due to which V

region due to small value of V  and high value of V

is small. The transistor Q operates in ohmic
(=V,,) and Q, in cutoff. The resistance
offered by Q, is given by,

1 1
T = W = W (42)
1, Co, 'T(VGSN —Vix ) 1,Coy T(VDD —Vix )

The circuit diagram, I Vs V. curve and equivalent circuit for V, =V are shown in Fig.15.
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+VDD
®
VSGP +
— P + A ID +VDD
Ve Qo
Vi = +VDD Characteristic curve of Qy
Iy y—s V. V.=V,
VO
+
Operating
+ > Voss & point Ipsn
\Vs K V.=0 Load curve of Q,
GSN ~ o
- L Vo=0 g
= V-V, =
(a) (b) (c)

Fig. 15 (a) CMOS Circuit at V,=V = (b) I/ VsV curve (c¢) Equivalent circuit

The load curve of Q,is a straight line near I = 0 because transistor Q, is off. Since both MOSFETs
of CMOS inverter have same current so the intersection of characteristic curve of NMOS and load
curve of PMOS gives the operating point of CMOS. For the NMOS transistor the output voltage V,
is same as V  so the [ Vs V_ variation is same as drain characteristics of NMOS. Where as for the
PMOS, the output voltage V. =V, = V¢, So, the I Vs 'V variation curve is named
as load curve which is a mirror image of drain characteristics of PMOS about a vertical line. So, the
load curve of PMOS is derived from drain characteristics of PMOS only. As the current in the circuit

is negligible therefore, the power dissipation is negligible.

Case-II : When V.=0
Then A\ =V,,-0=V_

SGP
Vi =V.-0=0-0=0

GSN
As V. 1s zero which is less than V_ and V, is equal to V/ which is more than [V | so transistor

Q, is OFF and transistor Q, is ON. When Q, is ON, the supply voltage is connected to output terminal
through Q,and voltage V is small. Thus transistor Q, operates in ohmic region due to small value
of V. and small high value of V,, and Q, in cutoff. The resistance offered by Q, is given by,

1 1
Tosp = W = (43)

W
1pCoy 'T(VSGP_ | Vip |) 1pCoy f(VDD_ | Vip |)

The circuit diagram, I_Vs V_curve and equivalent circuit for V, = 0 are shown in Fig.16. When V, =
0, the NMOS s in cutoff and drain current of Q is zero. The I, Vs V_ characteristics of NMOS is a

straight line with negligible drain current. Load curve for Q, is straight line showing large current for
small value of V_ and with negative slope for large value of V_as shown in figure 16b.
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[242]
oV,
‘\ ID +VDD
Q
I Load curve of Q, Tpp
"lil———e V,
VGSP: VDD v
Operating
o QN point
VGSN: 0 Characteristics of Q, + v
_ h > °
= Vl)l) 5
(a)

(b) ()
Fig. 16 (a) CMOS Circuit at V,=0 (b) I, Vs V_curve (c) Equivalent circuit

The intersection of two curves gives operating point Q with V. =V . The power dissipation is again
negligible under static condition because drain current is negligible.

3.5.3 Voltage Transfer Characteristics of CMOS

The voltage transfer characteristics of CMOS gives variation of output voltage,V , when input voltage
V. is varied from 0 to V. Fig.17 shows the voltage transfer characteristics curve of CMOS inverter.

\Y% A Q, in triode region
o B F
) >
Q, off i Qin saturation
VUH = VDD AW// Slope = -1
v \
DD
[ 5 + VT B
Quand Q,
in saturation
VDD C S .
-Vi Qy in triode region
2 >
Q, in saturation }
i Qoff
; D
Vo= 0 HIN i

v - - >
0 VT Vu_ ;D VIH (VDD_ VT) VDD V,

Slope = -1

Fig.17 Voltage transfer characteristics curve of CMOS inverter

The CMOS is normally designed to have matched transistors with [V, | = V_ = V_and
4 W
C "y C 2
I'LN 0X Ln l‘LP ox LP
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Since mobility of electrons is 2 to 3 times the mobility of holes, therefore, width of p-channel, is kept
2 to 3 time the width of n-channel keeping same length of both channels.

W,
AT /Y (44)
W oK

Above condition enables the CMOS inverter to have symmetrical transfer characteristics and equal
current driving capability in both directions.

The drain current of NMOS for operation in ohmic region can be given by
W | [
IDN = uncox f (VGSN _VTN)VDSN _EVDSN , VDSNSVGSN _VTN (45)

From the CMOS circuit voltages Vien and Viey €an be written as,,

VGSN = Vi
and Voen =V,
The condition for operation of NMOS in ohmic region can be derived as under,
VDSN < VGSN a VTN (46)
V. <V -V (47)

Putting above relations in equation (45), we have,

4 | G
IDN = uncox f‘:(\/l _VTN )Vo _EVO :| a VO S Vi - VTN (48)
The drain current of NMOS for operation in saturation region can be given as,
1 W 2
IDN = E : l'lncox .T(VGSN - VTN) 3 VDSN 2 VGSN - VTN (49)
The condition for operation of NMOS in saturation region can be derived as under,
VDSN 2 VGSN ~ Vi (50)
VvV, 2V -V (51)
1 W 2
= IDN = E'uncox f(\ll _VTN) 5 VOZVi_VTN (52)
The drain current of transistors PMOS for operation in ohmic region,
A\ 1
I, = “’pcox 'T|:(VSGP_ | Vip |)VSDP _EVSDP2:| ; VSDPS ngp - |VTp|
(53)
From the CMOS voltages V,, and V can be written as,
Voo = Voo =V, (54)
and VSDP - VDD 7Vo (55)

Then condition for operation of PMOS in ohmic region can be derived as under,
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VSDP < VSGP - |VTP| (56)
= Vo=V, SV -V, =Vl (57)
or V, 2V +[V,] (58)
Putting above relations in equation (53), we have,
Y 1 2
= I, = “’pcox 'f[(VDD - V=V |)(VDD -V, ) _E(VDD _Vo) :l ; V2V + [V (59)
The drain current of transistors PMOS for operation in saturation region can be given as,
1 W 2
IDP = El"lpcox .T(VSGP_ | VTP |) 5 VSDPZ VSGP - |VTP| (60)
Then condition for operation of PMOS in saturation region can be derived as under,
Vpp 2 Vg~ |VTP| (61)
= Vo=V, 2V, =V —[V_] (62)
or V, <V .+ |V, ] (63)
1 W 2
= I, = Eupcox —(Vop = Vi1V ) 5 VSV + [V, (64)

The transfer characteristics of CMOS inverter has five different segments which are discussed as
follows,

Case-1 : When 0 < V<V,
The gate to source voltage of NMOS of CMOS circuit,
V.. =V (65)

GSN i
For above range of input voltage the corresponding range of V . becomes,

0< Vo <V,

GSN

For above range of V . , the NMOS operates in cutoff region. Thus, the NMOS operates in cutoff

region for 0 <V <V_.

When NMOS operates in cutoff region the current, [, =1 = 0.

Under such condition voltage drop across PMOS, V=1 %1 =1 *x0=0

Output voltage of CMOS, V. = V -V =V 0=V

DP DD DD

The source to gate voltage of PMOS,

VSGP - VDD a Vi (66)
when V. =0, Ve = V= 0=V,
whenV, =V, Vior = Vo=V,

Range of V, for given range on input voltage becomes,
VDD - VT < VSGP < VDD (67)

Here the voltage V., is more than threshold voltage with ideally zero voltage drop, V., , from drain

DSP?
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to source. Under such condition the PMOS operates in ohmic region of operation behaving like a
closed switch.

V
Case-II : When V. <V, <%

As V= V,, so, corresponding range of V  becomes,

V,
V, < Ve <2 (68)

becomes more than threshold voltage, the drain current of NMOS starts building

The moment V
up and voltage , V., (= I, %) starts increasing and output voltage V. ( =V  — V) starts

decreasing from V.

v
When the input voltage, V. <V, < % , the NMOS operates in saturation region till output voltage

is in the following range,

v
Vo> % -V, (69)

The region of operation of PMOS for above range of input voltage can be derived by using equation
(58).The PMOS operates in ohmic region till the output voltage has following range,

v
v o> % +V., (70)
VDD
Case-III : When V. = >
\Y
Then Vin =V, = % (71)
V, \Y
and Vi = Voo = Vi=Vpp = 2DD :% (72)

From equation (69) it observed that the NMOS operates at boundary of saturation and ohmic regions
when the output voltage becomes,

v = -2 _vy (73)

The operation of NMOS changes from saturation region to ohmic region when output voltage V,

VDD
becomes less than ) -V..
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Similarly, it is observed from equation (70) that the PMOS operates at boundary of ohmic and
saturation regions when the output voltage becomes,

v
V= 2y, (74)
The operation of PMOS changes from ohmic region to saturation region when output voltage V,

VDD
becomes less than ) +V..

Thus both transistors operate in saturation regions for V. = % with output voltage in the following

range,
V. V.
ZDD -V, <VO<%+VT (75)
”

Case-IV : When L v <vV. -V

2 i DD T
Th Voo <V..<V_ -V 76
cn 2 GSN DD T ( )

VDD

and VT < VSGP <T (77)

VDD

It is seen from case-II & case-III that when input voltage becomes more than the operation of

NMOS changes form saturation region to ohmic region and operation of PMOS changes from ohmic
region to saturation region.

Case-V:When V -V < V<V
Then Vo=V < Vi <V, (78)
and 0 <V, <V, (79)

For above range of V
ohmic region.

v and V. the transistor Q, operates in cutoff and transistor Q operates in

3.5.4 Noise Margins of CMOS
The noise margins of CMOS inverter depends on input and output voltage levels for logic ‘0’ and
logic ‘1°. Fig. 18 shows the voltage levels of CMOS inverter at input and output for logic ‘0’ and

logic ‘1°.
NM, NM,
— —
[ Togic0 | . [ logicl |
I

I T T
VOL =0 VIL VM =VDU/2 VIH VOH :VDD

Fig. 18 Input and output voltage levels and noise margins of CMOS
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Inthe Fig. 18 the voltage Ievel V| is highest input voltage for logic “0”and V , is Towest input voltage
for logic ‘1°. 'V, is highest voltage level for logic ‘1’ at output and V| is lowest logic level at output
for logic ‘0’.

A. Noise Margin for High Input

If a noise is super imposed an output (V) of a driving inverter then the output driven inverter is
not affected so long as input of driven inverter does not decrease below V . This margin of safety is
called noise margin for high input, NH |

NM, = V-V
B. Noise Margin for Low Input
If output of driving inverter is low at V and driven inverter provides high output even if a noise is

super-imposed on output of driving inverter, raising it up to V, . This margin of safety is called noise
margin for low input.

(80)

IH

NM, =V, -V, (81)
C. Derivation of Noise Margins of CMOS

The voltage V , can be determined by considering NMOS operation in triode region and PMOS in
saturation region. As both devices are in series so their current is same.

IDN = IDP
w 1 W 2
l'lncox .L_n|:(VGSN _VT )VDSN _EVéSN:| = ”pcox 'L_p(VSGP_ | VT |) (82)
n p
For CMOS inverter with matched MOSFETs.
W AW
Cc .» =, C -—2
l"l'n ox Ln “p ox Lp
From CMOS circuit, V =V,
VDSN :Vo’
VSGP = VDD _Vi
VSDP 5 VDD - Vo
Putting above relations in equation (82), we have,
1 1 2
(V1 _VT)VO _EVOZ :E(VDD _Vi _VT) (83)
Differentiating both sides w.r.t. V., we have.
dv, dv,
(Vi_VT)'dV +V, -V, av Z_(VDD_Vi_VT) (84)

1 1

The voltage level V| is highest input voltage level for logic ‘0’ and V , lowest input voltage level for

logic ‘1°. The slope of transfer characteristics dv, = -1 at both liming operation levels V.=V and

i
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V.=V,,. Then equation (84) becomes,

= ~(Vu—VD)+V+V = -V '+ V, + V.
V,
V), = V- - (85)
0 2
Putting V, =V, and V, from (85) in equation (83), we have,
1
Vi = g(SVDD —2V;) (86)
The input voltage level V, can be determined from transfer characteristics by using following
relation,
V V,
Vi — 2DD = 2DD -V (87)
= Vi = Vo= Vi (88)

From equations (86) and (88), we have,

IL

1
Vi, =V~ §(3VDD +2V;)

1
= VIL = §(3VDD + 2VT) (39)

From the transfer characteristics of CMOS, V|, =V .V  =0.

The noise margin of CMOS for high input can be obtained as under,

DD’

NM, =V, .-V, (90)
Putting expression of V  from equation (86) and V=V in above equation, we have,
1
NM, = V- §(3VDD +2V,) 91)
1
= NM,, = §(3VDD +2V,) (92)

The noise margin of CMOS for low input can be obtained as under,

NM, =V, -V, (93)
Putting expression of V from equation (89) and V, = 0 in above equation, we have,
1
NM, = (Vo +2V;) —0 (94)
1
= NM, = §(3VDD +2V;) (95)
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3.5.5

Effects of PMOS and NMOS parameters on Noise Margins:
1. The noise margin NM, increases and NM,, decreases with increase in (W/L) ratio of PMOS

ii. The noise margin NM, decreases and NM,, increases with increase in (W/L) ratio of NMOS

Dynamic Operation of CMOS

Dynamic operation is important for study of transient behaviour of CMOS. Rise time, fall time and
propagation delays are important parameters used for transient analysis of a CMOS. A time delay
between switching on of input and corresponding charge in output of CMOS is called propagation
delay. The rise time, fall time and propagation delay of CMOS inverter can be determined by
analyzing switching operation of CMOS. Consider a RC model of CMOS inverter as shown in Fig.
19. The capacitance ‘C’ in circuit represents sum of appropriate drain capacitances of PMOS and
NMOS, the lead capacitances and input gate capacitances of driven gates. Let inverter is given a
square pulse input as shown in waveform in Fig. 19.

ViA
L4 +VDD VDD--
4| S Q t
v 1 ¥ L v
| ¢ + IDN 0 V ‘k tPHL tPLH
° : >
_ Q. C v, > l<— 2
| T ] —
L = > i >iie t
= £ T

Fig.19 Capacitor loaded CMOS inverter and its input and output waveforms

Fall time (t):

Fall time is the time required to fall the output from its 90% to 10 % value of output. Fall time
is associated when input changes from low to high and output changes from high (+V ) to low
(0). During this period the PMOS is turned off and NMOS is turned on. The capacitance C is now
connected to ground through NMOS which offers resistance r . The capacitances represented by C
which are charged at voltage level V| now starts discharging through resistance r,, exponentially
to ground with a time constant T = Cr .

The fall time is given by,
t. =221 =2.2Cr (96)
1
where, T = W (97)
1, Cox L7n (Vosn = Vin)

n

During fall time input applied to the CMOS is V , so the voltage V=V

1
sy = (98)
“’ncox f(VDD - VTN)

bp SO Ty becomes,
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Rise time (t):

Rise time is the time required to rise the output from its 10% to 90 % value of output. Rise time is
associated when input changes from high to low and output changes from low (0) to high(+V ).
During this period the PMOS is turned on and NMOS is turned off. The capacitor C is now connected
to supply voltage through PMOS which offers resistance r . The capacitor which is fully discharged
at OV now starts charging through resistance r  exponentially with a time constant T, = Crygp

The rise time is given by,

t =22 T, = 2.2Crp, (99)
1
where, T = W (100)
Mpcox TP(VSGP_ | VTP |)
p
During rise time input applied to the CMOS is 0’ so the votlage V,, =V sor , becomes,
1
I.DSP = W (1 0 1)
“’pcox T(VDD_ | Vip )

The rise and fall time gives the maximum switching frequency of a CMOS inverter as under,
1 1
max t+t, 2.2C(Ihgy +Ihsp)

(102)

Propagation Delay (tp):

There are two time delays associated with fall of output signal for high to low and with rise of signal
from low to high. The propagation delay during fall time is given by,

t. = 1In2=0.69t =0.69 Cr (103)
p n n
The propagation delay during fall time is given by,
t, = 1,In2=0.69t =0.69 Cr;, (104)
Total propagation delay is average of rise and fall propagation delays. So, total propagation delay is

given by,
t =+t )2 =035t +1 )=035C(ryg +r

DSN DSp ) (105)
Methods of reduction propagation delay :

It observed from equation (105) that the propagation of CMOS can be reduced by reducing the drain
capacitances, input gate capacitance and resistances of NMOS and PMOS which can be reduced by
adopting following techniques,

(1) By reducing the internal capacitances of NMOS and PMOS and connecting lead capacitances.
(i) By increasing C__or by reducing thickness of oxide layer.

(ii1) By increasing width and reducing length of the channels of PMOS and NMOS.

(iv) By increasing power supply voltage.
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3.5.6 Current flow and power dissipation in CMOS Inverter
The current in CMOS is negligible under static condition. However, it varies with input voltage
depending on value of input voltage. Fig.20 shows the variation of CMOS current with input voltage.
I A

I

peak

1 |‘; :Vl

Vi, Voo Vo= VTp Voo
2

Fig.20 Variation of CMOS inverter current w.r.t. change in input voltage

The current in CMOS is maximum when input voltage is equal to V /2. The peak current gives rise
to dynamic power dissipation of CMOS.

The peak current of CMOS can be given by

peak 2 L

n

H,C,, W,(V, ’
n "~ ox _n( DD _VTnJ (106)
2
Corresponding dynamic power dissipation is given by,
P, =fCV 2 (107)

where, fis switching frequency of the inverter.

Delay-Power Product (DP) :
DP = PDtp (108)

Lower is propagation delay higher is frequency of operation and higher is power dissipation. So, the
delay-power product is important figure of merit of an IC technology. It is constant for a particular
technology. It is used to compare different IC circuit technologies.

3.5.7 Advantages of CMOS inverter
i.  The signal swing is maximum from ‘0’ to V.
ii. Static power dissipation is almost zero.
iii. There is low resistant path between output and ground or V. Low resistance path makes output

. W . . .
independent of T & makes inverter less sensitive to noise.

iv. It has high output driving capability in both directions.
v. Input impedance is infinite so it can drive large number of similar inverters without loss of signal.

Example 12
In the CMOS inverter circuit shown, if the transconductance parameters of the NMOS and PMOS

www.digcademy.com CADEMY digcademy@gmail.com



MOSFET & JFET Biasing

transistors arek =k =p C
n p n  ox
| THp

Y

n

| =1V, the current I is

EDC & ANALOG ELECTRONICS
L P ox

P

—% =40 m A/V? and their threshold voltages are V., =
Vv

(252]
(a) 0A

(c) 45 pA

NMOS
Solution : Ans.(d)

(i)

GATE(EC/2007/2M)
+
_ VSGp <
—4 T, (PMOS)
— !
V=25V
I
+—{ ~ T.(NMOS)
VGS
When input voltage V. is PP hoth PMOS and NMOS operate in saturation region. Therefore, both
MOSFETs operate in saturation region in the given circuit. The drain current of MOSFET in saturation
region is given as,
MHCOX Wﬂ 2
I, = B L (Vesr= Vi) ; For NMOS
HCo Wy
w =g, M Vol
p
As both P-MOS and N-MOS are in series in C-MOS inverter so,
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I, = Ip,=1
From given circuit, Veoo = VooV andV g =V,
W W
Also, n.C, L_P =un C_ L—“ = 40 pA/msand V= ‘VTp‘ =1V
P n
Putting above values in equation (i), we have,
40
= I =— G-V -1y
2 1
Given, V. =25V

U
I

40 ) 40
> 5-25-1 MA=? X225 pA=45p A

Example 13

)

(i)

Statement for Linked Answer Questions (i) and (ii) :

Consider the CMOS circuit shown, where the gate voltage V . of the n-MOSFET is increased from
zero, while the gate voltage of the p-MOSFET is kept constant at 3 V. Assume that, for both transistors,
the magnitude of the threshold voltage is 1 V and the product of the transconductance parameter and
the (W/L) ratio, i.e. the quantity pC_(W/L), is 1 mAV>.

3Vo—|
VG.—|

For small increase in V beyond 1 V, which of the following gives the correct description of the
region of operation of each MOSFET?

(a) Both the MOSFETs are in saturation region

(b) Both the MOSFETs are in triode region

(c¢) n-MOSFET is in triode and p-MOSFET is in saturation region
(d) n-MOSFET is in saturation and p-MOSFET is in triode region

5V

GATE(EC/2009/2M)
Estimate the output voltage V for V. = 1.5 V. [Hint: Use the appropriate current-voltage equation for
each MOSFET, based on the answer of previous question.]

(@) 4-—V (b) 44—V

B 7
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& &

GATE(EC/2009/2M)
Solution :
(i) Ans.(a)

For PMOS, A\

DD

SG2

Vo, - V.

DD T

Input voltage,V,, =V, =3V

When V., > V.| , the PMOS is either in saturation or in triode(ohmic) region.

From voltage transfer characteristics of CMOS it is observed that the PMOS operates in saturation
region when input voltage of PMOS is more than V| /2 and less than V — V_ . For the given circuit
V. lies between V|, /2 and V|, — V_so the PMOS must be operating in saturation region of operation.

For NMOS, Input voltage, V, =V, =V, -V, =V,-0=V =15V
When V. >V_ , the NMOS is either in saturation or in triode(ohmic) region.

From transfer characteristics of CMOS it is observed that the NMOS operates in saturation region
when input gate voltage is more than V_and less than V_ /2. Here, V. lies between V. and V /2 so
the NMOS must be operating in saturation region.

(ii) Ans.(d)

Given, A%

1.5V, V, =1V

G

A%

GS1

w
1.5V, uC,, (f] = ImA/V?

As 'V, is slightly more than V. so NMOS must be operating in saturation region. The drain current
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3.6

of NMOS is given by,
uC, W
I = ) ' L — (Vg1 = Vip)?
_ 1 1.5-1) = 1mA i
= IDI = E( S— ) —g (1)

As PMOS is operating in ohmic region. The drain current of PMOS for ohmic region is given by,

1 ..
I, = 1, Cox l:(VSGZ | Vi ) Veps _EVS2D2:| -(11)
From circuit diagram, V., = 2V
Also, V., = -1 for PMOS,
VSDZ - 5_V0
Putting above values in equation (ii), we have,
1
= 1{(2—1)(5—V0)—5(5—V0)2}mA ...(iii)
As both MOSFETS: are in series, so, [ =1
= 5-V,-=(5-V,? =+
o 2 ( o) 8
= V; -8V, + o 0
8+,/64 4x ﬂ \/—
= v, = > 44—

When PMOS is working in ohmic region the voltage V is small so output volt V_is close to the
voltage V. So, output voltage of circuit is,

3

V = 4+—V
° 2

NMOS Pass Transistor
A pass transistor passes the information at input to output when the gate control signal is high. Fig.

VGIG

21 shows pass transistor of NMOS transistor.

D S
V,e oV
(input) (output)

Fig.21 NMOS Transistor
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The output of NMOS pass transistor is taken from the source terminal and input is applied at drain
terminal. The output of the transistor is given by,
V., =V, ; if V< V=V,
=V.,-V, ; if V> V.-V,
Example 14

Find the output voltage at A, B and C of pass transistors shown below. The transistors are identical
having threshold voltage of V...

Ignore the body effect.
Solution :

+Vip T A T, B T C

Given Voo = Ve, =V =TV,

VDl =+ VDD
Transistor T, :
From given circuit, Vo =V,

VGl o VT = VDD _VT

VD] = VDD
From above relations it is found that,

VD] > VGI 7VT
o V51 :VGI_VT:VDD_VT
= vV, =V,=V,~-VvV, .. ()

Transistor T,:
V, =V,=V,,-V,

D2
Vo = Vip
VGz - VT:VDD_V
From a relations it is found that,
VGz a VT - VDZ
Vsz - VD2 - VDD -V

T

T
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= VB = VSZ = VDD — VT ..... (i1)
Transistor T, :
VD3 = VB: VDD - VT
VG3 ~ Vop
VG3 VT = VDD o VT
From a relations it is found that,
VG3 - VT = VD3
Vs3 = VD3 = VDD - VT
= VC = VS3 = VDD — VT ..... (ii1)

From equation (i), (ii) and (iii), we have,
VA - VB:VC:VDD_VT

Example 15

Find the voltages at A, B and C in the circuit of pass transistors shown below, transistor are identical

having threshold voltage of V.
+Vl)l)

Solution :

Transistor T1 :

VG] = +VDD
VD] = VDD
VGI - VT = VDD - VT
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= V.-V,
Voltage at source of T, V,
VA
Transistor T, :
VGZ
VGZ o VT
VDZ
= VGSZ - VT

Voltage at source of T,, V,

= Vg

Transistor T3 :

VG3

VG3 - VT

VD3

= V-V,

Voltage at source T,, Vg,
= \%

C

www.digcademy.com
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< VD

= VGI_VT:VDD_VT
= VSIZVDD_VT

= VA:VDDivT

= VDD*2VT

~ Vop

<V

D2
= ch - VT:VDD - VT - VT = VDD -2V
= Vsz = VDD - 2VT

T

= VB:VDD_ZVT
=V, 3V,

~ Vo

<V

D3
= V,-V,=V,,-2V, -V =V -3V
= V53: VDD73VT

T

000

[258]
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GATE QUESTIONS

0.1  Assume that the N-channel MOSFET shown in figure is ideal and that its threshold voltage is +1.0

V. The voltage V between nodes a and b is
1kQ 1kQ

10V

(a) 5V
@ 1V

GATE(EE/2005/1 M)
Q. 2 Inthe circuit, shown in the figure, the MOSFET is operating in the saturation zone. The characteristics

1
of the MOSFET is given by I, = E(VGS - 1)2 mA, where V_ isin V. If V_=+ 5V, then the value of

R in kQ is

Vip=+ 15V
sMQ 2 2 R,

7MQ T’ R,
GATE(IN/2017/2 M)
0.3  The enhancement type MOSFET in the circuit below operates according to the square law.

p C =100 uA/V?, the threshold voltage (V,) is 500 mV. Ignore channel length modulation. The
output voltage Vout is
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EDC & ANALOG ELECTRONICS [260]
V=2V

@ s

Vout
W _10pum
L 1Ipm
(a) 100 mV (b) 500 mV
(¢) 600 mV d 2v

0.4

GATE(EE/2019/2M)
In the circuit shown in the figure, both the NMOS transistors are identical with their threshold voltages
being 5V. Ignoring channel length modulation, the output voltage V. in volt is

........ V.
30V

—[ NMmoOs

——— o +
10 Vo—| NMOS  Vout

S
0.5

Assuming that transistors M, and M, are identical and have a threshold voltage of 1V, the state of
transistors M, and M, are respectively.

GATE(IN/2015/2 M)

25 V—| M,

A\ 4

2v—] M,

A\ 4
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0.6

0.8

(a) Saturation, Saturation (b) Linear, Linear
(¢) Linear, Saturation (d) Saturation, Linear

GATE(EC-II/2017/2 M)
In the circuit shown below, the (W/L) value for M, is twice that for M. The two nMOS transistors are
otherwise identical. The threshold voltage V. for both transistors is 1.0 V. Note that V ¢ for M, must
be>1.0 V.

2.0V

Current through the nMOS transistors can be modeled as

w 1

Ips =nC,, (fj((VGS -V; )VDS _Evés) for Vg < Vs = Vi
W 2

Ips =uC,, T (Vgs = V1) /2 for Vg 2 Vg = Vi

The voltage (in volts, accurate to two decimal places) at V _is

GATE(EC/2018/2 M)
In the CMOS circuit shown, electron and hole mobilities are equal, and M1 and M2 are equally sized
The device M1 is in the linear region if

5V

<l Ml
IV, =1V

(@) V. <1875V (b) 1.875V <V, _<3.125V
(©) V.>3.125V d) 0<V <5V
GATE(EC/2012/2M)

A CMOS inverter, designed to have a mid-point voltage V equal to half of V , as shown in the figure,
has the following parameters:

p C =100 uA/V*;V =0.7V for ntMOS

n 0oxX

dd’
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p C =40 pA/V?; V,=09V forpMOS andV =3V

p ox

W W
The ratio of (rj to(fj is equal to (rounded off to 3 decimal places).
n P
2
Vi
Va
2
>
Vl = ﬁ Vi Vi,
2

GATE(EC/2019/2M)

0.9 A standard CMOS inverter is designed with equal rise and fall times (B, = Bp). If the width of the
pMOS transistor in the inverter is increased, what would be the effect on the LOW noise margin
(NM, ) and the HIGH noise margin NM,,?

(a) NM, increases and NM,, decreases. (b) NM, decreases and NM,, increases.
(c) Both NM, and NM,, increase. (d) No change in the noise margins.
GATE(EC/2019/1M)

0. 10 In the following circuit employing pass transistors are identical with a threshold voltage of 1 V.
Ignoring the body-effect, the output voltages at P, Q and R are,

5V 5V 5V
- ! ? ?
UL
P Q R
(@ 4V,3V,2V (b) 5V,5V,5V
(c) 4V, 4V, 4V (d) 5V,4V,3V

GATE(EC-1/2014/1 M)

Q. 11 In the circuits shown, the threshold voltage of each nMOS transistor is 0.6 V. Ignoring the effect of
channel length modulation and body bias, the values of .Voutl and Vout2, respectively, in volts, are
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MOSFET & JFET Biasing
v
3V 1
= Vout 1
é? T
3V 3V

1
1
3\/= I

(b) 2.4 and 2.4

(a) 1.8 and 1.2
(c) 1.8 and 2.4 (d)24and 1.2
GATE(EC/2019/2M)

Q. 12 An enhancement MOSFET of threshold voltage 3 V is being used in the sample and hold circuit
given below. Assume that the substrate of the MOS device is connected to —10 V. If the input voltage
v, lies between £10 V. the minimum and the maximum values of v, required for proper sampling and

holding respectively, are

vV, ® | I l oV,
@ i
(a) 3Vand-3V (b) 10 Vand-10V
(¢) 13Vand-7V (d) 10Vand-13V
GATE(EC/2020/2M)

Q. 13 For the transistor M, in the circuit shown in the figure, p C . =100 pA/V? and (W/L) = 10, where is
the mobility of electron, C_ is the oxide capacitance per unit area, W is the width and L is the length.
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Vpp =3V

The channel length modulation coefficient is ignored. If the gate-to-source voltage V  is 1 V to keep
the transistor at the edge of saturation, then the threshold voltage of the transistor (rounded off to one
decimal place) is V.

GATE(EC/2021/2M)

000
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ANSWERS & EXPLANATIONS

0.1 Ans.(d)

V=10V 3

Given, threshold voltage of MOSFET, V_ =1V

KCL of node A
Vps —10 I+ Vs _o
1K 3K
4
EVDS = 10 +ID
= Vs = 7.5+0.751
For saturation region,V > (V -V, )
Here, V-V, =2-1=1V

As, V> V-V

The resistance offered by the MOFET in saturation region is zero ideally. So MOSFET behaves like
a short circuit and whole of the supply current is passed through the MOSFET. Thus current through
2 kQ resistance is zero. Therefore, voltage V. is zero.

+ so MOSFET operates in saturation region .

0.2 Ans. :99t010.1

V,, =15V
SMQZ R, e
*D

1
Given, = E(VGS ~1)’mA and V =5V
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Voltage at gate terminal,V =

Voltage, A"

GS

Drain current, I,

Voltage at source terminal,

Vg
= 5 =
= R

0.3 Ans.(c)

EDC & ANALOG ELECTRONICS

R, y
+R

2

7
V,,=—x15=7V
R PP748

1

V,-V,=7-5=2V

I
=

|
=
w2
X
0| —
X
)
(e}
i

[
—
S
=)
@)

[266]

A MOSFET works is saturation mode when drain terminal is shorted with gate terminal. The drain

current for saturation region of operator of enhancement NMOS is given by,

ID

Given, nC.
W
L

T

From given circuit, Vs

The drain current, I = SpA
5x10°
out

www.digcademy.com

C, W
- HHTOX'T'(VGS _VT)2

100 pA/V?
_loum

Ipum
500 mV = 0.5V
=V

out

-6
) 100x210 ?(vm—o.sf

0.6 V=600 mV
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0.4 Ans.:20
V,, =30V

+
_| M2 VDSZ
+ »

VGSZ — ————e +
+ L, AV
10Ve——| Mt -
+ o VDS] J_
+
Visi _ 5

Given, threshold voltage, V. =5V
From above circuit, Vi = 10-0=10V
and Vios = Vo
For upper MOSFET, M,
Voor = Vo=V, =30-V

out out

For given combination of identical MOSFETs.

ID] = ID2
IJ'HCOXW 2 uHCOXW 2
T(VGSI _VT) = T(Vasz _VT)
= VGSI _VT = VGSZ_VT
= 10-5 = (30—V0ut—5)
= V., = 20V
0.5 Ans.(c
Vip =3V
$ DY I,
+
V~2:2.5V°—| Voo M,
¢ G + > _
v ¢ S
GS2 —
[ ] D* II)I
+
VG]=2VG | o Vosi M,
+ o
VGSI —_
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Both transistors are identical with,

vV, =1V
From MOSFETM,, V_, =2.0-0=2.0 (1)
From MOSFETM,, V., = V.-V, =25-V, .. (i1)
Drain current of M, & M,
o = K (Vg = V)
I, =K, (Vo,~ V)
For given combination,
IDl = ID2
= KMV = Vo) =K, Vi, = V1)
If both transistor are identical then,
K, = K, =K
V., =V,=V, =1V
K(Vy, =D = KV, — 1)
= Ve -1 =Vt L (iii)

From (i), (ii) and (iii), we hvae,
2-1=25-V_, -1

= Vo = 0.5V

AISO’ VDD = VDSZ u VDSI

= Voo = Vop— Vo, =3-0.5
= V,, = 2.5V

Voo = V= Vo =25-0.5=2V

GS2

A MOSFET works in saturation region if V >V . —V_and it works in ohmic region if V <V ¢

_Vs
For MOSFET M,,
V, = 0.5V
and V-V, =2-1=1V

VDSl < VGSI _VT
So M, operation in ohmic or linear region.
For MOSFET M,
Vo, = 2.5V
Vo= V; =20-1=1V
VDSZ = VGS2 - VT

So, M, operates in saturation region.
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0.6 Ans.(0.41 to 0.435)

EDC & ANALOG ELECTRONICS

Vo, =2.0V
*— Vnsz Mz
+ >
VGsz — V4
¢ Vx
+ID1
+
| - V051 Ml
+ >

VGS] —

Threshold voltage of both MOSFETS, V., = 1V

For NMOS M, Voo = Vo= Vx =2V,

and Voo = V= V=3.3-V,
Vo=V =2-V, -1=1-V

A MOSFET operates in saturation region if V_ >V _-V_

V.., therefore, NMOS M, works in saturation.

The drain current of NMOS M, can be given by,

uC, (W
IDsz = 7 (TJZ(VGSZ_VT)Z

_ ucox W 2
= IDsz = T(Tj2 (1 - VX)
For NMOS, M, V.. =2V

GS1
Vig—V; =2-1=1
VDSl = VX
NMOS M, works in saturation if
VDS] > (V

GSI_VT )
= Ve >1

.For NMOS M, , V,

[269]

GS2

If V then the voltage becomes negative and NMOS M, no more operates saturation. Therefore, V
must be less than 1 V. and NMOS M, operates in linear or ohmic region. The drain current of NMOS

M, can be given by,

4

1
IDS] = nC,, (f] ((VGSI _VT)VDSI _EVDSIZJ
1

www.digcademy.com

digcademy@gmail.com



MOSFET & JFET Biasing EDC & ANALOG ELECTRONICS

For the given circuit, I} =

e ) -b) - ) v
0xX L . X 2 X 2 L ) X

Given,

=
=

=

4 1,
IDSI = “’Cox (fj (1 x Vx _EVX j
1

IDZ

V, —lvj
2

(1-V)

2V —V2 =2-4V 42V
3V2-6V 42 =0
V. =0422V,1.577V

[270]

As discussed earlier that the voltage V_ is less than 1 V so correct answeris V. =0.422 V.

0.7 Ans.(a)

Given circuit is a CMOS inverter. The voltage transfer characteristic of CMOS inverter is as shown

below,
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V, A

M, : Triode
or linear

M, : OFF | M,: saturation; M, : sat
M,: linear {M,:sat

\

L

M, : linear
M, : OFF

EDC & ANALOG ELECTRONICS

Both

M, and M,
i~ in saturation

VT V[L

VDD Vu] VDD 7VT

2

VDD

\ 4

[271]

From voltage transfer characteristics it clear that PMOS M, is in triode region for 0 <V, <2.5. From
given options the range 0 <V, < 1.875 is correct answer.

0.8 Ans.(0.210to 0.230)

When a CMOS circuit is biased at Mid point of voltage transfer characteristics, both PMOS and
NMOS operate in saturation region of operation.

ID1 = HPSOX[LJ( SGP ‘ ‘)

In that case

2

C. (W
and I, = u“—‘“(—j (V,

Fora CMOS, I, =

I
—
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Hfox[ j( -]V, D _ Gy (_jn(VGSN_Vm)Z

W
(), el w)

(Wj “’ncox (VGSN _Vm )2
p

V,

tp

L 2

A mid point of voltage transfer character,

A\
Vo= Y-v
in > GSN
2 \
Vdd
Na
2
7 >
V= % Va Vi
Vdd Vdd
Voor = Vao =V =V =77 =57

w \Y ?
(1) w2
Wj vV A
1 C,.| -,
( L » “n ox ( 2 tnj

Given, V,, =3V, 1,C, =100 pA/V>, p.C, =40 pA/V2, V, =07V, [V, |= 0.9V

2
(Y) 40x(;—0.9)
L = =0.225

Y 3 2
f 100x(—0.7j
p 2

0.9 Ans.(a)
Noise margins of CMOS are given by,
NML - VIL - VOL
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NM, = V.-V,

H

For a CMOS, Voo =0

and Vou ® Voo
NM, =V,

and NM, = V-V,

[273]

Both V, and V , increase with increase in width of PMOS, therefore, NM, increases and NM,

decreases with increase in width of PMOS.

0.10 Ans.(c)

Given,V =V _=V_ =V =1V
Output of a pass transistor at source is given by

V, =V, ;ifV <V -V,
Vo=V, itV 2V -V,

From transistor T ,

Vg, =5V
V,, =5V
Vo -V, =5-1=4V
Here Vo, > V., -V,

Output of T, at source terminal,
V, =V, -V, =4V

T

From transistor T,

Vg, =5V
V,, = V,=4V
V, -V, =5-1=4V
Here Vo, = Ve, -V,
Output of T,

VQ =V, =4V
From transistor T,,

V. =5V

G3
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Vi = V=4V
V-V, =5-1=4V
Here Vo, = Ve, =V,
Output of transistor T,,
V, =V, =4V
Q.11 Ans.(c)
Output of a pass transistor shown below is given by
G
VGI
A \Vs
° o °
D S
V, =V, ; Vo=V, 2V,

- VG7VT ’ VG7VT<VD
Where V_ is threshold voltage of MOSFET.

Circuit-1 :
vV, =3V
Vo, Ve =V
3V
= Vo, Vo=V,
T, |
" T
Given,

V. =06V, V,=3V,V, =3Vand V=3V

From transistor T ,

V, -V, =3-06=24V
= VGI o VT< VDI
V, =V, -V, =3-04=24V
From transistor T,,
VG2 = VSl =24V
VG2 - VT =24-06-1.8
= VGZ - VT < VDZ
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0. 12

VOut = VSZ = ch — VT =1.8V

Circuit-2
V., =3V V., =3V V., =3V
Vo Vs
—t T, —— °
Tl V51 = Vr)z ) Vsz = Vm T3 _L V“”‘Z
W T
Given, VGl = 3V, VG2 =3V, VG3 =3V
From transistor T ,
V, -V, =3-06=24V

= VG] o VT < VDI

V,, =V, -V, =24V
V,, =V, =24V

L =3-06=24V=V,
V, = V,-V,=24V
V, =V,=24V

L =3-06=24V=V
V, = V,-V,=24V

= V., =V,=24V

From transistor T,, V, —V

From transistor T,, V_, -V

Ans(c)

Given threshold voltage of MOSFET, V =3V
The output of MOSFET in sampler circuit is given by,
vV =V ; ifv,<v, -V orv,>v,+V,
=v,—V
In other words input is sampled when v > v, +V_ and output is hold when v, <v +V
Case-1:v =+ 10V

th ’ lfVi>VG_Vm0r VG<Vi+Vth

For sampling: Ve > Vv, tV,
or v, > 10+3
or v, > 13V
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For holding: Vo < V.tV
v, < 10+3
v, < 13V
Case-Il: v.=—-10
For sampling: vV, > V.tV
= v, > —10+3
= Vg > A
Fro holding: Vo <V, TV,
= v, <-10+3
or v, < -7V

For sampling minimum gate voltage is 13V and for holding maximum gate voltage is —7V.

Q.13 Ans.(0.5100.5)
V,, =+3V

gRD =20 kQ

Vi
D _OVout
VGS O—| I:
G
S

+
Vs

Drain current of NMOSFET is given by,

C
I = “"_OX._(VGS _VT)2

D 2 L
W
Given, pC = IOOuA/Vz,T:IO
1 107
= I, = %xlo(sz—vT)zmA
= I, =05V,-VY)> L (1)
For drain to source circuit,
VDDilD RvaDs =0
= Vs = 3-20L,

Putting expression of I | in above equation, we have,
Voo =3-20x05(V,— V)

At the edge of saturation region,
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Vs = VGS - VT

DS

= Vo =3-20x%05 Vi
= 10V + V=3 =0
= Vs = 05V,-0.6V
Vs cannot be negative,
Vs = 0.5V
Putting V. = 0.5 V in equation (ii) we ahve,
0.5 =V, -V,
Given, Vi = IV
= V, =V,-05=1-05=05V

000
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4.1

4.2

Small Signal Analysis of BJT %

Introduction

The signals whose amplitude is very small in comparison to magnitude of biasing signals and have
low frequency are classified as small signals. The study of behavioral characteristics of BJT amplifier
with small signals is called an AC analysis and study of biasing characteristics of BJT with DC
biasing signals is called DC analysis. A BJT amplifier require both AC as well as DC analysis for
small signal analysis of the amplifier.

DC Analysis:

The DC analysis is performed to find bias current I, I, and I. and collector to emitter voltage V ..
These DC signals are then used to determine the following,

(a) the operating point

(b) the thermal stability

(c) parameters of BJT liker,,r,r and g

The DC analysis is performed by opening the input and output coupling capacitors as well as emitter
bypass capacitors.

AC or Small Signal Analysis:

The AC or small signal analysis of BJT is performed to find out voltage gain, current gain, input
impedance and output impedance of the amplifier. For AC analysis of the amplifier, the DC basing
voltage sources are grounded or short circuited, the DC biasing current sources are open circuited,
coupling and bypass capacitors are replaced by short circuit and BJT is replaced by its small signal
model.

h-parameter model of BJT

Small signal analysis of BJT is applicable for low frequency and low level of the signals. A bipolar
junction transistor (BJT) has three terminals with one terminal used as input, another used as output
terminal and third terminal as common between input and output. Therefore, a BJT behaves like a
two port network. A two port network with input and output ports can be drawn as shown in Fig.1.

1, 1,
1 = BITas[ ¢ ° 2

Vi 2-Port v,
l'o—{ N/W o 2
input output

Fig. 1 BJT represented as a two port network
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The input and output signals of a 2-port network can be related to each other in terms of h-parameters
of the network as under,

vl = hllil + h12 VZ (1)
i2 - hZIiI T h22 V2 (2)
\ . . . .
where, h, = -+ = Short circuited input impedance = A,
L V,=0
v, . .
h,, = — = Open circuited reverse voltage gain = h,
Va ij=0
i . .
h, = — = Short circuited forward current gain = A x
1 V, =0
i . .
h,, = — = Open circuited output admittance = &
Vol Zo
L=

Therefore, the input and output signals can also be related as under,

VI - hi i] + hrVZ (3)
i, =hi, +hy, “
Equivalent circuit of the two port network shown in Fig. 1 can be drawn in terms of h-parameters of

the network as shown in Fig.2.

1 h, 2
o—>——WW—— «—o
+ 1 < : iz +
1 :: 1
! hv <+> <\1, hi =h!
\Z 1 T2 NG f 20 v,
| b |
1 1
.} 1 | _
t o
1 | I 2

Fig. 2 Equivalent circuit of BJT as two port network

A BJT is represented by A-parameter model because it is a single parameter model which gives all
important parameters of BJT amplifier i.e. input impedance, output admittance, voltage gain and
current gain.

4.2.1 h-parameter Model of Common Emitter Configuration
The emitter terminal is common between input and output terminals in common emitter configuration
of a BJT. The equivalent circuit in terms of h-parameters of common emitter configuration of BJT is
shown in Fig.3.
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4.2.2

4.2.3

b ! hie | ie Y
o—>——WW—— le—o
+ 1y : +
|
I
1 +
Vbe I hl’EVCC <7> <¢ hfelb hOC : VCC
! I
! I
_ I | -
o t o
= e U ! c

Fig. 3 Equivalent circuit of common emitter configuration of BJT as two port network

The input and output signals of common emitter configuration can be related in terms of h-parameter
of the configuration as under,

vbe = hi lb b hrvce
)
lc = hflb + hnvce

(6)

h-parameter Model of Common Base Configuration

The base terminal is common between input and output terminals in common base configuration of a
BJT. The equivalent circuit in terms of h-parameters of common base configuration of BJT is shown
in Fig. 4.

) € ! hib : ic C
| S | 1, 0% 1 < ?'_
e o>l —<—oC + 1, 1
+ LT . I
| 1 1 hrb Ve <i_> hg 1 hyp'
Voo | 1 Ve Vo fb e oby Veb
1 | 1 1
_ 1 1 — 1 : _
po——== 1_ = ob o : —o°
e - b

Fig. 4 Equivalent circuit of common base configuration of BJT as two port network

The input and output signals of common base configuration can be related in terms of h-parameter of
the configuration as under,

veb = hib ie + hrbvcb

(7)
ic = hfb ie + habvcb

®)

h-parameter Model of Common Collector Configuration

The collector terminal is common between input and output terminals in common collector configuration
of a BJT. The equivalent circuit in terms of h-parameters of common collector configuration of BJT is
shown in Fig. 5.]
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____________________ ™.
b 1 hic 1le e
o—>——MW\— +<—o
+ Ll ! *

! |

! |
Vi | hrCVec <t> <‘1'> . hocl v

! hgd, | o

! |

| | _
o—-1 } o
C : I C

s 1

Fig. 5 Equivalent circuit of common collector configuration of BJT as two port network

The input and output signals of common collector configuration can be related in terms of h-parameter
of the configuration as under,

Ve =h i, thy 9)

b re’ ec
ie = hfc ib v hocvec (10)
4.2.4 Relation between h-parameters

Case-I : he h-parameters of common-collector configuration in terms of A-parameters of common
emitter configuration is given as under,

i h, =h, (h
i) h, =1 (12)
iii) h, =—(1+h) (13)
iv) hoo=h (14)

Case-II: The h-parameters of common base configuration in terms of h-parameters of common-
emitter configurations are given as under,

h,

i) hy = 1o (15)
fe

153 hiehue

11) hrb = H ¥ hre (16)
Je

A

111) T —m (17)

iv) h, = (18)

W * 1+h,

4.2.5 Graphical Method of measurement of h-parameters
The h-parameter model of BJT are related to input and output signals. The h-parameters of CE
configuration can be given as under,
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h — aVbe ~ AVbe (19)

N 61b Alb Vg =fixed
_ Ve  AVie

AL (20)
* 8VCC AVW Iy =fixed

Lo B A o1
¢ aib Aib Vg =fixed

Lo i A )
o 8Vce AVC“" Iz =fixed ( )

The input characteristics of BJT give relation between v, , i, and v_ which are used for determination of
h, and h  The output characteristics give relation between i, v and i, which are used for determination
ofh, andh_.

Case-I : Determination of h_
Consider the output characteristics shown in Fig.6. Let, base current is varies from I, to I, for a
fixed collector to emitter voltage V. , then corresponding variation in collector current is from I ., to

CE?
L.,
i A
Iy,
IBZ
ICZ
Q-point
IBl
ICl "
I,=0
: VCE

VCEQ
Fig. 6 Determination of the parameter h, with output characteristics of BJT

For small signal variation,

Aib = IBZ - IBI
Aic = Icz o IC1
Al 1. -1
Then, h, = — =z ¢ (23)
Alb Vi =fixed IB2 - IBI

Case-II : Determination of h _
Consider output characteristics of BJT shown in Fig. 7. Let base current is fixed at I ;.. Let voltage v,
is varied from V_, to V__, and the corresponding variation in collector current i is from I to I ...
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io A

2 IBQ

—

/.
L, Q /’Im
\ I,=0
~ =0
Verr Ver

Fig. 7 Determination of the parameter h with output characteristics of BJT
For small signal variations,

Avce = VCEZ - VCEl

Aic = Icz o IC1
Al I., -1
Then, h, = — =—< < 24
fe Av Vees — Ve @4)

ce |Vgp =fixed

Case-III : Determination of h
Consider input characteristics of BJT as shown in Fig.8. Let,voltage V., is kept constant and base to

emitter voltage is varied from V to V__ and corresponding change in base current is from I and
I

B2*
iz A

VCEI VCEQ VCEZ

fo
IBI

/

»

Ll
VBEYBEZ Ve

Fig. 8 Determination of the parameter h, with input characteristics of BJT

For small signal variation,

Avbe - VBEZ o VBEl
Aib = IB2 o IBI
A V.., =V,
hie — A\;be — ?EZ _I BEI (25)
b |V, =fixed B2 Bl

Case-IV : Determination of hre

Consider input characteristics of BJT as shown in Fig. 9. Let, the base current s fixed and voltage v,
is varied from V_,, to V., and corresponding variation in v is from V. to V.
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4.2.6

1; A

VCEI VCEQ VCEZ

»

Vir Ve v
Fig. 9 Determination of the parameter h  with input characteristics of BJT
For small signal variation,
Aviy = Vg =V
Avy = Voo, — Vo,

BE

Av Vi, =V,
Then meter, h = —BE =82 Bh (26)
AV 1, fixed Vees = Ver

As input and output characteristics of BJT can be determined experimentally so the h-parameters can
be measured experimentally.

Variations of h-parameter of BJT
The h-parameters of BJT are sensitive to variations in collector current, collector to emitter voltage
and temperature.

Case-I : Variation with respect to collector current magnitude
The variations of h-parameters with collector current for fixed value of V
are shown in Fig.10

op» fr€quencies temperature

Magnitude A
of
h-parameters

Fig. 10 Variations in h-parameters with collector current
Observations :

1. h‘.e decreases with increase in collector current.
11. hoe increases with increase in collector current .

111. hie first decreases then increases with increases collector current.
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1v. hfe first increases then decreases with increase in collector current.

V. hfe 1s least sensitive and hOe 1s most sensitive to variation in collector current.

Case-II : Variation with collector to emitter voltage (V)

The variation in h-parameter with voltage V., are shown in Fig. 11. It is observed thath & h
are must more sensitive to variation in V.. and h, & h, are less sensitive to variations in V_. The
parameter h,_in least sensitive to variations in I as well at V  so it is assumed to be constant for

small signal variations.

Magnitude A
of
h-parameters n
e hoe
hoe
hl‘e hie
hie hfe
: VCE

Fig. 11 Variations in h-parameters with collector to emitter voltage

Case-III : Variation of h-parameters with temperature.

Magnitude A h
Of e
h-parameters h,
fe
h,, h,,
hl’
hfc hie
» T

Fig. 12 Variations in h-parameters with temperature
Observations :
i. h,_is most sensitive to temperature
ii. h_ is least sensitive to temperature.

iii. All the parameter increase with increase in temperature.

4.2.7 Values of h-parameters of various configuration

The values of h-parameters for different configurations of BJT are given in Table 1 below.
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Table 1 : Values of h-parameters

Parameter| Common | Common | Common
Emitter |Collection| Base
1. h, 1100Q | 1100Q | 21.6Q
2] b |25x107 1 2.9x10™
3 A +50 =51 —-0.98
4 h, 240 A/V | 250A/V (0.49u A/ V
50 1 40k Q 40kQ2 | 2.04MQ
hO
Note : i. h-parameters of a BJT can be measured directly using simple experiments. The h-parameters of
BJT can be determined from static characteristics of BJT.
ii. h-parameters vary over wide range with variation in temperature.
iii. h-parameters are functions of biasing currents. The parameter h " , first increases, reaches at
peak and then decreases with increase in emitter current.
iv. h-parameters are real numbers at audio frequencies.
4.3 Analysis of an amplifier with h-parameters model
Consider a BJT amplifier connected to a source having impedance Z, and load with impedance Z
as shown in Fig. 13(a). The source is connected to the BJT amplifier through an input coupling
capacitor C_, and load is connected to amplifier output through an output coupling capacitor C_ .
The coupling capacitors are used to couple the input and output AC signals with DC biasing circuit
of BJT. These capacitors are designed to pass the AC signals and block DC biasing signals of BJT
from entering into input and output circuits of the amplifier. The coupling capacitors are replaced
with open circuit for DC analysis and by short circuit for AC analysis of the amplifier. The emitter
resistance of the BJT is bypassed with a capacitor called emitter bypass capacitor. The emitter bypass
capacitor is replaced by short circuit for AC analysis and by an open circuit for DC analysis of the
amplifier. The BJT amplifier behaves like a two port network. It can be replaced by a block diagram
representing two port network as shown in Fig. 13(b). The input voltage and output current of the
amplifier, acting as a two port network, are given in terms of h-parameters of the amplifier a under
v, = hi,+hy, (27)
i, = hi +hy, (28)
The voltage at output port can be given by,
v, T ZLiL: _ZLiZ (29)
Current gain :
Putting expression of v, from (29) in equation (28), we have,
i, =hi, +h(-Zi)
i h,
= Lo r
i h Z, +1
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Current gain, A = li =— li (30)

€2))

Zs i)
+
+ 1 BIT
- 1‘j1 Amplifier
(a) BJT amplifier circuit (b) Block diagram of BJT amplifier as 2-port network

Fig. 13 BJT amplifier as two port network connected to load

Input Impedance :
From equation (27), input impedance can be given as,

Z, = L=h+h-t (32)
I L b
but, v, =21,
- Z = h+h, x(—zL’%thi +h zL.(lj
ll ll
- Z,=h,+h Z A (33)
Putting expression of A, from equation (31) in above equation, we have,
h.h,
Z = h—-——"7, (34)
' 1+Z, h,
h.h,
= Z,=h - ' (33)
Y, +4h,

where, Y, =1/ Z, = admittance of the load.
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Voltage gain :

A = —=——— (36)

A, =Lt (37)

Putting expression of A, from equation (23) in above equation, we have,

-7 h
A =—2 —1— (38)
Z, 1+h2,

1

Voltage gain with source impedance taken into account:
Zs I 153

+ +
Z; Vs 7.

iL: —iz
Vs V1

Fig. 14 Effect of Source impedance on voltage gain of BJT amplifier as two port network

The voltage gain of the amplifier can be given as,

2% M

A = 2= —A, L (39)

Putting expression of voltage gain , A , from equation (29) in above equation,
4

= A, = ?.Al.% (40)

1 N

Applying voltage divider rule on input side, we have,

Zi
v, = LV,
Z,+Z,
Z.
N o i (41)
v Z +Z

From equations (39) and (41), we have,

= A = ——_ A, (42)
v Z+Z,

From equations (37) and (41), we have,
Z.

= A= .%.AI (43)
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= A, = L— A, (44)

Current gain with source impedance taken into account:
Let input to the amplifier is a current source. Then the circuit of the amplifier can be drawn as shown
in Fig.7.

BT
" Amp.

Fig. 15 Effect of Source impedance on current gain of BJT amplifier as two port network

Current gain of the amplier can be given by,

A = —2=-2 1_3 A (45)

Applying current divider rule on input side, we have,

i Z ] (46)
1. = - .1
' Z.+Z, "

(47)

Output admittance:

Output admittance can be obtained in terms of source impedance by replacing load impedance by
an ideal source and input source by its internal impedance as shown in Fig.8. The port signals of the
network shown in Fig.8 can be given as,

v, =hi +hy, (48)
i, =hi +hy, (49)
v, =27, (50)
Zs il i2
omr |
Vi1 Amplifier |¥2 <2
_ _

Fig. 16 Output impedance of BJT amplifier as two port network

From equation (48) and (50), we have,
~Zi, = hi, thy,
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. h,

= i = —Zs+hl.v2 (51)

From equations (49) and (51), we have,
. —h,
i, = [hf X Y2 +ho}v2

Output admittance Y, =2=h i (52)

utpu ===hy—
P ’ © v, © h +Z,

4.4

Summary :
i) Current gain,
(a) With out source impedance,

_ i
Y1+ Z
(b) with source impedance
Z
A — N AI
s Z +7Z,

ii) Input Impedance

h.h,
Z =h+hZ A=h ————
i i rL°1 YL + ho
iii) Voltage gain
(a) Without source impedance,
NN
v Zi
(b) With source impedance,
_ ZL _ Zi
v Z.+Z, ' Z7,+7, "
iv) Output Admittance
h.h
Y, = h——
° h+Z

Approximate h-parameter model and Amplifier Analysis
A BIT can also be represented by its approximate h-parameter model having 2 =0and /4, = 0. The
port signals of the two network represented by approximated h-parameter mode of BJT can be given

as,
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v, = hi, (53)
i, =h n (54)
The equivalent circuit of BJT amplifier using approximate h-parameter model can be drawn as shown in
Fig. 17.
1T T T i, 2
o> WW—— Lé o
+ L+
1 |
v, : hf I, : V,
1 |
| ! _
"o : : o
lv ———————————————————— 2'

Fig. 17 Approximate h-parameter model of BJT

The parameters of amplifier using approximate h-parameter model can be given as under,

Current gain:
(a) Current gain without considering source resistance is given by,
—h.
A = / (55)
1+Z, h,
For approximate h-parameter model, 2, = 0

A=—h (56)

(b) Current gain by considering source resistance is given by,

ZS
Av =7z 7)

5 1

Putting expression of A, from equation (48) in above equation, we have,

A= ——2h, (58)

Input Impedance:
The input impedance of B JT amplifier is given by,

hh,
Z = h=3 (59)
L (4

Putting 2 =0 and /= 0, we have,

@
Voltage gain:
(a) Voltage gain without considering source resistance is given by,
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Z
A = ZL.AI (61)
Putting expression of A, from equation (48) in above equation, we have,
Z
A =- h_L ’ (62)
(b) Voltage gain by considering source resistance is given by,
Z, 4
A, = A =—— A (63)
VS Z,+Z, Z,+7Z,
h, —Z, h, Z, h,
= A = — X =— 64
T+ Z, h, h+Z, 64
Z h,
= A = (65)
h+7Z,
Output Admittance:
The output admittance of BJT amplifier is given by,
h.h,
Y = h — (66)
° Z +h
Putting 2 =0 and = 0, we have,
Y, =0 (67)

4.5 Diode model of BJT

The diode model of BJT is shown in Fig. 18. The diode in the model represents the emitter to base

pn junction of BJT. It is not a commonly used model for analysis of BJT amplifier.

Fig. 18 BJT and its diode model

46 r,r,rand g parameters of BJT

The parameters », _and g _are used for small signal analysis of BJT. However, these parameters are

www.digcademy.com CADEMY

digcademy@gmail.com



Small Signal Analysis of BJT  EDC & ANALOG ELECTRONICS [294]

determined using DC analysis of the BJT.

i)

ii)

iii)

Transconductance of BJT
The transconductance of BJT is defined as,

oi
= s 68
& Gy, (68)
The collector current in terms of voltage V. is given by,
Ve
i = Ie™ (69)
The transconductance can be given in terms of DC bias collector current as under,
e (70)
& v,
where, V_ is thermal voltage and I is DC bias collector current.
The thermal voltage is given as,
T kT
V, = ———=— (71)
11600 ¢
Where T is temperature in Kelvin.
AtT=300K V., =26mV
I
and g, = 2_C6 ; where [ .is in mA (72)

Emitter Resistance (r)
It is resistance seen from emitter terminal of BJT. The emitter resistance is similar to dynamic
resistance of a pn junction diode. Mathematically,

i (73)

where, I is DC bias emitter current.
Base resistance (r)
It is resistance seen from base terminal of BJT. The base resistance of BJT is defined as,

ov

r, = —Le

0i,
The base current is also denoted by symbol r_. The base resistance can be given in terms of DC
bias base current as under,

"= (74)

where, I is DC bias base current.
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iii) Output resistance (r)

The output resistance of BJT is resistance seen from collector terminal with emitter terminal grounded.
The output resistance is observed due to early effect or base width modulation effect of BIT. If the
early effect is taken into account the collector current of BJT becomes,

V,
— Ve /Vr C
I = I [1+ VAEJ (75)

Where V, is early voltage of BJT.
The early effect gives rise to the output resistance of a BJT which is given by,

. )
ro= (76)
Vg
1) Vg +V
+
= r, = (ISGVBENT x—) =—CEI = (77)
A @©
\Y
r, = —’? (78)
IC
Where, I.' = Ise"""V" = collector current without early effect

Relation between g_and r,
From equations (70) and (73), we have,

I
g7, =1 =
E
= g, 7 =a (79)
Relationship between g _and r_
From equations (70) and (74), we have,
I.
g, = 1P
= g.r. =P (80)
Relationship between r_and r_
The emitter resistance given by equation (73) can be modified as under,
V. V.
LTI aL (81)
S (1 +CJ
IB
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I
= 82
= T, +p (82)

- )

4.6.1 r-model or T-model of BJT
For small signal analysis a forward biased diode, of diode model of BJT shown in Fig. 18, can be
replaced by its dynamic resistance. Than the diode model can be redrawn as », model, as shown in
Fig. 19.

le

Fig. 19 BJT and its r- model

Note : r-model of transistor is also called T-model.
4.6.2 1 -model of BJT
Case-I : Neglecting Early Effect

The n-model of BJT consists of base or input resistance of the BJT and dependent current source on
collector side as shown in Fig. 20. It is a most commonly used model for analysis of a BJT amplifier.

Fig. 20 BJT and its n-model without output resistance

Case-II : With Early Effect
The early effect gives rise to the output resistance of BJT seen from capacitor terminal. The output

resistance of BJT is connected between collector and emitter terminals in m-model of BJT with early
effect taken into account. The n-model of BJT with early effect taken into account is as shown in Fig.
21.
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Fig. 21 BJT and its n-model with output resistance

Example 1
A bipolar transistor is operating in the active region with a collector current of 1 mA. Assuming that
the B of the transistor is 100 and the thermal voltage (V) is 25 mV, the transconductance (g_) and the
input resistance (r ) of the transistor in the common emitter configuration, are

(a) g =25mA/Vandr_ =15.625kQ (b) g, =40mA/Vandr_ =4.0 kQ
(c) g, =25mA/Vandr_=2.5kQ (d) g, =40mA/Vandr_=2.5kQ
GATE(EC/2004/2M)

Solution : Ans.(d)
Given, [.= 1 mA, V. =25mV and =100

Transconductance of BJT, is given by,

g, = <
|Vl
= g = 7z =40mA/V
Input resistance is given by,
100
i o r=£=—kQ =2.5kQ
c s gm 40

Example 2
The current i, through the base of a silicon npn transistor is 1 + 0.1 cos (100007t) mA.At 300 K, the
r_in the small signal model of the transistor is

L B C

(a) 250Q (b) 27.5Q
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(€) 25Q d) 22.5Q

GATE(EC/2012/1M)
Solution : Ans.(c)

i g C

The r_resistance of CE configuration of BJT is given as

V.
r o= T
K IB
where I, = DC bias base current
T
and V. = ——— =Thermal voltage
T 11600
T = Temperature in K
300
AtT=300K, V.= ——
T 11600
Given, i, = 1+0.1 cos 100007t mA
From given base current,
[, = ImA
300 1
= r = ——X =258Q

~ 11600 1x107°

Example 3
A BJT is biased in forward active mode. Assume V. = 0.7 V, kT/q = 25 mV and reverse saturation
current I = 10" A. The transconductance of the BJT (in mA/V) is
GATE(EC-1/2014/2M)
Solution : Ans.: 5.7 to 5.9

Given, Vg = 0.7V
kT
— =25mV=V_
q

Reverse saturation current, I = 10 A

The collector current of BJT in forward active mode is given by
VBE

I. = Iie "
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0.7

= I = 10722107 =(.145A

The transconductance of BJT ,
I 0.145

g = S=—""""=58A/NV
mV, 25x10

4.7 Comparison of approximate #-parameter model and © model of BJT

Fig. 22 Comparison of approximate h-parameter model and n-model of BJT
Comparing above two models,

r.=h, (84)

and Bp=nh, (85)

4.8 Small Signal Analysis of Potential Divider Biased CE Amplifier
The potential divider bias arrangement of common emitter amplifier normally consists of potential
divider circuit used to provide biasing voltage at base terminal of the BJT. An resistance is connected
in series with the emitter terminal is to provide self bias characteristics of BJT. However, emitter
resistance reduces the gain, increases the input impedance and increases the bandwidth of the
amplifier. It also provides negative feedback in the base-emitter circuit and reduces the non-linear
distortion of the amplifier. A bypass capacitor is sometimes connected across the emitter resistance to
compensate the effect of emitter resistance on input impedance, gain and bandwidth of the amplifier
in small signal applications. Following sections discusses the CE amplifier with and without emitter

bypass capacitor.

4.8.1 Small Signal Analysis of Potential Divider Biased CE Amplifier Without
Emitter Bypass Capacitor

The common emitter potential divider bias amplifier with input and output bypass capacitors and
emitter resistance is shown in the Fig. 23. The emitter resistance provides negative feedback in the
input base circuit. The emitter resistance increase the input impedance, reduces the gain, increases

the bandwidth and reduces the non-linear distortion of the amplifier. The small signal analysis of
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the amplifier can be done using different small signal models of BJT which are discussed in the

following sections.

Fig. 23. Common emitter potential divider bias amplifier with emitter resistance

Case-I : Analysis Using Approximate h-parameter Model of BJT
The small signal equivalent circuit of the above amplifier can be drawn by replacing coupling
capacitors by the short circuit, the biasing supply VCC by ground and BJT by its approximate

h-parameters model as shown in Fig 24

AAA

Yyvyvy
[\S)

AAAAAA

AAAAAA )

Zi R Zi’

1

Fig. 24. Common emitter potential divider bias amplifier with emitter resistance

Input Impedance :
Applying KCL at emitter terminal in above circuit, we have,
ie - ic+ib:hfeib+ib:(1 +hfe)ib
Applying KVL in base circuit,
Vin = hie ib + RE ie = [hie + (1 + hfe)RE ] ib (86)

Input impedance seen from base terminal can be given by,

Zl ==+ (14 h)R, (87)

L
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Note :

Note :

Total impedance of amplifier.

(88)

R,R . . . S
where, R, = ﬁ = Thenvenin’s equivalent resistance of potential divider
1 2
(89)
When, R, =0, Z' = h.,, thus, input impedance of amplifier increases by (1 + hﬂ)RE when R, is
connected in emitter ckt.

Voltage Gain :
From collector circuit, v, = —i R.=-h i R_

o Vin
From eq.(86), i, = o +(+h )R
ie fe E

v -R. hfe
n h, +(1+ hfe)RE

=

. 1% RChfe
Vol : A, =-
oftage gain v h,+(1+h, )R,

(90)

i. Here negative sign indicates that the output signal has a phase shift of 180° with respect to the
phase of input signal. Because of this characteristic CE amplifier is used as phase inverter.
ii. When R, = 0, voltage gain,

iR
A4 = |A=t=—1 AR
c T R (90a)

in

Thus, the voltage gain of the amplifier increases if emitter resistance is bypassed

Current Gain :
Considering the load connected at collector with R, = R

i =—i=-h_i
. . X o c e b
From input circuit,
Rth :
= 5 5, -l 91
b R, +Z! D
R
= io= —h, —Y%
’ 3 R, +Z;
C t . A io hfe Rth
urrent gain, B e e
¢ boh Rtz
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hfe Rth
= A =- (92)
Ry, +h, +(1+ hfe)RE
. , o . RChfe
Note : When R, = 0, A = ——"—— (93)
: R. +hg

Thus, current gain of the amplifier increases if emitter resistance is bypassed.

Output Impedance :

Output impedance is obtained by setting v, = 0. The base current becomes zero when input is zero.
The collector current, i = Bi, , also becomes zero when base current is zero and current dependent
current source in collector circuit behaves as open circuit. The equivalent circuit for obtaining output
impedance becomes as shown in Fig. 25.

\iin =0 lb\: 0B

ic =0
> > r+_°
. e
S ¢ \l'lo
S S < e E T b )
S > S
vin=0 | Ri EE R, EE ke <
S < <
SRg
o
— |

Rth Zi’

Fig. 25. Equivalent circuit of potential divider bias CE amplifier
for obtaining output impedance

The output impedance of the circuit becomes,

Z=R, (94)

Case-II : Analysis using n- model of BJT

The AC equivalent circuit of amplifier, with BJT replaced by its @ - model, becomes as shown in
Fig.26.

i
R,

Z

L

Z',
Fig. 26. Equivalent circuit of potential divider bias CE amplifier using p-model
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Note :

Note :

Input Impedance :

From input circuit, V.= L+ (1 + B)RE i, (95)
V.
Z. = 2=r +(1+p)R, (96)
L,
: ! ' Rthzi,
Input impedance, Z, = RR, 1 Z; =R, | Zi= —— (97)
R, +Z,
RR
Where, R, =R|[R=-—""- (98)
R, +R,
. thrn
i. When, R,=0,2"=r and 7.= ———
1 T 1 Rth + rn

ii. When R, is connected in emitter circuit, the input impedance, Z', of amplifier increases by (1 +
BIR, .
Voltage gain :

Output voltage, v, = R.i =-BR, (99)
Putting expression of i, from equation (95) in above equation, we have,
BR.

v, = —m‘ﬁn (100)
R
Voltage gain, A, = Vo PBRc (101)
vi, r+(1+B)Ry
R
When, R =0, A — —PRc (102)
E v

I

T
Thus, the voltage gain of the amplifier increases if emitter resistance is bypassed

Current gain :

Output current, i =- =-pBi,
From i . . R, .
rom input circuit, L = =X 1
R, +Z
R
— i = B th

.0 - ’ ><iin
R, +Z
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i R
Current gain, A = 1—° = —B—‘h, (103)
l Ly Ry +7Z
R
N A = BR,, (104)

Output Impedance :

Output impedance is obtained by setting v. = 0. The base current becomes zero when input is zero.
The collector current i = i, becomes zero when base current is zero and dependent current source

behaves like an open circuit. Then, output impedance of the circuit becomes,

Z. =R (105)

4.8.2 Small Signal Analysis of Potential Divider Biased CE Amplifier With Emitter
Bypass Capacitor

Fig. 27 shows a common emitter amplifier with potential divider bias and emitter bypass capacitor.
The emitter bypass capacitor increases the gain, reduces the input impedance and reduces the
bandwidth of the amplifier. The small signal analysis of the amplifier can be done using different
small signal models of BJT which are discussed in the following sections.

Q +VvCC

Fig. 27 Potential divider bias CE amplifier with emitter bypass capacitor

Case-I : Analysis using approximate h-parameter model.

The AC equivalent circuit of the amplifier is obtained by short circuiting the coupling and bypass
capacitors, replacing DC biasing voltage source by ground and replacing BJT by its approximate
h-parameter model as shown in Fig. 28,
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Vi B —»i e C
(e,
Rl RZ hie
Z,
= E
——
3 it

EDC & ANALOG ELECTRONICS
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Fig. 28. AC equivalent circuit of potential divider bias CE amplifier

with emitter bypass capacitor using h-parameter

Input Impedance :

From input circuit,

=

Where,

Voltage Gain :
Output voltage,

Base current,

Voltage gain,

Current Gain :
Output current,

From input circuit,

Current, gain,

www.digcademy.com

R, IR, 1B =R, |l

Rth hie
Rth +hie
R,R
R, [ R, = —
R, +R

1 2

_Rc ic = hfc Rc ib

L, _ h R,
L h +R,

(106)

(107)

(108)

(109)

(110)

(111)
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Output Impedance :
The impedance seen across output terminal with input set zero,

Z =R (112)

Case-II : Analysis using 1-model of BJT

The AC equivalent circuit of the amplifier is obtained by short circuiting the coupling and bypass
capacitors, replacing DC biasing voltage source by ground and replacing BJT by its approximate
h-parameter model as shown in Fig. 29.

v, B —i i,qe— C v,
(o, —O
iO
R] Rz r, *
z >
SR, Z,
i E
———
R, L
Z/I =

Fig. 29. AC equivalent circuit of potential divider bias CE amplifier
with emitter bypass capacitor using h-parameter

Input Impedance :
Input impedance of the circuit,

R,t
Z =R |Rr =R |r=—"" 113
i 1|| 2 th|| m Rth +1',t ( )
R,R
Where, R, =R ||[R,= ——— (114)
R, +R,
Voltage Gain :
Base current, i = Vin
r’![
Output voltage, v, = —Bi R,
R
f— VO = B_Cvin
rT[
v R
Voltage gain, A = __PRc (115)
Vin rn
Current Gain :
B : _ Rth .
ase current, L= X1,
R, +r,
Output current, = —i =-Bi
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= 1 = _B];{—th X iin

° R, +r1,

i R

Current gain, A = == __PBRy (116)

l 1in Rth + rn
Output Impedance :
The impedance seen across output terminals with input v, set to zero is,

Z =R, (117)

Case-III : Analysis using n1-model of BJT with output resistance
The AC equivalent circuit of amplifier, with BJT replaced by its t-model with output resistance of
BJT, becomes as under,

v, B —i e C v,
O
Vi
EnVhe
r()
R
Z

E
= 1

Fig. 30 AC equivalent circuit of potential divider bias CE amplifier with emitter bypass
capacitor using p-model and output resistance of BJT

Input Impedance:

R,t
From input circuit, Z = R [IR,[Ir, =R [, =—hz (118)
R, +r1,
R,R
When R, = R/[|R,=—— (119)
R, +R,
Voltage Gain :
r. R
Output voltage, Vo= — gV X——— 120
p g , BV XK, (120)
From input circuits, Vi, = Vi
r. R
v = _Buls Cxv, (121)
° r, + R,
r. R
Voltage gain, A = Jo=_BnbZc (122)
v Vi r, +R.
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Current Gain :

Output current, i = —————xg_ V. 123
p o L +R, m Vb ( )
From input circuit, v, = Z 1,
rg Z. .
— i = @le (124)
° r, +R.
i r.Z
Current gain, A = == “Enh (125)
' I, r, +R.

Output impedance :
Output impedance is obtained by setting v, = 0. The voltage v, becomes zero when v, is zero
and voltage dependent current source g v, behaves like open circuit. Under such condition, the

impedance seen across output terminals becomes,
ro RC

Z =r1||R.=
° IR r, + R,

(126)

Example 4

In the amplifier circuit shown below,assume V.= 0.7V and the B of the transistor and the values of

C, and C, are extremely high. If the amplifier is designed such that at the quiescent point its V.=

/
% , where V. is the power supply voltage, its small signal voltage gain ‘;D“t will be

in

+10V
8.8 kQ ke
I_ovout
Vi C2
G

1.2 kQ R,
(a) 3.75 (b) 4.5
() 9 @ 19

GATE(IN/2008/2M)
Solution : Ans.(c)
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Ve =+10
R,
8.8k ¢
Vin I_ovout
=
1.2k
R,

Thevenin’s equivalent voltage and resistance seen from the base,

1.2x8.8
"= =1.056 k
1.2+8.8
1.2
v, = x10 =12V
® 12488

From the collector circuit, we have,

VCC o ICRC o IERE _VCE =0

1
Emitter current of BJT, [, = (1 + —J I,
B

when f is large, I =1.
= IE(RC T RE ) - Vcc 7VCE
Given, VCE = VCC/2 =102=5V

= [(R.+R,) =10-5=5V (1)
From the base circuit, we have,
V, - LR, —T.R, -V, =0
when [ is large the base current is negligible.
= IR, =V, -V, =12-07 =05V

05/R, (i)

= I
Rrom (i) and (ii) we have,
R/AR, =9 (iii)

A.C. equivalent circuit of amplifiers,
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i, h,

ic

RTH
1.2x8.8
= =1.056k
Re 1.2+8.8
Thevenin’s equivalent voltage at the base,
V. = 1.2 x10=1.2V
th 8.8+1.2
V.

1

Base current, i = ———
* h +(1+P)Ry

V.
Since, B is very large, so 1 = L
* o OBRg
S . R,
From output circuit, V, = -Bi, xR, = —R—-Vi
E
\Y R
= ° = €
Vv, R,
\Y R
= o =< . (iv)
V| R,
. V
From (iii) and (iv), V° =9
Example 5
The transconductance g_ of the transistor shown in figure is 10 mS. The value of the input resistance
R is
o Vee

0kQg Rc¥ C=o

C=x ~ v
g]—||——|:ﬁ—50 o

T10kQ g
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(a) 10.0kQ (b) 8.3kQ
(c) 5.0kQ (d) 2.5kQ
GATE(EE/2004/2 M)
Solution : Ans.(d)

[
V.° [

L

Replacing BJT by is equivalent = model the ac equivalent circuit of amplifier becomes, (capacitances
are short circuit for a.c. equivalent circuit),

1, r,
R2
10kgR, S10k
|‘2
R;
The parameter r_is given by,
V.
| IB | gm
Given, g, = 10ms
50
= il o ey
" 10x10
= r = 5000 Q =5k

Input resistance of amplifier,
R, = R[IR|[r =10kQ |10 kQ |5 kQ

= R, = 2.5kQ

Example 6
Statement for Linked to part (i) & part (ii) :
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In the following transistor circuit, V. =0.7V, r =25 mV/I_, and B and all the capacitances are very

large.
(1) The value of DC current I is
(a) 1 mA (b) 2 mA
() SmA (d) 10 mA
GATE(EC/2008/2M)
(i1) The mid-band voltage gain of the amplifier is approximately.
(a) —180 (b)— 120
(c) =90 (d)—60
GATE(EC/2008/2M)

Solution :
(i) Ans.(a)
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Above circuit can be redrawn as under,

where,

Base current,

Emitter current,

Since B is large
Rt (1B R,

=

=

(ii) Ans.(d)

www.digcademy.com

RRR, _10x20 20,

R = R,+R, 10420 3

R 1
V = 2 )(V :—)(9:3
™ R, +R, 3
L = Vi~ Vee
? Ry +1+P)R;
[ = (+p)I,
-V
IE — (1+B) VTH BE

Ry +(1+P)R

ll

(I+P)R,

IE _ (1+B),VTH _VBE — VTH _VBE
(1+P)R; R

[ = 3—0.7=1InA
E 23

313]
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20
RTH = ?k
Vo =V,
Emitter current, I = (1+p)——__BE__
Ry +(1+PB)R;

As [ is large so emitter current can be approximated as under,

V., -V
[ = —H_BE _1mA
= . R
25mV
Given, r = m
€ IE
= B = $:2SQ

Replacing BJT by its r, model, and short circuiting the bypass and coupling capacitors the ac
equivalent circuit of amplifier can be drawn as under,
i

C
< 0o

] +
i ‘1’ Bi,
(o, >b i Vo
+ 'e "R <R
RE S R3 T 3"
Vi [ < ‘..
o o
Emitter current, i = (1+p), = —4
re
Base currnt -V
ase current, i =
* 1+,
VvV = - 1QC];{L . B \/l

© R.+R, (1+P)r,

: Vo RCRL B

voltage gain, = - :

Vi Re+R, (1+P)r,
For large f, P ~ 1

1+

Vv R.R, 1
= o _ __*Cc*L .7

V. R.+R; 1,

www.digcademy.com CADEMY digcademy@gmail.com



Small Signal Analysis of BJT  EDC & ANALOG ELECTRONICS [315]

V. 3x10° 1
= = - —_—
V. 2 25

1

Example 7
For the DC analysis of the Common-Emitter amplifier shown, neglect the base current and assume
that the emitter and collector current are equal. Given that V. =25mV, V= 0.7V, and the BJT output
resistance r, is practically infinite. Under these conditions, the midband voltage gain magnitude. A_

= [V/V| VIV, is
V=12V
O
KOS S2kQ
BRQAZR, 10 uF

1l
10 pF 1

.
L
%

L

GATE(EC-1/2017/2M)

Solution : Ans. (127.0 to 129.0)
V.. =12V

I

ANAA
VW
[\®]
~
o)

! 69471@EE o 2 c 1 0
1;r o

The transistor parameter for ac analysis for finding the voltage gain of the amplifier can be obtained
using DC analysis as follows.

Case -1 : DC Analysis

For DC analysis the coupling and emitter bypass capacitor are replaced by optn circuit as under,
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Vo =12V

Above circuit can be drawn by replacing potential divider by its Thevenin’s, equivalent as follows,

V. = B xV, = &l x12
® R, +R, 73+ 47
= vV, =47V
4
And R = Tx73
th 47+73
+VCC

R,Z

1

v

\

When base current is neglected,
V., =V, -V, =47-07=4V

V 4
Emitter current, [ = —f£=—=2mA
E R, 2k
Collector current, I, = 1,=2mA
Transconductance of BJT,
I 2
g = —<==—=0.08
m VvV, 25
V. 25
Emitter resistance, r, = I—T == 12.5Q
E
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Case-II : AC Analysis

Replacing coupling and bypass capacitors by short circuit, biasing voltage by short circuit or ground
and BJT by its small signal model, the AC equivalent circuit becomes as under,

[ L
< S
< S
= R, SR
+
+

1+p)r=
<’( Pr2 v, (V) BaVee L
<
v Rz 1= SR

N +
v rE EEwEepn (e ER SR,
Output voltage, v, = —(R.[IR) g, V.
From input circuit, v, = v,
= Vo = _(RC”RL) gm Vi
Voltage gain,
v R.R
|Av| — o | — CcC L X gm
v.,| Re+R,
2x8
= A| = x0.08x10° =128
V 2+8

4.9 Small Signal Analysis of Base Bias Amplifier
The biasing of base of BJT in base bias circuit is provided directly at base through a resistance
connected between supply voltage and base terminal as shown in Fig. 31. An resistance is connected
in series with the emitter terminal is to provide self bias characteristics of BJT.

4.9.1 Small Signal Analysis of Base Bias Amplifier with Emitter Resistance
Fig. 31 shows a base bias common emitter amplifier with emitter resistance. The input and output
signals are connected to the amplifier through the input and output coupling capacitors. The small
signal analysis of the amplifier can be done using different small signal models of BJT which are
discussed in the following sections
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Fig. 31 Base bias amplifier with emitter resistance

Case I : Analysis of Using Approximate h-parameter Model of BJT

Replacing coupling capacitor C and C_ by short circuit, power supply +V by ground and BJT by
its approximate h-parameter model, the small signal equivalent of the amplifier becomes as shown in
Fig. 32.

Fig. 32. AC equivalent circuit of base bias CE amplifier with
emitter resistance using h-parameters

Input impedance :
Applying KVL on input side we have,

v =h i +Ri (127)
Emitter current, i, =i, +i=i+h i=(+h)i (128)
= v =h i+ (1+h)iR, (129)
Z' =~m-h +R (1+h)i (130)
L,
= z, = R,z b (131)
R,+Z/

Voltage gain:

Let, the load is connected in collector.
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Then output voltage v, = —Rd =-R i (132)
Putting expression of base current from equation (129) in above equation, we have,
RC hfe v
Vo =7 h+(1+h )R, " (133)
\ R:h
= A = C=—— (134)

v V. _hie+(1+hfe)RE

Output Impedance

Output resistance of an amplifier is resistance seen from output terminals by setting input supply
to zero. Connect independent source at output when input supply is set to zero or grounded the ac

equivalent circuit of the amplifier become as under,

= i,=0 i.=0

in

- B — <« C v

Fig. 33. AC equivalent circuit of base bias CE amplifier for output resistance
The resistance seen across output terminals,
Z, =R, (135)
Case-II Analysis using - model

Replacing coupling capacitors by short circuit, DC supply source by ground and BJT by its p —
model, the small signal equivalent circuit of amplifier becomes as shown in Fig. 34.

=
Vi=(+B)i, i
|
z

R,

Fig. 34. AC equivalent circuit of base bias CE amplifier with
emitter resistance using p-parameters
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Input Impedance :

From input circuit, v, =r i +(1+P)R.i, (136)
Z' = Vl =1, +(1+B)R, (137)
b

. _ . R,Z/
Input impedance, Z = R,|z/=—2" (138)

B+Zi'

Voltage Gain :

Output voltage v, = —h _R.i (139)

Putting expression of base current from equation (136) in above relation, we have,

h. R
v =— —=2 ¢ vy (140)
° r.+(1+B)R;

h. R
Voltage, gain, A, = Yo Mele (141)
v, r, + (1 + ﬁ)RE

Output Impedance :

Output Impedance is obtained by setting v, = 0 and connecting a source across output terminals as in
case-I.

When v, = 0, base current, i, = 0 and the output impedance becomes,
(142)

4.9.2 Analysis of Base Bias CE Amplifier with Emitter Bypass Capacitor

Fig. 35 Base bias amplifier with emitter bypass capacitor
When emitter resistance is by passed with a by pass capacitor, it is replaced by a short circuit for AC
analysis.
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Case-I : Analysis using approximate h-parameter model

Replacing coupling capacitors emitter by pass capacitor by short circuit, power supply by ground and
BIT by its approximate h-parameters model the equivalent circuit for small signal analysis becomes
as shown in Fig.36.

Fig. 36. AC equivalent circuit of base bias CE amplifier with emitter bypass capacitor
using h-parameters

Input Impedance :

R, h.
From input circuit, |Z, =R || h,, = —2— (143)
R, +h,
Voltage Gain :
Output voltage, v, = —-R_ i =—R_h i (144)
Base current, i = % (145)
R.h
= v o= ——Ff.y (146)
° hie
R.h
Voltage gain, A = Yo o _Zcle (147)
Vin h,
Current Gain :
Output current, i =—i=-h_i (148)
R .
Base current, i, = . (149)
R, +h,
h R, .
= i = ——L& B 4 (150)

0 h,+R, "

www.digcademy.com CADEMY digcademy@gmail.com



Small Signal Analysis of BJT

Current gain,

EDC & ANALOG ELECTRONICS

_ RBhfe

h,+R;,

322]

(151)

Output Resistance :
Output resistance of amplifier is obtained by setting input v, = 0 and then finding resistance seen
across output terminals of the amplifier. When input is set to zero, the base current, i, =0

i =pi,=0
Then equivalent circuit of amplifier becomes as shown in Fig. 37.
B —> ib = 0 ic = 0 C A%

Fig. 37 AC equivalent circuit of base bias CE amplifier with
h-parameter for output resistance

Output resistance, Z, =R, (152)

Case-II : Analysis using © — model of BJT

The AC equivalent circuit of amplifier with BJT replaced by its © — model becomes as shown below,

—»i, B —» i,
Vin
R, 3r,
<
=
—
Z

Fig. 38 AC equivalent circuit of base bias CE amplifier with emitter bypass capacitor
using 7 -model

Input Resistance :

From input circuit,

7 =Yn _ Tl (153)
1.

Voltage Gain :
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Base current, i, =
. . V.
Output voltage, v, = Rl =R Piy =—R Px— (154)
rT[
v R
Voltage gain, A, =—2= _BRc (155)
Vin rn
Current Gain :
Output current, i=-1=-B1i
. - . R, .
From input circuit, i = X1y, (156)
Ry +1,
R .
= i = —B—B><1in (157)
0 Ry +r1,
1 R
Current gain, A="=- PR, (158)
1, Ry +r1,

Output resistance :
Output resistance of amplifier is resistance seen across output terminals with input source set to zero.
The equivalent circuit for output resistance becomes as under,

v,=0 g 130 =0 C v,

Fig. 39 AC equivalent circuit of base bias CE amplifier with
p-model for output resistance

When input v, is set to zero the base current becomes zero so if the collect current.

(159)

Case-III : Analysis using © - model with output resistance r_

In previous cases we have taken i_ = f i, but in this case we will consider g parameter of BJT. The
AC equivalent circuit of amplifier with BJT replaced by m - model with output resistance becomes as
shown in Fig. 40.
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iC

—»i_ B C «— v,

O O
Vi + io
R, I m Ve
\A B v En Vs I, R, 42
1, = VAd
' - E
-

Fig. 40 AC equivalent circuit of base bias CE amplifier with output resistance of BJT
& emitter bypass capacitor using p-model

+

Input Impedance :
Input impedance seen from input circuit,

R,t
Zin :RBHrn:# (160)
Ry +r1,
Voltage Gain :
Output voltage of the circuit,
r, R
Vo= g V. X— 161
o gm be ro + RC ( )
From input circuit, Vi, = Vi,
ro RC
v = =8, X X Vi
° r, +R.
v r R
Voltage gain, A, =—2= _Enf %c (162)
v, r,+R.
Current Gain :
I
Output current, i = —————Xxg_ V. 163
p o LR, m Vo (163)
From input circuit, v. = (r IRp)i, = LR, i (164)
be r,+R,
R .
= i= o BmDLh e g (165)
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. io gm ro rn I"B
A =—"2—=— 166
Current gain, i 1 (rn RB )(I‘O RC ) ( )

m

Output resistance :
Output resistance of the circuit is obtained by setting v, = 0. When v, = 0, the dependent current
source g v, behaves as open circuit. The resistance seen from output terminals becomes,

r,R.

Z =1 ||R,=—2
o o||C r+RC

(3]

(167)

4.10 Small Signal Analysis of Collector Feedback CE Amplifier
The collector feedback common emitter amplifier consists of a resistance connected between collector
and base terminals. This amplifier provides a feedback from collector voltage to base current. The
collector feedback amplifiers can be analyzed by considering emitter resistance and source resistance
taken into account separately. The small signal analysis of collector feedback amplifier can be
performed by using either of small signal model of BJT. Input and output signals are connected to
BIJT amplifier though input and output coupling capacitors as shown in Fig.41.

4.10.1 Small Signal Analysis of Collector Feedback CE Amplifier With Emitter
Resistance

Ve

Fig. 41 Collector feedback self biased amplifier with emitter resistance

The AC equivalent circuit of the amplifier, by replacing coupling capacitors by short circuit, biasing
source by ground and BJT by its approximate h-parameter model, becomes as shown in Fig. 42.

R, Re2 ¥

Fig. 42 AC equivalent circuit of collector feedback using approximate h-parameters
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Applying KCL at node ‘B’, we have,

v, —V
—H +i+———= =0 168
1m 1b RF ( )
_iin RF+1b RF+Vin_V0 = 0 (169)
Applying KCL node ‘C’, we have,
Yo Vi Yo yh i, =0 (170)
RF C
From input circuit, v, =h i +(1+h)R, i
- i = Vin (171)

*  h,+(1+hy)R,

Putting expression of i, from above equation in equation (170), we have,

VO B Vin + VO +hfe x Vin — 0 (172)
R, R. h, +(1+hg )R,
R, R.)° R, h,+(l+h )R, | "
R, h, +(1+hg )R —h R,
= v, = Vin
R, +R, h, +(1+hg )R
R h. (1+h. )R.-h_R
Voltage gain, A = Lo L o (L+he JRe —he R, (173)
v v, R;+R_ h, +(1+hg )R,
Let,R,>>R,,R,>>R_and (1 +h )R, >>h_
Then, R.+R, » R,
hre + (1 + hfe) RE ~ hfe RE
hic + (1 + hfc) RE - hfc 1{F ~ _hfc 1{F
A = & _hfe RF
) RF hfc RE
R
= A = ——% (174)
v R
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4.11 Small Signal Analysis of Emitter Follower Amplifier
The output voltage of emitter follower amplifier is taken from emitter terminal of BJT. This amplifier
has voltage gain close to unity and high current gain. The output signal is in phase with the input
signal.

O Ve

Case-I : Analysis using approximate h-parameter model
The AC equivalent circuit of the emitter follower amplifier is drawn by replacing coupling capacitors
by short circuit and BJT by its approximate h-parameter model a shown in Fig. 44.

Fig. 44 AC equivalent circuit of emitter follower amplifier using approximate h-parameters

Input Impedance :

From input circuit, v, =h i +(1+h)i R, (175)
= z, = S =h +(1+h )R, (176)
L,
_ RpyZ
Input impedance, 7z = RyllZi=—"—+ (177)
put imp i R, +Z
Voltage Gain :
Output voltage, v. = (1+h)i R, (178)

www.digcademy.com CADEMY digcademy@gmail.com



Small Signal Analysis of BJT  EDC & ANALOG ELECTRONICS [328]

Putting expression of base current from equation (175) in above equation, we have,

(1+hy )R,

Y bR, i)

\A (1 + hfC )RE

Volt in, A = —= 180
ontage gail Y v, he+(1+hy)R, (180)
If R, is selected such that (1+h,) R, >>h,
then (I+h )R, +h =~ (1+h)R,
1+h. )R
— A =~ m =1 (181)
" (I+hg )R,
Thus an emitter follower amplifier has voltage gain close to unity but less than unity.
Current Gain :
Output current, i, = (1+hy)i, (182)
. R, .
Base current, i = =Xy (183)
Ry +Z
. R, .
= i, = (I+hg)x -, (184)
° R, +Z
i 1+h, )R
Current gain, A = 1—° = (+),B (185)
' I, R, +Z
Putting expression of Z'. from (176) in above equation, we have,
1+h, )R
A = (Leh, )R, (186)

" Ry+h +(1+hy )R,
Output Impedance :

Output impedance is obtained by setting v, = 0 and finding resistance seen across output terminals
of the amplifier. The equivalent circuit with input voltage set to zero becomes as shown below,

T

Fig. 45 Equivalent circuit of emitter follower amplifier input source shorted
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The resistance R, is bypassed by short circuit. The circuit can be redrawn as under,

— i, E i

Fig. 46 Equivalent circuit of emitter follower amplifier redrawn for output resistance

From above circuit, i = —-— (187)

KCL atnode ‘E’, gives,

!

v L.

R——hfelb—lb—l =0 (188)
E

Putting the expression of i, in above equation from equation (187), we have,

! ! r

= Lnthe-L+L—i'=0
RE hie ie
J 1 hy 1 ,
= V| —+—+—|=i
RE hie hle
v’ 1
N R,=—=— (189)
i 1 hfe 1
— 4 +—
RE hie hle

Case-II : Analysis using 7 -model
The AC equivalent circuit of the amplifier is drawn by short circuiting the coupling capacitors and by
replacing DC biasing source by ground and BJT by n-model as shown in Fig.47.

Fig. 47 AC equivalent circuit of emitter follower amplifier using approximate h-parameters
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Input Impedance :

From input circuit, v,
Z'
Input Impedance, Z

Voltage gain :
Output voltage of the circuit,

v

o

Putting expression of base current from equation (190) in above equation, we have,

\
0
Voltage gain, A
Current gain :
Output current, 1
Base current, i
= i
o
Current gain, A,

Example 9

EDC & ANALOG ELECTRONICS

r i +(1+p)i R,

&Zl‘n+(l+B)RE

L,
R,Z
= Ry Z =
Ry +Z
= (1+B)i R,

(1+B)R; y
r.+(1+B)R; n

Vo __(I+PIRy
\7 _rn+(l+[3)RE

m

1+P)i,
= RB X1

12 mn
Ry +Z,

RB
R, +Z

= (1+B)><

1in

i, (1+P)R,

i, R, +Z

mn

330]

(190)

(191)

(192)

(193)

(194)

(195)

(196)

(197)

(198)

(199)

An amplifier circuit is shown below. Assume that the transistor works in active region. The low frequency
small - signal parameters for the transistor are g =20 mS, B, = 50, r, = o, r, = 0. What is the voltage
gain, A = (v, /v,), of the amplifier?
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+V,

cC

(a) 0.967 (b) 0.967
(c) 0.983 (d) 0.998
GATE(IN/2006/2M)

Solution : Ans.(b)

Parameter r_ of BJT,

Replacing BJT by its m-model the ac equivalent of amplifier becomes,
1k i,

v =350 +(1+p)i x2

1

V. 1

1

. _ v
b 35+51x2 1055

From output side, v, = (1 +p)i x2
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= y = 51x2x XV,
° 105.5
102
Voltage gain, A = — ——=0.967
v 105.5

4.12 Small Signal Analysis of Common Base Amplifier Using n-Model

Consider a common base amplifier as shown in the Fig. 48. The input and output signals are coupled

to the amplifier through input and output coupling capacitors, respectively.

C, C

o } 3_

Vin
%Rﬁ R,
Nz

Fig. 48 Common base amplifier

= (o]

The small signal analysis of the common base amplifier will be carried out with re- model of BJT.
For small signal analysis the coupling capacitors are replaced by short circuit, DC biasing voltage
sources are replaced by short circuit and BJT is replaced by its r -model. The AC equivalent circuit

of the amplifier becomes as shown Fig.49.

-||||—

Fig. 49 Small signal equivalent circuit of common base amplifier

I. Input Impedance :

I
Zi RE ||re :]RE—-FGI' (200)
E

€

II. Voltage Gain :

Emitter current, i = —= (201)
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Output voltage, v = ai,xR.=-aR. {— Vin } (202)
I

€

III. Current gain :
Output current, i =—-i=—ai (203)
From input circuit,

R

=B i (204)
¢ Ry +1,
R
i = i (205)
0 Rp +1,
i R
Current gain, A== 2 (206)
! 1, Rp+r

IV. Output Impedance :
Output impedance of the amplifier is obtained by setting v. = 0 and finding impedance across output
terminals of the amplifier. When input v. = 0, the AC equivalent circuit becomes as shown in Fig. 50.

le:O 1=O
<« -« v,

Output impedance, Z =R (207)

Example 10
A BJT in a common-base configuration is used to amplify a signal received by a 50 Q antenna.
Assume kT/q = 25 mV. The value of the collector bias current (in mA) required to match to match
the input impedance of the amplifier to the impedance of the antenna is
GATE(EC-IV/2014/2M)
Solutin : Ans (0.49 to 0.51)

v, G G, v
e
%RE 2R,
Antenna ik j

1
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334]

For impedance matching output resistance of amplifier should be equal to input impedance of

kT
Given,R  =50Q, V; =—=25mV
q
Output conductance of BJT,
. -l
VT
Output resistance of amplifier,
R - 1V 25x107
° gn lc I
antenna.
Ram = RO
25x10°°
= 50 =
IC
-3
= = 229 _gs5ma
¢ 50

4.13

Effect of Source Resistance and Load Resistance

The effect of source and load resistance on performance of an amplifier can be studied on any of

the configurations discussed in previous sections. However, CE amplifier with potential divider bias

being a most preferred configuration has been used here
+VCC

for discussion.

T
lIII
=
=<

Fig. 51 Potential divider bias CE amplifier with source and load resistances

When load resistance R and source resistance, R , are also taken into, the small signal AC equivalent

circuit can be drawn using any of small signal model

of BJT. The AC equivalent model of CE

amplifier using hybrid t-model of BJT can be drawn as shown in Fig. 52.
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R, iy -
0—'\/\;\,_» +— " —
Vs + 1, V,

in §Rl § R, g L <+ Bib< I, §RC R,
—> -«
Z, . 4
—J
R, .|| Re

Fig. 52 AC equivalent circuit of potential divider bias CE amplifier
with source and load resistances

Input impedance :
The input impedance of the amplifier,

R[ rT[
Z =R|IR|r =R, |r= m (208)
R, R
Where R, = R/||R,=——2 (209)
Rl 2
Voltage Gain :
Output voltage, v, = R/ i, (210)

Applying current divide rule,

i = —Mxﬁi (211)
° (r,IR,)+R, "

L (roHRc)RL XBI (212)
- o (IR)HRY
From input circuit,
R .
i = ! (213)

b in
R, +1,

(roHRc)XﬁRL R

= v o= - x—0 i (214)
° (r, IR)+R, Ry +r,
%
Input current of BJT, r. = > (215)
" R, +Z,
r ||IR R 1
Vo= (5 IR )BR x —— XV (216)

° (IR )+R R, +1, Rs+zi ’

o
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r ||R R R 1
Voltage gain, A = Yo _ (. IIR)BR, x—h
Y ovy o (n|RQ)+R, Ry+r, R +Z

S

Current gain :

From equation (211) & (213), we have,
(r, IR Ry

=_ x 3 x X1,

T T(LIRQ)+R, T Ry+r, "

i r [|[R.)xBR
Current gain, A = 2 =_ (o” C) PR,

in B I:(ro | RC)+RL:|(Rth +rn)

p—

Output Impedance :

336]

(217)

(218)

(219)

Output impedance of the amplifier impedance seen across output terminals is obtained by replacing
input voltage source by short circuit and load resistance by open circuit. When v = 0, then input
current i, becomes zero and hence the base current. The dependent current source, B i, behaves as

open circuit. Then resistance seen across the output terminal of the amplifier becomes,
roRC

Z =r1||R.=
° o [IR r, + R,

(220)

Example 11
Find the voltage gain of common emitter amplifier, shown in the figure below, in terms of h-parameter
of BJT.
o Vee
R.=Rg
R l
— W C Vo

Solution :

Drawing the ac equivalent circuit of the amplifier with approximate h-parameter we get:
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4.14.

Vo T _RL lc = _RL hfe 1b

.Y
1b = h_
RL h/e ' .
= vV = —/——.V, L1
o o (1)
: R, |l A R, &,

Vi . Vi = . Vi
Rx + Rb || hie (Rb + hie)Rs + Rb hie

Putting above expression of v." in equation (i), we have,

Volt i A = v—o——Rthex R, B
? age galn’ ’ vi hie (Rb + hie)Rs + Rb hie
Phasor Relations of Input and Output Signals of BJT Amplifiers

I. CE configuration

It can be observed that voltage gain and current gain are negative for potential divider bias, base
bias and collector feedback bias circuits of common emitter (CE) configuration of BJT amplifier.
The negative sign indicates that output signal is 180° out of phase in comparison with input signal.
Therefore, CE configuration of BJT acts like an inverter. The waveforms of input and output signals
of CE configuration are as shown in Fig. 53.

Fig. 53 Input and output signals of CE amplifier

II. Common Collector Configuration

The voltage gain and current gain of common collector or emitter follower configuration of BJT
amplifier are positive which means output signals are in phase with input signals. The waveforms of
input and output signals of emitter follower can be drawn as shown in Fig.54
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Vi, A 1, A

in

\J

Fig. 54 Input and output signals of emitter follower

III. Common Base Configuration
The voltage gain and current gain of common base configuration of BJT are positive which means
input and output signals are in phase with each other. The wave forms of input and output signals of

common base amplifier can be drawn as shown in Fig. 55

Vi, A i, A

in

Fig. 54 Input and output signals of common base amplifier

4.15. Effects Emitter Resistance and Emitter By Pass Capacitor
I. Effects of Emitter Resistance (R))

i. Provides negative feedback

ii. Stabilizes the biasing point of BJT and helps in self biasing of BJT
iii. Increases input impedance of amplifier

iv. Reduces voltage and current gain of the amplifier

v. Increases bandwidth of the amplifier

vi. Reduces the non-linear distortion

vii. Reduces the effect of external noise
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4.16

4.17

II1. Effects of Emitter By Pass Capacitor

The emitter bypass capacitor behaves as open circuit for DC biasing signals and acts like a short
circuit for AC signals. The effects of emitter bypass capacitor are just opposite to the effects of

emitter resistance, which are as under,

i. It provides path for AC component of emitter current of amplifier
ii. Reduces the input impedance of amplifier

iii. Increases the voltage and current gain

iv. Reduces the bandwidth of the amplifier

v. Increases lower cutoff frequency of the amplifier

Comparison of Parameters of CE, CC and CB amplifier

The comparison of voltage gain, current gain input impedance and output impedance of different
configuration of BJT amplifier are summarized in Table 2.

Table 2 : Comparison of parameters of CE, CC and CB amplifiers

S.N. | Parameter CE Amplifier | CC Amplifier | CB Amplifier
l. Voltage Gain High less than 1 but | High
close to unity
2. Current Gain High High less than 1 but
close to unity
3. Inputimpedance | High High Low
Outputimpedance | High Low High

Power gain, Voltage Gain and Current Gain of the amplifiers in dB

I. Power gain of the amplifier

The power gain of an amplifier is defined as ratio of output power to the input power of the amplifier.
However, an amplifier does not generate the power rather it changes the AC input power and DC
power from biasing source to the AC power at the output of the amplifier.

The AC input power of an amplifier is given by,

P =vi
0o

o

The AC input power of an amplifier is given by,
P =vi

in in"in

The power gain of an amplifier is the ratio of output power to the input power of the amplifier.
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S

Due to wide range of frequencies input signals of an amplifier the power gain, voltage gain and
current gain of an amplifier are measured in decibel (dB).

The voltage gain in dB is given by,

vd

VO
A B = 20 loglov

The current gain in dB is given by,

I()
AidB = 20 logmr

Power gain in dB is given by,

A = 10log, L7

P dB

Example 12
A common emitter amplifier has a voltage gain of 50 andinput impedance is 1000 Q find out the
power gain of the amplifier if the output impedance is 200 Q2.

Solution :
Given, A =50

v

Voltage gain in terms of current is given by,

Z
A = _L'Ai
v Zi
Z.
= A = —’Av:@x50:250
! Z 0
Power gain A, = A A =50x250=12500
In dB, A, = 101log 12500 dB =40-969 dB
Example 13

An amplifier has an input power of 2 microwatts. The power gain of the amplifier is 60 dB. The
output power will be
(a) 6 microwatts (b) 120 microwatts
(c) 2 milliwatts (d) 2 watts
IES(E&T,91)
Solution : Ans.(d)
Power gain (in dB) of amplifier is given by

POH
A, = 10log,, Pt

in
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Given, Ap = 60 dB,
in = 2 “’W
P
60 = 10lo oul
= 10
= P = 106 x 2 x 10°°
out = 2W
a0oa
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0.1

0.2

0.3

0.4

oz omera

&

The current gain of a BJT is

(@) g,r, (b)

o

En

T

(©) g,r, (d)

GATE(EC/2001/1M)
In the transistor amplifier shown in figure the ratio of small signal voltage gain, when the emitter
resistor R _is bypassed by the capacitor C_ to when it is not bypassed, (assuming simplified approximate
h-parameter model for transistor, is

GATE(EE/1996/1 M)
In the BJT amplifier shown in figure, the transistor is biased in the forward active region. Putting a
capacitor across R, will

(a) Decrease the voltage gain and decrease the input impedance
(b) Increase the voltage gain and decrease the input impedance
(c) Decrease the voltage gain and increase the input impedance

(d) Increase the voltage gain and increase the input impedance

GATE(EC/1997/2M)
The amplifier circuit shown below uses a silicon transistor. The capacitors C_.and C can be assumed to
be short at signal frequency and the effect of output resistance r, can be ignored. If C, is disconnected
from the circuit, which one of the following statements is TRUE?
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Vee=9V

(a) The input resistance R, increases and the magnitude of voltage gain A, decreases

(b) The input resistance R, decreases and the magnitude of voltage gain A, increases

(c) Both input resistance R, and the magnitude of voltage gain A, decrease

(d) Both input resistance R, and the magnitude of voltage gain A, increase

GATE(EC/2010/2M)

0.5  The amplifier shown below has a voltage gain of —2.5, and input resistance of 10 kQ and a lower

3-dB cut-off frequency of 20Hz. Which one of the following statements is TRUE when the emitter

resistance R is doubled?

VCC
C b
B CC RL
VS? ?
(a) Magnitude of voltage gain will decrease (b) Input resistance will decrease
(c) Collector bias current will increase (d) Lower 3-dB cut-off frequency will increase

GATE(IN/2011/1M)
0.6  If the emitter resistance in a common-emitter voltage amplifier is not by passed, it will
(a) reduce both the voltage gain and the input impedance
(b) reduce the voltage gain and increase the input impedance
(c) increase the voltage gain and reduce the input impedance

(d) increase both the voltage gain and the input impedance
GATE(EC-IV/2014/1M)
Q.7  The magnitude of the mid-band voltage gain of the circuit shown in figure is (assuming h, of the
transistor to be 100)
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(@ 1
(c) 20

GATE(EE-1/2014/1M)
0.8  In the single-state transistor amplifier circuit shown in figure the capacitor C, is removed. Then, the
ac small-signal midband voltage gain of the amplifier

— +12V

s
o Output
Input

(a) Increases (b) Decreases
(c) Is unaffected (d) Drops to zero

GATE(EE/2001/1 M)
0.9 A common emitter transistor amplifier, using a collector load of 1 k ohm and operating at room
temperature, with a collector current of 1 mA, gives a voltage gain nearly equal to

(a) 25 (b) 40
(c) 250 (d) 1000
GATE(IN/1997/1M)

Q.10  For the amplifier shown in the figure, the BJT parameters are V., = 0.7 V, B = 200, and thermal
voltage V_ = 25 mV. The voltage gain (v /v)) of the amplifier is

GATE(EC-1/2014/2M)
Q.11 Consider the common-collector amplifier in the figure (bais circuitry ensures that the transistor
operates in forward active region, but has been omitted for simplicity). Let I, be the collector current,
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V,; be the base-emitter voltage and V  be the thermal voltage. Also, g and r_ are the small-signal
transconductance and output resistance of the transistor, respectively. Which one of the following
conditions ensures a nearly constant small signal voltage gain for a wide range of values of R ?

VCC
Vin
Vou!
R;
(@ g R, <<1 (b) I.R,>V_
(©) g.r, > 1 (d) VBE > VT

GATE(EC-1IV/2014/2M)
Q.12 In the ac equivalent circuit shown, the two BJTs are biased in active region and have identical
parameters with B >> 1. The open circuit small signal voltage gain is approximately ...........

é_o Vout

Vin O_K

.

GATE(EC-II/2015/2M)
Q.13  In the circuit shown, transistors Q, and Q, are biased at a collector current of 2.6mA. Assuming that
transistor current gains are sufficiently large to assume collector current equal to emitter current and
thermal voltage of 26 mV, the magnitude of voltage gain V /V_in the mid-band frequency range is
(up to second decimal place).
5V

1 kQ

L — o Vo

. T\ Q

t L&
| Q

\

...||__L
/

~

GATE(EC-II/2017/2M)
Q.14 In the circuit shown in the figure, the bipolar junction transistor (BJT) has a current gain
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B = 100. The base-emitter voltage drop is a constant, V. = 0.7V. The value of the Thevenin equivalent
resistance R (in €2) as shown in the figure is (up to 2 decimal places).
10Q2

GATE(EE/2018/2M)
1 RO
+
AV Y,
o
R, R
b) 4 !
@ AR ® 47k,
© At R @,
c
R+R, v
GATE(IN/2007/1M)
Q.16 For the common collector amplifier shown in the figure, the figure, the BJT has high B, negligible
V g @0d Vi = 0.7 V. The maximum undistorted peak-to peak output voltage v_ (in Volts) is
Ve=+12V

GATE(EC-IV/2014/2M)

Q.17 For the BJT in the amplifier shown below. V. = 0.7 V, kT/q = 26 mV. Assume the BJT output
resistance (r,) is very high and the base current is negligible. The capacitors are also assumed to be
short circuited at signal frequencies. The input v,is direct coupled. The low frequency gain v, /v, of
the amplifier is
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Ve =10V

Vg =—10V
(a) —89.42 (b) -128.21
(c) —178.85 (d) —256.42
GATE(EC/2020/2M)

o0
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[348]

0.1

0.2

0.3

ANSWERS & EXPLANATIONS

Ans.(c)
Base resistance r_of BJT is given by
_he B
* n  Bm

where, g — transconductance and [3 is current gain

So, current gain, B = g r_

Ans.(d)

Gain of above amplifier with C, in circuit,

A — _ hfeRL
vy h

ie
Gain of amplifier when C_ is removed,

A . hfeRL
[* hie + (1 + hfe )Re

. . A, h, +(1+h,)R,
Ratio of gains, =

sz hie
A

N T 1+ﬂ.Re
A

A\ ie

Ans.(b)
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’
Zin

The voltage gain of amplifier shown with R is given by,
h, R,
AT (14 h)R,

The input impedance with negative feed back is given by,
Z,in = hie + (1+hfe)Re

So,if R is bypassed by putting a capacitor across it the voltage gain will increase and input impedance
will decrease.

Note :-

Effects of emitter resistance, R,

i. Provides negative feedback in base circuit.
ii. Improves bias stability

iii. The voltage gain of amplifier reduces.

iv. The input impedance of amplifier increases.

0.4 Ans.(a)

Y r R;=0.3kQ3 ]—cE 0
R T

Capacitor C in above circuit behaves like a short circuit for ac signals. When C, is removed emitter
resistance R, provides current series negative feedback in the input loop. Various effects of negative
feedback provided by R are listed below,

www.digcademy.com CADEMY digcademy@gmail.com



Small Signal Analysis of BJT  EDC & ANALOG ELECTRONICS [350]

i.  Voltage gain of amplifier is reduced
ii. Input impedance is increased.

iii. Bandwidth of amplifier is increased. So, lower cutoff frequency is reduced and upper cutoff
frequency is increased.

iv. Effect of noise is reduced.

0.5 Ans.(a)

In the above circuit resistance R, provides current series negative feedback in the input loop. Various
effects of negative feedback provided by R, are listed below,

i.  Voltage gain of amplifier is reduced

ii. Input impedance is increased.

iii. Bandwidth of amplifier is increased. So, lower cutoff frequency is reduced and upper cutoff
frequency is increased.

iv. Effect of noise is reduced.

v. Non-linear distortion is reduced.

When R, is doubled feedback voltage is increased and voltage gain is reduced, input resistance is
increased, lower cutoff frequency is reduced and collector bias current is reduced.

0.6 Ans (b)
Various effects of negative feedback provided by R are listed below,

i.  Voltage gain of amplifier is reduced

ii. Input impedance is increased.

iii. Bandwidth of amplifier is increased. So, lower cutoff frequency is reduced and upper cutoff
frequency is increased.

iv. Effect of noise is reduced.

v. Non-linear distortion is reduced.

0.7  Ans. (d)
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Q +Vcc

10k

o

T,

Given h, = 100

fe
Replacing BJT by approximate h-parameter model, coupling and bypass capacitors by short circuit
and biasing voltage by groud, the AC equivalent circuit of the amplifier becomes as under,

Output voltage, v, =
. V;
Base current, i = :
®  10k+h,
10k xh,,
= = S i
° 10k +h,,
Mid band voltage gain,
= Al = V,|_ 10kxh
Y lv,| 10k +h,
Let, h, <<10k
10k
= |A| ~ —-h, =h,=100
v 10k
0.8 Ans.(b)
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— 12V
F o
o Output
Input
Py e TCE
0
7

When C, is removed the emitter resistance produces negative feedback and results in reduction in
gain of amplifier.

0.9 Ans.(c

Given, I. = ImA,R.=1kQ

The transconductance of BJT,

I
g = —< ; where V. is thermal voltage.
T

At room temperature, V. =25 mV

= g, =

Output voltage of amplifier,

Vo = - ngCVi

Voltage gain of the amplifier,
A% 1

= ° = —g R =-—x1000 =—-250
Vi m C 25
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v
= — = 250
0.10 Ans.:—240 to -230
V. =12V
5;5 kQ
R, 233 kQ T IuF
L »—“—ov
[L4B o

Vi '
G
E
RNk RE10Q

R, 1kQ_-|__1mF

Given, V. =0.7V 3 =200 and V_= 25 mV

[353]

Here, the parameters for small signal parameters used for finding the gain of amplifier are not given.
These parameters are determined by using the DC analysis and gain is obtained by using the AC

analysis as follows,

Case-1 : DC analysis

The emitter bypass capacitor and coupling capacitors are replaced by open circuit for DC analysis of

an amplifier. Then the biasing circuit of the amplifier can be drawn as under,

+Ve =12V
! R, = 5kQ
2R, =33kQ
R, 3
] 10Q
= 1kQ

Replacing polential divider circuit by its Thevenin’s equivalent circuit, we have,
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V. = L><VCC= 1 x12
® R, +R, 33+11

= vV, =3V

and n_ _RR, _33x11_33

® R, +R, 33+11 4

The biasing circuit can be redrawn as under
+V =12

Applying KVL in base circuit, we have,
V,-LR -V —-(1+B) I, (R.+R)=0

V, -V
— IB _ th BE
R, +(1+B)R; +Ry)

3-0.7
- LI
+(1+200)(10+1x10°)
= I, =10.88 uA=10.88 x 10°A
Collector current, I. = BI, =200 x10.88 x 10°A =2.18 mA
I.  2.18x10°
Transconductance of BIT,g = —== ;_3 =0.087
"V, 25x10
Input or Base resistance of BJT,
vV,  25x10°
Po= L= _)314k0

1, 10.88x10°

Case-II : AC Analysis

For AC analysis coupling capacitors and emitter bypass capacitor are replaced by short circuit , BJT

www.digcademy.com CADEMY digcademy@gmail.com



Small Signal Analysis of BJT EDC & ANALOG ELECTRONICS [355]

is replaced by its small signal model and biasing voltages are replaced by ground or short circuit as
under

N

~
A
WW

>~
AAAA
VVVY

Above circuit can be redrawn as under,

T

Output voltage of amplifier,
Vo = _(ngbe) RL

i,
—

= v =-gR.v,. L. (1)
From input circuit, v. = v, tg v, R
- Vi (ii)
v, = —— . i
be 1 + g mRS

From (i) and (ii), we have,

_ ngC
y = ——Sm>C
© I+g R
Voltage gain of the amplifier,
A = Yo__ gnRc
Y \Z I+g.Rg
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0.087x5x10°
= A = 20 93362
v T 1340.087x10

Q.11 Ans (b)

Replacing BJT by its small signal model and biasing voltage by ground, the AC equivalent circuit of
the amplifier becomes as under,

B C
Vlﬂ*
+ L |
VoST E:r =
be S >
¢ :’ gm Vbc‘ °
¥ oV

Applying KCL at node ‘E’, we have,

Vout — \/in + Vout A Vout _ ngbe = 0
I, R, 1

voltage,v, =V, -V

out

-V Vv
= Vout \/m + out + Vout - gm (Vbe il VO) - O
rn RE ro
1 1 1 1
= Vou [—+gm +—+—J=[—+ngVm
I, R, 1, I,

Voltage gain of amplifier,
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Normally, r_ & r_are very large for BJT amplifier.
Vou En

1 Vv
If g, >>— then —2+=1
R, v

in
It is observed here that the voltage gain becomes almost constant if

g >>—
E

= g, RE >> 1

I
Transconductance of BJIT, g = V—C

T

I

= <R, >>1
VT

= [.R,>>V_

Thus the voltage gain becomes almost constant if 1. R, >>V_

Q.12 Ans:—1.1to—0.9

1=
. E, *iez
lbz /
< T2
B, I\ .
C2 102 o Voul
Cl icl
Vin Bl /
O———o— Tl
—> \‘j
1bl E

357]

Replacing both BJTs by their approximate h-parameter models, the ac equivalent circuit becomes as

under,
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<

Base current of T , i, = 5= A R .F (1)

=

ie

out

Base current of T, i, = BN S (i1)

ie

Applying KCL at node ‘C,’, we have,

Vo | )
-+ hedy, —hei, =0

ie

Putting expression of i, and i, from (i) & (ii) in above equation, we have,

h+hfc.v‘“ +h, -hzo
hic hic hic
h h
:> VOUt L + ﬁ = B = i \]in
hie hie hie
: Vout hfe
Voltage gain, A = —==

Fora BJT, h_=J,

s Ve T

= A =B
v 1+
If B>>1thenl1+B=p
= A = —Ez—l
p
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Ans. : 49.0 to 51.0

EDC & ANALOG ELECTRONICS

Given, [ is large,

I, =1,=2.6mA=1.
Emitter current, [, = [.=2.6mA
Thermal voltage,
V., =26mV
Transconductance of BJTs,
I. 26
I V_
Emitter resistance,

Vi 20 100
I, 26

model, the AC equivalent circuit becomes as shown below

S 1kQ

Replacing biasing voltages by groud, coupling capacitors by short circuit and BJTs by its small signal

S(1+P)r.

mVebZ
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From above circuit

From base circuit of both BJTs,
vo=Ev,ttve, (i1)

If B of transistors is large and emitter current is same as collector current, then,

1cl = 102
= ngbcl = ngcbZ
Voo = Ve (i)

From (ii) and (iii), we have,

Vs = 2Vbel
\'%
— _s .
= Vo = 5 J (iv)

From (i) and (iv), we have,

Vo =—0.1% —=x1x10° =—50v,
2

v
Voltage gain, ‘—" = 50
VS
0.14 Ans.(%)
10Q - E— L
@4
15v(t> =R
10.7V
ob

Given, B =100, V,, = 0.7V
Applying KVL in base-emitter circuit,
10.7 =10k I, -V  —1k1 =0
Emitter current,
L= (+B)I,=(1+100)I,

= 10.7-10kI,-0.7 -1k (1 +100) I, =0
N _ 107-0.7 _ 10

B 10k +10k 111
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Emitter current,

10
I. = 10lx—mA(+B)I
. TE (1+P)I,
Emitter resistance,
v
r = —L
[ IE
where V=26 mV, thermal voltage
r = 26 x111Q
¢ 1010
. B 100
Current gain, o4 = —="—
1+ 101

Replacing BIT by its small signal T-model, and biasing voltage by short circuit the AC equivalent
circuit of the amplifier becomes as shown below,

10 C E -

The thevenin’s equivalent resistance seen across ab can be obtained by ....... a voltage source v,
across terminals as shown above.

Applying KCL at node ‘B’, we have
i, =i, toi

(1 -o)i,

= I

Applying KVL, we have,

—Vba+iere+10ib =0

v,, = 10ki +ir
= 10k(1 —a) i +i r,

vba

Impedance, 7 = —

le
100 26

= Z' = 10k(1-a)+r=10x10°| 1-— |+ x111 =101.86 Q

¢ 101 ] 1010
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Thevenin’s equivalent resistance seen across ab
R, = Z'||R

101.86x1x10°
= R, = ——————5=92450Q
@ 101.86+1x10

Note : As per GATE answer key answer is 9.5 to 10.5

0.15 Ans.(a)
RO
. +
Bi,
AV V,
o
. . R,
From input side, V = V;
R, +R,
From output side, V. =AYV
= V. = A, R, :
© R, +R,
Vﬂ RZ
= = A,
v, R +R,

0.16 Ans:9.39t09.41

When f is large. The base current is negligible. In that case voltage at base,

V., = L><VCC= 10 x12 =8V
B~ R, +R, 10+5

Then the voltage at emitter terminal,
V., =V, -V_,=8-07=73V
Voltage V. at Q-point,
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Ve =Vee—Vi=12-73= 47V

Maximum peak to peak swing of output voltage without distortion is given by,

Voor = 2Verg™Vera)
If Ve is negligible then ,
Vion = 2Vepg=2%x47=94V
0.17 Ans(a)
V=10V

vV, =10V

A, = =g, (Rc|R)

v

Where, g, —— I 1s DC bias collector current.

VT

From base circuit, the KVL for DC bias signals gives,
0-V,-ILR,-V_.=0

-0.7—(~10)
= ] = ———mA
E 20
9.3
= [, = —mA
20

Collector current, [ =1, -1,

As base current of given circuit is negligible so,

9.3
IC = IE = %mA
Transconductance of BJT,
L 93
& TV, T 20x26

Voltage gain of amplifier,

www.digcademy.com CADEMY

363]

digcademy@gmail.com



Small Signal Analysis of BJT  EDC & ANALOG ELECTRONICS [364]
A = -g RR)

93 10x10
20%26 10+10

-89.42

U
>
I

000
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Small Signal Analysis of FETs /

5.1 Introduction

A Field Effect Transistor (JFET & MOSFET) based amplifier provides excellent voltage gain and
offers very high input impedance. The voltage gain of FET amplifiers is normally less than BJT
amplifier but it offers much higher input impedance. However, output impedances are comparable
for both types of amplifiers. The FETs are voltage controlled devices and their small signal models
are simpler than BJT amplifiers . Analysis of BJT amplifier is performed using current gain 3 and
analysis of FETs based amplifiers is performed using transconductance gain g_. The small signals are
the AC signals with small amplitude and low frequency. The amplitude of AC signals is kept smaller
as compared to DC biasing signals for operation of the circuit in linear region of operation as an
amplifier. Consider a MOSFET amplifier circuit as shown in Fig 1.

Fig.1 MOSFET amplifier with coupling and bypass capacitors

The amplifier circuit is subjected to both small AC signals and DC biasing signals. The DC biasing
signals are responsible for fixing the operating point of FET in saturation region for amplifier
operation. Small AC signals at input gate terminal is signal to be amplified. The input and output
terminals are connected to the amplifier circuit through coupling capacitors C_, and C_ , respectively.
The coupling capacitors are used to block DC biasing signals from input and output terminals of the
amplifier. The source bypass capacitor C is used to bypass source resistance in case of AC signals.
It helps in increasing the gain of amplifier. A MOSFET amplifier require both AC as well as DC
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analysis for small signal analysis of the amplifier. DC analysis is used to find operating point of the
amplifier and AC analysis of amplifier gives input impedance, output impedance and voltage gain of
the amplifier. The MOSFET amplifier circuit can be analyzed by decoupling the DC analysis and AC
analysis by adopting the following techniques

I. DC analysis : Replace coupling and source bypass capacitors by open circuit for DC analysis of
the amplifier.

II. AC analysis : The AC analysis is performed by replacing DC biasing voltage signals by ground
or short circuit and current source by open circuit, coupling capacitors and bypass capacitor by
open circuit and MOSFET by its small signal model.

In this text the biasing signals are normally represented by capital letters with capital subscript i.e.

Ve Vs Voo I, €tc. The AC signals are represented by small letters with subscript of small letters

only e.s. Voo Voo 1, etc. The composite signals as sum of DC and AC signals are represented by the

symbols with small letters with subscript of capital letter i.e., v, v, 1, €tc.

Mathematically, the composite signals are algebraic sum of AC and DC signals as under,

VGS = VGS =5 Vgs

i, = ID+1d

and Vps = Vs T Vg

Where, Voo i,and v, are AC signals and V|, and V¢ are DC biasing signals.

I
S’ °D
The transfer characteristic exhibiting small signal operation of FET as linear amplifier is shown in
Fig.2.

Ai,
i
A

) /- /\ﬁ

»
» VGS

Fig.2 Transfer characteristics and small signal operation of FET amplifier.

When FET is biased at point Q, the small variations of signals about Q is linear.

5.2 Small Signal Model of FET's
The small signal model which performing the AC analysis of the amplifiers. The small signal model
of FETs is represented in manner similar to that of a BJT. The small signal model of FETs can
be derived by using the relation between drain current, drain to source voltage and gate to source
voltage for signals. The drain current for small signal is formally represent as function of drain to
source voltage and gate to source voltage as under,
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i = fgs Vi M

If both gate and drain voltages are variable then the drain current can be obtained by considering only
first two terms of Taylor’s series expansion, the drain current of FET can be given by,

oi oi
Ai, = p L “Avg, +6 4 “Avp, 2)
Vas |y, Vs ly,
For small signals, Ai =i, Av, c=v, , Av = Voo
1
= id zgmvgs +r_‘vds (3)
o1
where, g, = 5 L 4
VGS Vps = constant
ov
and r = 2> (5)
6 lD Vs = constant

The parameter g is called mutual conductance or transconductance of FET. It is also designated as
common source forwarded transconductance. The second parameter r_is drain resistance of the FET
for saturation region of operation.

i. For enhancement type n-channel MOSFET:

1,Co W
= —(VGS - VT) (6)

g, L

and r = —= =—" @)

H,Co W
Where, I' = T

D 2 (Vcs -V )2 ®)

The current [} is drain current without channel length modulation effect taken into account and V, is
early voltage of FET.

ii. For enhancement type p-channel MOSFET:

H,Co W
g, = pT(VSG_|VT |) )

and r = —= =— (10)

Where, I ~(Veo=| Vi 1)’ (11)
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iii. For depletion type n-channel MOSFET:

21
Al (Fﬁj (12)
VoL Vg
C, W
where, I = “"2—;:‘\@2 (13)

iv. For n-channel JFET :
— 2IDSS (I_EJ (14)
Ve | Ve
Where, V., is threshold voltage of MOSFET, C,Z W/L is called transconductance parameter of

MOSFET and V, is called pinch-off voltage of JFET and I is JFET drain current when gate is
shorted with source terminal.

M

Small Signal Voltage Gain or Amplification Factor of FET :
The small signal voltage gain of JFET and MOSFET is defined by,

ov
po=—= (15)
OV
OV,  Oip
N = Dos, G 16
H 3, " ov., e, (16)

The small signal model of FETs can be drawn by using equation (3). The input impedance of FETs
is very high so the gate terminal is left open circuited in small signal model. The drain to source
circuit is obtained using equation (3). The drawn current of FET is sum of two terms which means
the drain current is split in two parallel branches in its small signal model. The term v, /r_of equation
(3) represents drain or output resistance connected between drain and source and the term 8, Ves
represents a voltage dependent current source connected between drain and source terminals in shunt
with resistance as shown in Fig. 3 and Fig. 4.

Small Signal Model of JFET :

L]}
®Q
v

G I
D *——

Qe
+
[

eS eSS eSS
(a) (b) (c)
Fig. 3 (a) JFET (b) small signal model of JFET without channel modulation effect (¢) small
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5.3

signal model of JFET with channel modulation effect.

Small signal model of MOSFET :

e ] G I T D G D
oD *—— * o—— —o
Vgs <¢> nggs <¢>gmvgs :E
VgS ro ::
‘_ -
G i + | > -
VES — —
[N eSS ®S
(a) (b) (©)

Fig. 4 (a) MOSFET (b) small signal model of MOSFET without channel modulation effect (c)
small signal model of MOSFET with channel modulation effect.

The drain or output resistance r_ is infinite when channel modulation effect is not taken into account
and it is not included in small signal model. However, when channel modulation effect is also taken
into account the drain resistance is given by.
AN

1, AL

r

D= (17

D D

1
Where A is called channel length modulation parameter and |VA| ZI is also known as process-

technology parameter. The drain resistance is also known as output resistance of MOSFET also
denoted by r,.

Graphical Method of Determination of Transconductance (g_) and
Drain Resistance (r )

Case-I : Determination of g
Transconductance of MOSFET is defined as
Oi,  Aiy
ov Av

s 85 |y, =fixed

Bn = (18)

The transconductance of FET is related to drain current (i) and gate-to-source voltage (v ). The
transfer characteristics of MOSFET shown in Fig.5 also gives the relation between drain current and
gate to source voltage. Therefore, the transfer characteristics of MOSFET can be used to determine
the transconductance of the MOSFET.
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Y N

Q

lDl
/ ‘

>

VGSI VGSS VGS

Fig. 5 Transfer characteristics of MOSFET

For small signal variations

A Vaos T VGSZ - VGSI

A iD = ID2 - IDI
I, -1
g = D2 DI
VGS2 _V031

Case-II : Determination of r,
The output resistance of MOSFET is defined by,

= avdszAVDS
° O0i;, Al

D |vjs=fixed

As r_ is related to drain-to-source voltage,v,, and drain current,i,

[370]

(19)
(20)

21

(22)

which determine the output

characteristics of MOSFET, therefore, output characteristics shown in Fig. 6 can be used to determined

the value of drain resistance of MOSFET.
Ai,

Voo = Fixed
I, Q =0

It . —
/k‘

I VDSI VI)SZ

VDS
Fig. 6 Output characteristics of n-MOSFET and small signal variations

For small signal variations about the Q-point,

Av,e = VDS2 - VDSI

DS

AiD - ID2 - ID1
Putting above relations in equation (22), we have,
r = Vbs2 — Vbsi
° ID2 - IDl

(23)
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5.4 Small Signal Analysis of MOSFET Amplifiers

5.4.1 Analysis of Potential Divider Bias Common Source n-MOSFET Amplifier
A common-source n-MOSFET amplifier with potential divider bias with AC signals connected

through coupling capacitors is shown in Fig. 7.

Fig. 7 Common source n-MOSFET amplifier with potential divider bias
The AC equivalent of the amplifier is can be drawn by replacing biasing voltage by ground, coupling

and bypass capacitors by short circuit and MOSFET by its small signal equivalent as shown in Fig.8.

Fig. 8 AC equivalent circuit of common source n-MOSFET
amplifier with potential divider bias

Above circuit can be redrawn as shown below in Fig.9

V; @ ® oV,
+
+
Zi <o Zo
—> 3R 3R v, V., 2N R, *—
Vo
m ' gs
3 —_— ‘ 3

Fig. 9 Simplified AC equivalent circuit of common source n-MOSFET

amplifier with potential divider bias
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i. Input impedance

The impedance seen from input terminals of the amplifier,

R/ R,

Z, =R, ||R2 =
R, +R,

24)

ii. Output Impedance

The output impedance of the amplifier is impedance seen across output terminals of the amplifier
with input of the amplifier set to zero. If input voltage of the amplifier is set to zero, v, = v, =0, then
the voltage dependent current source, 8, Ve becomes zero and behaves like open circuit. Then the

output impedance seen across output terminals becomes as under,

r. R
Z =1 |R,=—">0D (25)
r, +R,
iii. Voltage Gain
From input side, Ve =V,
Output voltage, v, = —g. V. X (IR =g v(r [IRp) (26)
Voltage gain of amplifier,
VO
A, = V_:_gm(ro IRp) (27)
R
= A, =-g,x——" (28)
r, +R,
If channel modulation effect is neglected then r = oo
Then Z =R, (29)
and A, =g RJ (30)

5.4.2 Analysis of Common Source Drain Feedback n-MOSFET Amplifier
A common source drain feedback amplifier consists of resistance connected between drain and gate
terminals of the MOSFET as shown in Fig. 10. The input and output terminals are connected through
coupling capacitors.
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+VDD

Fig. 10 Common source drain feedback n-MOSFET amplifier

[373]

The AC equivalent circuit of the amplifier can be drawn by replacing biasing voltage source V by
ground, coupling capacitors by short circuit and MOSFET by its small signal model as shown in Fig.

11.
R,
M
iin
- G D
*——e oV,
Vin +
= l s
Vgs = Vi <+>gmvin‘ L, g RD
- S
[ L 4

Fig. 11 AC equivalent circuit of common source drain feedback n-MOSFET amplifier

i. Input Impedance (Z)
Applying of KCL at node ‘G’, we have,
LoeYaTVe
in RF -
_iin RF + Vin - Vo = 0

Applying KCL at node ‘D’, we have,
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L — g
R, "
N T 2
ro RD RF
From (31) and (32), we have,
Sl g
. R, " B
T Re Vi -7 — 17— Va =0
r, Ry, R;
RF 1 + L + L
A\’ I‘0 RD RF
Input Impedance, Z = = T 1 (33)
tin SR —_ 4
ro D
ii. Voltage gain (A)
From equation (32), we have,
L — g
R m
Voltage gain, A = Lo o 1F1—1 (34)
Vin L
ro RD RF

iii. Output Impedance (Z )

Output impedance is impedance seen across output terminals of amplifier by replacing input voltage
source by short circuit or ground. Then, the equivalent circuit for output impedance becomes as
shown in Fig. 12.

o

%_ o

Fig. 12 Equivalent circuit of common source drain feedback n-MOSFET

amplifier for ouput impedance

Output impedance, Z =r R, [IR; (35)
Normally R, >>r1 || R,

N
U

o F IR, (36)
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5.4.3 Analysis of Common Source Fixed Bias n-MOSFET Amplifier

The CS n-MOSFET amplifier with fixed bias arrangement with voltage and current sources is shown
in Fig.13.

+VDD

Fig. 13 Common source fixed bias n-MOSFET amplifier

The AC equivalent circuit of the amplifier can be drawn by replacing coupling capacitors (C, C.)
and bypass capacitor (C,) by short circuit, biasing voltage sources by ground, biasing current source
by open circuit and MOSFET by its small signal model as shown below,

D VO
O

Fig. 14 AC equivalent circuit of common source fixed bias n-MOSFET amplifier
i. Input Impedance

Z. =R, (37)
ii. Voltage Gain
From gate circuit, Voo =V
Output volt (r, IR, LU (38)
utput voltage, v =—-g v (r =—="—=XV
p g 0 gm gs v o D ro +RD
r. R
Voltage gain, A =o=_EnbZp (39)
¥ Vi r, +R,

iii. Output Impedance

Output impedance is impedance seen from output terminals with input source replaced by ground or short
circuit. When source is replace by ground or short circuit, V=V, =0. The dependent current source, g
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v, =0 and behaves like open circuit. Then equivalent circuit of amplifier becomes as shown in Fig. 15.

G D
O

o
R, Vo=0 gv,=0 21 IR, <«
1 .

oV,

wn O

Fig. 15 Equivalent circuit common source fixed bias n-MOSFET
amplifier for output impedance

The output impedance, Z = I, IR, =——— (40)

If r >>R then, Z =R, (41)

5.4.4 Effect of Source and Load Resistances on Parameters of MOSFET Amplifiers
When source and load resistances are also taken into account, the circuit a potential divider based

common source NMOS amplifier can be drawn as under,
+VI)I)

Fig. 16 Common source n-MOSFET amplifier with source and load resistances

The AC equivalent of this amplifier can be drawn by replacing coupling and bypass capacitors by
short circuit, biasing voltage source by ground and n-MOSFET by its small signal model as shown

below.
Vs Rsig Vi G D
o—\W\—o0 0 oV,
J’_
_Z> Rl RZ Vgs <+> gm Vgs ro RD Zo < RL
R‘rh:Rl ” Rz ) 1'0|‘RD

Fig. 17 AC equivalent circuit of common source n-MOSFET
amplifier with source and load resistances
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Note :

i. Input Impedance

The input impedance of the amplifier can be given by,

R.R
Z = R/||R,=R, =—"— 42
: IR, =Ry, R +R, (42)
ii. Voltage Gain
Output voltage of amplifier,
V, == 8,V X (IR, [[R)
From input circuit, Ve =V
= v, = =g, Vv, (i [[RyIR) (43)
v
Voltage gain, A, = —=-g.(t[IRy[R,) (44)
Vin
If effect of source impedance, Ry is also taken into account then,
R, IR,
v, = ——L—xy, (45)
Rl || R2 + Rsig
Putting above relation in equation (43), we have,
R, |IR
= =_go x(r.||R,||R, | x—1—2  xv 46
Vo gm (0” D || L) Rl ||R2+Rsig s ( )
Voltage gain with respect to source voltage,
v R, |IR
= 2= r||R,|IR, Jx—L2—2 47
Vs Vs gm( o H D|| L) Rl||R2+Rsig ( )

Negative sign indicates that common source (CS) amplifier acts like an inverter amplifier which
shifts phase by 180°.
iii. Output Impedance :

The output impedance is obtained by setting v. = 0. When v_= 0 the voltage Ve is also zero and
hence dependent current source g Vi is zero, which means dependent source is open circuited. Then
equivalent resistance seen across the output terminals can be obtained from equivalent circuit shown

below,
Rsig G D
AMN- o} O Vv,
+
e o g Z,
pS R1 Rz Vo = 0 Ve = 0 T, s RD <
[o]

Fig. 18 Equivalent circuit of n-MOSFET amplifier with source and
load resistances for output impedance
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rR
Output Impedance, Z, =r1lRy=—"—

48
¢ r+R, “8)

If r >>R then, Z =R (49)
5.4.5 Common Gate n-MOSFET Amplifier

The circuit of common gate amplifier source terminal as input and drain terminal of n-MOSFET as
output is shown in Fig. 19.

7Vss JrVDD
Fig. 19 Common gate n-MOSFET amplifier

The AC equivalent of the amplifier neglecting r , can be drawn as shown in Fig. 20.

Fig. 20 AC equivalent of common gate n-MOSFET amplifier

i. Inputs Impedance

From inputs circuit, io=—-g Vg (50)
and V.. = —
gs in
= iin = gm Vin (5 1)
. Vin 1
Inputs impedance, Z = —=— (52)
1in gm

ii. Voltage Gain

Output voltage, v, = =g,V RyIIR)=—-g (=v) xR, R) (33)

= Vo = gm (RD || RL) Vin (54)
) v

Voltage gain, A = —=g, (RplIRy) (55)

in

If effect of source resistance is also taken into account then input voltage of amplifier becomes,
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Note :

5.4.6

zZ, /g, 1

1

in VS = X VS = X VS (56)
Zi + Rsig 1 / gm + Rsig 1 + ngsig

1
= R,|IR, Jx———xv
= v gm( DH L) I+g R s (57)

m sig
Voltage gain with respect to source voltage,

— A _ V_():gm(RDHRL)
e v I+g. R

s ig

(58)

iii. Output Impedance

The output impedance is obtained by setting v. = 0. When v_= 0 the voltage Vi is also zero and hence
dependent current source g _ YV becomes zero, which means dependent source is open circuited. Then

equivalent resistance seen across the output terminals becomes,

Z =R (59)

o D

(i) It seen voltage gain of common gate (CG) amplifier is positive so CG amplifier is non-inverting.

(ii) Input resistance of CG amplifier is low (i.e. 1/g ) where as input impedance of CS amplifier is
high.

(iii) Voltage gain of both CS & CG amplifier is nearly identical.

(iv) CG amplifier has superior high frequency response than a CS amplifier.

Common-Drain or Source-Follower Amplifier

The output of common drain amplifier is taken from source terminal and input is given at gate
terminal as shown in Fig. 21. The voltage gain of a common drain amplifier is almost unity, so, the
source voltage follows the gate voltage due to which this amplifier is also known as source follower

amplifier.
+VDD

_Vss

Fig. 21 Common source or source follower n-MOSFET amplifier
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The AC equivalent circuit of source follower is drawn by replacing coupling and bypass capacitors
by short circuit, biasing voltage sources by ground and n-MOSFET by its small signal model as
shown in Fig. 22.

i
Vin _>m G

D
—>
Zi RG Vgs gm Vgs ro
- S
R Z,
<

Fig. 22 AC equivalent circuit of source follower n-MOSFET amplifier

\
< @®

i. Input Impedance

The impedance seen from input terminals of the amplifier,

Z =R, (60)
ii. Voltage Gain
Input voltage, Vi = Ve t8aVe X(Rgl1,) = [(1 +2a (Rs T, ))} Ves (61)
Output voltage, v, = [IR) g, v, (62)

Voltage gain can be obtained using (61) & (62) as under,

A = Yo _ (r, IRs)gn (63)
Vin 1+gm (RS || ro)

iii. OQutput Impedance

The output impedance is obtained by setting v, = 0 and connecting an independent voltage v_across
the output terminals. Let i_ is current supplied by the source v. Then equivalent circuit of source
follower becomes as shown in Fig. 23.

v,=0 G

D
R, Vi g, V., T,
_ S i,
R, &

Fig. 23 Equivalent circuit of source follower n-MOSFET amplifier for output resistance
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Voltage at node ‘S’, vV o= -V (64)

o gs

Applying KCL at node ‘S’, we have,

gt e i g (65)
ro S
v, Vv, .
= gV, t—+—-1, =0 (66)
ro S
A 1 1
= zZ, = ._OZT:_HI.OHRS (67)
10 gm+7+7 gm
I-0 RS
Example 1

In the MOSFET amplifier of Figure, the signal output V and V, obey the relationship

G
+
v,
v
@ V==
(c) V,=2V,
GATE(EE/1998/1 M)
Solution : Ans.(d)
G
+
\Y

Replacing MOSFET by its small signal model(neglecting r,) the ac equivalent of amplifier can be

drawn as under,
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From equivalent circuit,

— D
V, = 8, Vg X B3
= V2 = ngTDV1 [ Vi _Vgs]
and
Vl - gm Vgs RD gm RD ’ Vl
= i _ _gm RD VI
S
m 2 i
= V, =-2V,
Example 2

Statement for Linked Answer Questions (i) & (ii) :

Assume that the threshold voltage of the N-channel MOSFET shown in Figure is +0.75 V. The output
characteristics of the MOSFET are also shown

Vo, =25V
R=10kQ I,(mA)
Vout 4 V=4V
+ 3 3V
v, =2 mV P 2V
2V 1 1V
0 >
= Vis(V)
(1) The trans-conductance of the MOSFET is
(a) 0.75mS () 1 mS
(¢) 2mS (d) 10 mS

GATE(EE/2005/2 M)
(i1) The voltage gain of the amplifier is
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(a) +5 (b)-7.5
(c) +10 (d)-10

GATE(EE/2005/2 M)
Solution :

(i). Ans.(b)

Vop =25V
R=10kQ Ips(mA)
Vesa=4V

Vou Lps=4
+ [,=3

V=2 mVi f“ . Ve =2V

- Vgsi =1 V
2V Iy, =1

0 >
= Vis(V)

The drain characteristics of the MOSFET are linear. The transconductance of the MOSFET can be
obtained from drain characteristics as under,

g = aID — IDsz — IDS]
" aVGS Vps =constant VGSZ - VGSl
2-1
= gm = ; =1mS

(ii) Ans.(d)

Replacing MOSFET by its small signal model (neglecting r,) the ac equivalent of amplifier can be
drawn as under,

s T
From equivalent circuit,
Vout = - gm Vgs R

but, vV =V

gs in
= Vout = - gm Vin R

. Vout
Voltage gain, A = —=-g R=-1x10=-10
V.

mn

000
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0.1

0.2

0.3

0.4

GATE QUESTIONS

A common-source amplifier with a drain resistance, R = 4.7 kQ, is powered using a 10 V power
supply. Assuming that the transconductance, g , is 520 pA/V, the voltage gain of the amplifier is
closest to:

(a) —2.44 (b) -1.22
(c) 1.22 (d) 2.44
GATE(EE/2020/1M)

Using the incremental low frequency small-signal model of the MOS device, the Norton equivalent
resistance of the following circuit is

VDD
R
l—| 8w Tas
(@ r +R+g r R ) (b) f, *R
ds gm ds 1 + gmrds
1
(d) 1 +—+R (dr, +R
Em
GATE(EC/2020/2M)
The MOSFET in the amplifier unit shown below has V=8V, I =6 mAand V . =3V.
; +12
R,2 2kQ
R, =10 MQ
v oV,
| —  1uF
Vio——4— |
1 pF | —
The voltage gain of the amplfier is ....
(a) —1.4 (b) -3.26
(c) 438 (d)-5.27

The output impedance of amplifier shown in the figure is
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0.5

0.6

+22
1.8 m;

C
—{——oV,

The MOSFET has drain resistance of r =60 kQ.
(a) 1.75kQ (b) 2.25kQ
(c) 0.8kQ (d) 3.1kQ

The depletion MOSFET of amplifier circuit shown below has I, =12 mA, V,, =-3Vandr,=45
kQ. The voltage gain of the amplifier is .............
o +20V

<
o
©
pu— z
5
b AM—
Q
A

1.1 kQ

In the circuit shown in the figure, the transistors M, and M, are operating in saturation. The channel
length modulation coefficients of both the transistors are non-zero. The transconductance of the
MOSFETs M, and M, are g  and g _,, respectively, and the internal resistance of the MOSFETs

M, and M, are r, and r,, respectively.

2 —”‘_' M,

Ignoring the body effect, the ac small signal voltage gain (GVM / 6Vin) of the circuit is
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1
(a) _gm2 (r01 || roz) (b) “Em2 [a ” rozj
1 X |
() —8umi — {11, 1] 1o (d) 2| — Ity Il 1,
ng / gml
GATE(EC/2021/1M)
[ )
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SWERS & EXPLANATIO]

0.1 Ans(a)
The voltage gain of common source FET amplifier is given by,
Av - 7gm 1{D
= A, = =520 x0°%%x4.7x10°
= A = -2.444
.2 Ans(b
Q ( ) VDD
R

l—| Eumo Tus

The small signal equivalent of given circuit, for finding Norton’s equivalent resistance, can be drawn
as under

!

The Norton’s equivalent resistance of the circuit with dependent sources can be obtained by
connecting an independent source across output terminals & replacing all other independent voltage
source by short circuit & independent current sources by open circuit as shown above.

Current through R =1_

Voltage at node ‘D, v_ = Ri_

Voltage at node ‘S’ =v_

Gate to source voltage, Ve =V,

Applying KCL as node ‘S’, we have,
V. -V

. X 0 —
-1 + _gmvgs =0
Iy

S

www.digcademy.com CADEMY digcademy@gmail.com



Small Signal Analysis of FETs EDC & ANALOG ELECTRONICS [383]

. -iR
= —1x+—v" t -g. (-v,)=0

rds

= _lxrds + Vx + gmrdst o lx R = O

= Vx (1 + gmrds) = (rds + R) ix
v, r, +R
= - =
1 1 + gm rds

X

Norton’s equivalent resistance
r, +R

X

R, = ~*=
N 1 1_l_gmrds

X

0.3 Ans.(c)
The drain current of MOSFET is given by,

C
I, = a 'E(VGSQ_VGS(T}]))2

P 2 L
= mCo W 6 _ O Ay
2 L (8—3) 25

The transconductance of MOSFET,

ol W
Em = avzs = 1,C, 'T(VGSa _VGS(Gh))
12

= 2x£x10-3(8—3)=—ms
25 5

= g,
The small signal equivalent circuit of amplifier can be drawn as under,

R,
M\

’ 10 MQ
v oV,

Vas-V, <+> BY ZR,-2k0

o—
Output voltage, v, =g, V,Ry=—g Ryv,
12
Voltage gain, A = Yo _ -g R, = 5 x107 x2x10°
Vi
24
= AV = —? =—4.8
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0.4 Ans.(a)

The small signal equivalent Q, circuit of amplifier,

oV,
+
Ve = Vi EnVi Ly R, EZO
T
Input is set to zero for finding the output impedance.
1.
7 = 1R, =320 7510
° 60+1.8
0.5 Ans.: 0.80 to 0.84
DC voltage at gate terminal,
V. = 10 x20:£x20=1.98v
N 10+91 101
Voltage at source terminal, V, =1 R,
= Vg = L1,
Gate to source voltage, V. =V, -V, =198-1.11 V
The drain current of depletion MOSFET is given by,
2
V,
I, = IDSS|: _V_::}
1.98-1.11, |
= ID = 12|i1 _'—'Di|
(-3)
12
= I, = 3[3+1.98-1.11D]2
= 9L, = 12[4.98 - 1.1 1]
= 9L, = 12[24.8+ 1211710951 ]
= 145217 -14041,+297.6=0
I, = 6.53,3.13mA
At [, =3.13mA,V,=198-1.1x313=-1463V
At [, =653mA,V =198-1.1x653=-5203V

For active region V, >V, sol =3.13 mA
Trans conductance of MOSFET,

. - 2IDSS[1_E}
|VTH | VTH
2><12[1 (-1.463)

(-3)
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Small signal equivalent circuit of amplifier,

O

v,0
+
10 MQ IIMQ v, 2.Vee
o oV,
H % 1.1kQ

Output voltage, v, =g,V x Llx 10°

= v, = ngng1-1X103
v, = (410107 x 1.1 x 10°) v,
v, =451 Vg

Voltage Vo = V=V,

= v, =451 (v,—v)

= (1+451)v, =451y,

Voltage gain, A = oo 4.31 0.82

vV 14451

0.6 Ans.(d)

S, o
+
\_][13 ng2 = _Vm
G, o
<—
Vino_ MZ 1 Vout
] S, o
_OVOU[ +
< ngl
£ G, 1
(a) Given circuit (b) Small signal equivalent

Replacing DC biasing source by ground and MOSFETs by their small signal model, the ac equivalent
circuit becomes as shown above.

Applying KCL at output node, we have,
\Y

out

I.Ol

+&_ + =0
Em> ngZ mi ngl -

I.02
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From above circuit, v. =YV
sgl out
and v, =-V
sg2 in

V. V.
Lut-i_Lut-{_ng in+gle :0

I.0 1 I.02

01 02

. _ Vout _ gm2
Voltage gain, A = v 1 1
n 7 + T + gml

I.01 r02

Above expression can also be written as,

1
A == 8wy 11, |l—
gml

aoa
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Frequency Response of B]T

And MOFET /|

6.1 Introduction
Response of an amplifier to different frequency components of input signal is called frequency
response of the amplifier. If input of an amplifier is sinusoidal signal, v, =V _ sin(wt+ ¢) and gain
of amplifier is A = AZ0 then output signal amplifier becomes,
v, = AV_sin (ot + ¢ +0)

The amplitude of output of amplifier depends as gain of amplifier & amplitude of input signal and
phase angle of output depends on phase of input and phase angle of gain of amplifier. The frequency
characteristics of an amplifier can be split in three regions called mid band, low frequency and
high frequency. The mid band frequency region is frequency range of input signal for which gain
of amplifier fairly remains constant. In low frequency region below mid band region, the gain of
amplifier may decrease with decrease in frequency and amplifier may act as high pass circuit. In this
region gain decreases with decrease in frequency and reaches zero at f = 0. At low frequency, the
gain of amplifier is limited by coupling and bypass capacitances of the amplifier. The third region is
high frequency region above the mid band region where gain reduces with increase in frequency. In
sigh frequency region, an amplifier acts like a low pass filter. The gain of amplifier in high frequency
region is limited by parasitic or junction capacitance of the device i.e. BJT or MOSFET. The amplifier
response discussed so far is essentially small signal low frequency response where amplitude of input
signal is very low in comparison of biasing signals of the amplifier. The analysis mainly focused on
mid-band frequencies. The frequency range of an amplifier used to amplify a video signal is totally
different from frequency range of amplifier used for amplification of audio signals. Similarly, if an
amplifier is used to amplify a signal at power frequency (i.e. 50 Hz) then its response is different
from an amplifier used to amplify a radio frequency signal. The amplification of a signal by an
amplifier depends on many factors like amplitude of signal, frequency range of input signal, the
characteristic of active device (r.e. BJT or FET) and external circuit components including biasing
signals. Analysis of amplifier discussed so for ignored the effect of different capacitances of BJT and
parameters of amplifier circuits. This chapter presents the effect of internal capacitances as well as circuit
capacitances on response of the FET and BJT amplifiers. The voltage gain, current gain and power gain
will be considered in decibel in order to caver wide range of frequencies and large variations.

\Y
(i) Voltage gainindB, A , = 20log,, A, = 2010g10V_.0 (1)

m
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I
(i) Current gainindB, A, ; = 20log,, A; =20log,, I—° ()

m

(iii) Power gain in dB

Note : .

1.

111

Power gain of amplifier,

P VI
A = o — 00 :AV Ai (3)
b Pin \/in Iin
. . PO
Power gain in dB, Ap’ = 10log, A =20log,, @
Vo Io VO Io
= AP, B 20log,, V1 =20log,, V_ +20log,, I_ (5)
= AP, dB = Av, dB +Ai,dB (6)

Power gain is product of voltage gain and current gain but on dB scale power gain is sum
of voltage gain in dB and current gain in dB.

In case of a RC coupled amplifier gain at low frequencies is decreased due to coupling and
bypass capacitors and at high frequencies it is decreased due to internal parasitic capacitances
and frequency dependence of gain. The frequency response of RC coupled amplifier is shown in
Fig. 1.

A, A
A id
v, mi /
J07 A,
0.707 v, mid <— midband —»
(bandwidth)
m f " f(log scale)

Fig. 1 Frequency response of RC coupling amplifier
In case of a transformer coupled amplifiers, the gain a low frequencies is decreased because
the coupling transformer at low reactance (X, = 2nfL) at low frequencies and gain at high
frequencies decreases due to increase in inter-tern capacitance of winding of transformer at high
frequencies. The frequency response of transformer coupled amplifier is shown in Fig. 2.

A A
A, L
v, mi /
0.707 A, .. <— midband —>»
(bandwidth)
r f, g f(log' scale)

Fig. 2 Frequency response of transforms coupling amplifier
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Note :

Note :

iv. Inofcase of a direct coupled amplifier with no coupling and bypass capacitors the low frequency
response is almost flat and same as midband but gain at high frequencies decreases due to para-
sited internal capacitance of the device. The frequency response of direct coupled amplifier is
shown in Fig. 3.

A A

Av, mid

JOTA,
0.707 A, <«—  bandwidth —>

f, fllog sgale)
Fig.3 Frequency response of direct coupling amplifier
Therefore, the effect of coupling and bypass capacitors cannot be ignored at low frequencies .

Similarly the response of the amplifier is limited by internal parasitic capacitances and frequency
dependence of gain of BJT and FET.

Cut-Off Frequency :

1
The frequencies at which the gain of amplifier falls to E or 0.707 times of the mid band gain are

called cut-off frequencies of the amplifier. The output power at cut off frequencies become half of
output power at midband, so, cutoff frequencies are also called half power frequencies. At cut off

frequency gain of amplifiers falls by 3dB[= 2010g%J .
2

Band width (BW) :

The difference between upper and lower cut off frequencies of the amplifier is called band width of
the amplifier.

BW =f —f 7)
Where f is upper cutoff frequency and f, is lower cutoff frequency of the amplifiers.
The frequency in frequency response of amplifiers is normally taken in log scale to cover wide range
of frequencies.
In common Emitter BJT amplifier and common source FET amplifier,
(i) The output leads input by 180° at mid band frequencies i.e. between lower and upper cutoff

frequencies.

(ii) The output leads input by angle more than 180° below lower cutoff frequencies.
(iii) The output leads input by angle less than 180° above upper cutoff frequencies.
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6.2

»
] Ll

£ f, £

Fig.4 Phase Vs frequency response of common emitter BJT or common source FET amplifier

Frequency Response of High Pass RC Circuit
BIJT and FET amplifiers behave like high pass RC circuit at low frequencies. If gain of active device
is ignored then the amplifier can be modeled as high pass RC circuit as shown in Fig. 5.

C
. 1 °
+ +
A R v,
. .

Fig. 5 High RC circuit
The output voltage of the circuit,

R
Vo = —1'Vi (8)
R+—
joC

Voltage transfer ratio or gain of the circuit,

v, 1 1 1
v, 1 o, , .2af 2
i 1+- I-j—* 1-j=—t
JoRC ® 2nf
\Y 1
= s = (10)
Vi ook
J
f
Wh f ! (11)
ere =
L 2nRC
Magnitude of transfer function,
1
Y; - — (12)
1T
f
Phase angle, ZV,/V) = tan — (13)
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(14)

1 LV, 1V)) — 450

=— and

VO
V2

Frequency Response

At f=1, v
The frequency f, is called lower cutoff frequency of the circuit.
When frequency is varied from 0 to infinity the gain changes as given in table 1 below,
Table 1 : Gain Vs Frequency
f A, |Ag=20logA,
010 —
£ 1 -3dB
NG}
o | 1 0dB

The variation in gain or voltage ratio of high pass RC circuit with frequency of input signal is shown

»
'

in Fig. 6.

1
€
2

f

fi

Fig. 6 Frequency response of high RC circuit

Low Frequency Response of BJT Amplifier
Consider potential divider bias common emitter BJT amplifier shown in Fig. 7.

6.3

Fig. 7 Frequency response of BJT amplifier
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3%8]

The low frequency response of the amplifier is determined by coupling capacitors C , C_ and emitter

bypass capacitor C_.

Case-I : Lower cutoff frequency in terms of C

The effects of output coupling capacitor, C_ and emitter bypass capacitor, C, on lower cutoff

frequency are neglected for determination of lower cutoff frequency in terms of input coupling

capacitor, C . Therefore, C_ and C, are replaced by short circuit for determination of effect of C .

The AC equivalent circuit of the amplifier will be as show in Fig. 8.

Input resistance of amplifier,

R, = R [|R, |1, (15)
Output resistance of amplifier,
R, =r R, (16)
C 1
. I . I
c1 _»1
1 : —e : °
+ ! ! +
R, | :
I I
> > > > R
v—| 3R 3R 3= o no R gBZR
i R Bi, | o
Vs I I
I I
_ I I _
I I
t @ t ®
I I
e e e e e e e e e I
BIT amplifier
Fig. 8 small signal equivalent consider effect of C
Input volt f lifier, V. R, \Y% (17)
nput volta amplifier, V. = ——————
pu ° ge ? p o I Ri + Rs _chi )
1
Where X, = = (18)
.]O)Cci
Output voltage of amplifier,
V. o=AV, (19)
V, . .
Where A= v = Voltage gain neglecting R & C_ (20)
r ||R
Here A, = M 1)
r

T
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Ri
= V)= Agr o (22)
° Ri +Rs _JXci

Vo Avo Ri Avo Ri
(23)

X,
R, +R,)|1-j— ¢
(Ri+ s){ JRi+Rj

The combination of source resistance (R ) and input resistance (R,) of amplifier forms a high pass RC
circuit as shown in Fig. 9.

= A = = - =
* Vs Ri + Rs _.]Xci

Total resistance of RC circuit on input side of amplifier will be,
R =R +R (24)
The lower cutoff frequency in terms of C ; can be given by,
1 1
f = =
o 2nRC; 2m(R +R,)C,

(25)

Cci
I — W
+ R, +
R, 3
R, < +> Vv,
YT YA -
v -
®

Fig. 9 BJT amplifier with input coupling capacitor behaving as
low pass RC circuit on input side
Case-II : Lower cutoff frequency in terms of C

The effect of C_ on lower cutoff frequencies of the amplifier can be determined by neglecting the
effects of C and C,.. The equivalent circuit seen from output of the amplifier becomes as show in Fig.

10.
R, ﬁ
CS - AMA+—] .
+ H +
] FROAV R SR
S - 5 o

Fig. 10 BJT amplifier with output coupling capacitor behaving as
low pass RC circuit on output side
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The resistance seen across terminals of capacitor C , R=R_+ R/ (26)
The lower cutoff frequency of the amplifier in terms of C_ becomes

1 ]
fio = RC, 2n(R,+R,)C, @7

[¢]

Where, R, =r [/ R.= output resistance of amplifier. (28)

Case-III : Lower cutoff frequency in terms of C,

The lower cutoff frequency of amplifier in terms of emitter bypass capacitor can be obtained by

neglecting effect of C; and C_ . The amplifier circuit seen from terminals of emitter bypass capacitor
becomes as shown in Fig. 11.

o

Re
<+« —=C

Y Y S,
A,

Amplifier
Fig. 11 BJT amplifier with emitter bypass capacitor behaving as

low pass RC circuit

The lower cutoff frequency of amplifier in terms of C_ can be given by,

1
fe = 2nR, C, (29)

Where ch is total resistance seen across terminals of C,. Mathematically, R is given by

Fig. 12 Total resistance seen across terminals of emitter bypass capacitor

(30)

RAR R, +1,
Re=RE||( -

1+
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Note :  Here, the resistance of base circuit when seen from emitter side is reduced by a factor of (1 + P).
Similarly, when resistance of emitter circuit is seen from base side, it is increased by a factor of (1 +

B) So, resistance R, appears as resistance (1 + ) R, on input side of the circuit.
Note : i. C_ C andC, have effect on lower cutoff frequency only.

ii. The largest of lower cutoff frequencies, due to C_and C, and C,, is called dominant frequency.
iii. The dominant frequency is overall lower cutoff frequency of the amplifier.
iv. At high frequencies the reactances offered by coupling & bypass capacitance are negligible and

these capacitors can be replaced by short circuit.

Example 1
Common Data for Questions (i) and (ii) :

Consider the common emitter amplifier shown below with the following circuit parameters :
B=100,g =0.3861 A/V,r =oo,r =259 Q, R =1kQ, R, =93kQ,R.=250Q, R =1kQ, C, =x

and C,=4.7 uF.
o0V
Ry Re
—
— <
Rs Cl +
+ VO:E RL
V, -
-
1) The resistance seen by the source V_is
(a) 258 Q (b) 1258 Q
(c) 93kQ (d) o0
GATE(EC/2010/2M)
(i1) The lower cut-off frequency due to C, is
(a) 33.9Hz (b) 27.1 Hz
(c) 13.6 Hz (d) 16.9 Hz
GATE(EC/2010/2M)

Solution :

(i) Ans.(b)
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o110V
RS Re
—
— ©
R s C :f/
+ o0&
Vs - 3: RL
=
Equivalent circuit using n-model we have,
Ry p C
""" o
+
+ < M rn § < < VO
v @éR"RB:: Vi ::RC::RL
o
Given, B =100g =0.3861,r =oc

r. = 259Q,R =1KQ,R, =93 KQ,
R, =250Q,R =1KQ

C, = o, C,=4.7uF

Resistance seen by source,

R = Rﬁﬁ
! r. +R,
93x10 x259
= R = 1x10 +——— =1258Q
! 93x10 +259
(ii) Ans.(b)
o t10V
R, 2 R
|_
— ©
R s C ;
+ P S
V, -3 R,

-

Lower cutoff frequency of BJT amplifier shown above, is given by,
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1
f - _— @ OO0
Y 2nC.(R, +R))
Where, R, =R |t
Given, r =o,C, =C=47pFand R =1KQ
R, =R =2500
1
= f =

L 2nC,(R, +Ry)

1
= f= —~
2t x4.7x107° (1000 + 250)

= f =27.09Hz

6.4 Low Frequency Response of MOSFET Amplifier
The low frequency response of MOSFET is affected by coupling and bypass capacitors, similar to a
BJT amplifier. The effects of input and output coupling capacitors and source bypass capacitor can
be studied by considering the MOSFET based amplifier with as shown in Fig.13.

+VDD
R,

<

@)

[ J
<

| | Sk,
Rsig >
Vg R, J_
RST I C,
: _Vss =

Fig. 13 Frequency response of MOSFET amplifier

Case-I : Effect of C.,

The lower cutoff frequency due to C , is determined by replacing C_ and C_by short circuit. The AC
equivalent circuit with C ; can be drawn as shown in Fig. 14.

The lower cutoff frequency of the amplifier in terms of C, is given by,

1
i = 2n(R,, +R,)C, Gl

Where R.

1
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o

Rsig
A—]

W=
&
4]
g2
=

Fig. 14 MOSFET amplifier with input coupling capacitor behaving as

low pass RC circuit on input side

Case-II : Lower cutoff frequency in terms of C__
The effect of coupling capacitor C_ on low frequency response can be determined by replacing C
and C_by short circuit. The equivalent circuit seen across terminals of C_ becomes as shown in Fig.

15.
CCO
Amplifier | €— % R,
RD

Fig. 15 MOSFET amplifier with output coupling capacitor behaving as

low pass RC circuit on output side

Total resistance seen across the capacitor C_,

R =R +R, (33)
The lower cutoff frequency of the amplifier in terms of C__ is given by
1 1
f. = = (34)
©  27RC, 2n(R,+R,)C,
Where R, =R, || r, = output resistance of the amplifier (35)

Case-III : Lower cutoff frequency in terms of C

The lower cutoff frequency in terms of source bypass capacitor C_can be determined by replacing C
and C_ by short circuit. Then, the equivalent circuit seen across terminals of C_becomes as shown in
Fig. 16.
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Amplifier |€— == C,
RS

Fig. 16 MOSFET amplifier with source bypass capacitor behaving as

low pass RC circuit

The lower cutoff frequency in terms of C_ can be given by

1
f = —— 36
Les 2nR!C, (36)
Where R’ is effective resistance seen across terminals of C . The resistance R’ can be determined
from AC equivalent circuit of the amplifier.

Note : i. Highestof lower cutoff frequencies f, , f,  andf, , determines the over all lower cutoff frequency
and it is called dominant pole or frequency of the amplifier.

ii. At high frequencies the reactances offered by coupling and bypass capacitors become very small

and capacitors behave like short circuit. So, the effect of coupling and bypass capacitors can be

neglected at high frequencies.

Example 2
The ac schematic of an NMOS common source stage is shown in the figure below, where part of the
biasing circuit has been omitted for simplicity. For the n-channel MOSFET M, the transconductance
g = 1 mA/V and body effect and channel length modulation effect are to be neglected. The lower
cutoff frequency in Hz of the circuit is approximately at

R, C =
10 kQ 1 uF

_| v
v,
°—| M R,
| 10 kQ
(a) 8 (b) 3
(c) 50 (d) 200

GATE(EC/2013/2M)
Solution : Ans.(a)
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G|
Vl

Given, transconductance of MOSFET,
g =1mA/V

Replacing MOSFET by its small signal model the equivalent circuit of amplifier can be drawn as

: I
M <>gmvi % Roq %RL
S P I

R,
Output resistance of above circuit is obtained by setting V, =0,

under,

(@)

So output resistance,
R =R

o D
Resistance seen across capacitor,
R =R +R =R, +R,
Lower cut off frequency of amplifier can be given as,
1
f = ——
2nC(R, +R,)

From given circuit, C = 1 pF, R =10 k€,
R, =10kQ
1

= f = =8H
LT 2ax10°(10+10)x10°

6.5 Miller Effect

Consider an amplifier with a feed back impedance ,Z, is connected between input and output
terminals as show in Fig. 17.
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Z,

Frequency Response

- [,

Ii I’o Io
—> | «
+ A A Yo B +
vV, > — t oV -« V, <
 Z.  Z Z, L
— . ———————eo
Amplifier

Fig. 17 Amplifier with feedback impedance

Case-I : Effect of Z_on input impedance of Amplifier
Applying KCL at node ‘A’, we have,

Iin = If + Ii
Vin \/iﬂ - VO Vil’l
- = +— (37)
Zif Zf Zi
] 1= \\// ]
N I /Y (38)
V2 7. Z

= — = L — (39)
Zif Zf Zi
- 1 1t 1 (40)
Zy Z Z
1-A,
Z
= Z. = L Z 41
() "
Zf

Thus, the feedback impedance appears as I when it is seen from input terminals.

v

Case-II : Effect of Z_on output impedance of amplifier
Apply KCL at node ‘B’ , we have,

I =1+T, (42)
\Y V-V V
— 3] — o in + o (43)
Zof Zf Z0
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Ve
1 vV, 1
= — = +— (44)
Zof Zf Zo
L
1 A, 1
= — = +— (45)
Zof Zf Zo
1 1 1
= -— = +— 46
Zof Zf Zo ( )
o b
AV
1 Z
= — =z, (47)
of 1 — L
AV
. Z; . . .
Thus, the feedback impedance appears as [ in parallel to output impedance of amplifier when
1—
A

v

it is seen from the output terminals of the amplifier.

It is observed from above two cases that an impedance Z, connected in feedback arrangement of

Z

amplifier can be transferred an as shunt impedance of value on input terminals and as a shunt

v

impedance of value on output terminals as shown in Fig.18 Where A  is voltage gain of

f
- b
A

v

amplifier without feedback. This effect is known as Miller’s effect.

T L
+
\% (I_Av)CfI C| Amplifier |[Co [ Al ]Cf v,

Fig. 18 Feedback impedances transfered to input and output side of amplifier

6.5.1 Miller Effect Capacitances

At high frequencies the effect of coupling and bypass capacitances becomes negligible due to
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decreased reactances offered by these capacitors. However, the effect of small parasitic or inter
electrode capacitances become predominant. Consider an amplifier in which parasitic capacitances
(C,) appear in feedback path between input and output terminals as shown in Fig.19.

f
11
1

< te

Amplifier

°

|
L

Fig. 19 Miller effect capacitances

The Miller Effect can be used to study effect of the parasite capacitance appearing between input and
output terminals. According to millers effect, feedback impedance transfered to input side is given

by,
z, = A (43)
if 1— Av
| 1
For capacitive elements, Z = - and Lo=—— (49)
JOL; JoC;
1 1
; = - (50)
joC,, joC (1-A,)
= |Cif:(1_Av)Ci| (51)
The capacitance C , is called Millers capacitance and it is also represented by C,,.
Similarly, th feedback impedance transfered to output terminals is given by,
Z
zZ, = — 1 (52)
1—
AV
1 1
= - = (53)
JoC
JoCpl 1——
B 1
= Cof = Cf 1 —A—V (54)
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6.5.2 Dual of Miller Theorem :

According to dual of miller theorem an impedance, Z, connected in shunt branch series feedback
arrangement of amplifier can be transferred as series impedance of value (1 —A.)Z_, on input terminals

1
and as a series impedance of value [1 —Xj Z; on output terminals as shown in Fig.20. Where A,

1

represents current gain of the amplifier without feedback.

1
(1-A)Z, (I_Ai]zf

. ¢« . o He ot e

+ Amplifier + + 1 2 +
[ 3 3

Vi Vo = Vi Vo

. ° ° °

Fig. 20 Dual of Miller’s effect

6.6 Frequency Response of Low Pass RC Circuit

At high frequencies, the effect of coupling and bypass capacitors become negligible and effect of
parasitic capacitance of BJT and MOSFET become dominant. The BJT and MOSFET amplifiers can
be modelled as low pass RC circuit as shown in Fig. 21 at high frequencies.

R
® —A\W T —0
+ 1 J_ +
V. - A%
i jQ)C —|— o
. °

Fig. 21 Low pass RC circuit

Output voltage of the circuit,

Vv, = — 1 XV, (55)
R+—
joC

The voltage transfer function of the circuit,

\Y 1 1 1 1
- e T (56)
i L P P I
1/RC 0y, 2t f,
Where, o, = 2nf, (57)
1
and t, = TARC = higher cutoff frequency of the circuit. (58)
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. V 1
Magnitude, = T (59)
Vi f
1+ —
fH
V) _ o f
Phase angle, /| - | = —tan — (60)
\ i
The magnitude Vs frequency curve or frequency reponse of low pass RC circuit can be drawn as
shown in Fig.22.
|A,|A
1
€
V2
£ *
Fig. 22 Frequency response of low pass RC circuit.
\Y 1
At =1, = — 61

The magnitude in dB at f=f,,
\Y

o

1
= 20log,,| —= | =-3 dB
Vil (ﬁj

i

Note : The magnitude of transfer function of low pass filter becomes —3dB at cutoff frequency due to which
cutoff frequency is some times called as 3dB cut off frequency.

6.7 High Frequency Response of BJT Amplifier
6.7.1 Hybrid n-model of BJT
Hybrid n-Model of BJT can be used for high frequency analysis of a BJT amplifier fig. shows the

hybrid n-model of CE configuration of BJT. The terminal B’ is not accessible but a fictitious point at
base.
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Note :

6.7.2

b'c

MN

<+ gv,. 8 TR Vo

Fig. 23 Hybrid n-model of BJT

* Inhybrid n-model of the BJT shown above, the resistance r,, is called base spreading resistance.

*  The resistance 1, is reponsible for change in base current due to increased recombination rate
with change in base-emitter voltage v, .

*  The capacitor C or C_or C_represent emitter junction diffusion capacitance.

»  The base width modulation effect or early effect is taken into account by connecting a conductance
g, between base terminal B" and collector terminal ‘C’.

* The conductance g_ represents output conductance of BJT

* The capacitance C or C_or CH represents the capacitance of collector junction.

i. All the parameters of hybrid m-model can be determined using h-parameters of BJT
ii. Hybrid-m model is applicable for frequencies upto proximately f./3. Where f. is unity gain

frequency.

Conductances and Resistances of Hybrid n-model of BJT

1. Transconductance g_
The transconductance of BJT is defined by,

o1,

= 62
.= 5v. (62)

Vg =fixed

The transconductance in terms of gains of BJT and DC bias collector current is given by,

a P |Ic|
=== 63
& T TV, (63)
Where, V_ is thermal voltage. The thermal voltage at any temperature T (in Kelvin) is given by,
T
V. =—— 64
T 11600 64)
2. Input conductance, g,
The collector current of BJT,
Ic = gm Vb'c o g Ib I‘b’c (65)
IC
= g Tye = I—=hfc (66)
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Note :

6.7.3

R )

(68)

The resistance r,, is directly proportional to temperature and inversely proportional to collector bias
current.
3. Feedback conductance, g,
From hybrid n-model of BIJT,
Vi I,
h, = - (9)
ce |1,=0 I‘b’e + I.b’c
or rb’e(l B hre) = hrerb’c
The reverse voltage gain (h_) for CE configuration of BJT, h <<
Ie e
rb'c ~ hrc rb'c (70)
hre
= gb’c :r_zhre .gb’e (71)
b'e

4. Base spreading resistance, r,,
Base spreading resistance is a lumped resistance between external base terminal and terminal B’ of
hybrid n-model. The input resistance of BJT with output terminal shorted is h, .

From the hybrid n-model of BJT,

ie = I.bb’—i_rb’e (72)
h, V.
= rbb’ = hie _rbe hle |fI |T (73)
C
5. Output conductance, g __
Output conductance is given by
gce = hoe - gl’l’l hre (74)

Capacitances of BJT in Hybrid n-Model

I. Base-Emitter Diffusion Capacitance of BJT

In amplifier applications, the emitter junction of BJT is forward biased and collector junction is
reverse biased. The minority carriers (i.e. electrons for npn & hales for pnp) carriers are diffused
from emitter region to base region through emitter-base junction. The width of base region of BJT is
very small as compared as diffusion length of minority carries in base. So, the concentration of holes
in base region of pnp transistor varies almost linearly in the base region as shown in Fig. 24.
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T B

Eo— P N P [——oC

P(x)A

pTO)\\\

x=0 x=W ;

Fig. 24 Variation of holes concentration in base region of pnp transistor

For linear decrease in minority carrier concentration, the average concentration of excess minority

carriers stored in base region is p'(0)/2. If A is cross section of emitter
function, W is width of base region then charge of excess minority carriers stored in base region can
be given by,
"0
Q, - AWx2lxq (s)

The diffusion current in base region due to minority carriers holes in base region of pnp transistor can

be given by,
dp p'(0)-0 p'(0)

[ =- AquB'd_X:_AquB'(W ZAquB'V (76)
Where D, is diffusion constant of holes in the base region. The current I is almost equal to emitter
current of BJT.

WI
= p'(0) = . (77)
AgqD B

Putting above expression of p’(0) in equation (75), we have,

I, W?
= 78
Qp D, (78)

The static emitter diffusion capacitance due to rate of change of excess minority carrier in base
region can be given by,
- dQ, _ w? dI,
De
dVg, 2Dy dVg

(79)
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dI 1 1
For BIT, o= —=" (80)
d\/BE re VT
w2 L W
Co =3~ =35 T 81)
2D, V, 2D, T,
Emitter current of BIT, I, ~1. (82)
W2
CDe = gm (83)
PADI
Note : i. Diffusion capacitance is proportional emitter current
ii. For BJT, DNB = ,uVZ.
Here uoc T
' Dpl)’ o T””
o C,,ocT™
So C,,, increases as temperatures increases and the increase in C, is more for Si than Ge
iii. Diffusion capacitance of BJT for sinusoidal signals is 2/3™ of static capacitance
II. Base-Emitter Junction Capacitance of BJT
The base-emitter junction of a BJT amplifier is forward biased so the capacitance of base-emitter
junction is similar to capacitance offered by the junction of a forward biased pn junction diode. The
junction capacitance of emitter junction can be given by,
C, = A (84)
W.
Where W_is width of emitter junction. The width of forward biased emitter junction can be given by,
2 1 1
W = —8.{—+—}(VOC ~Vy) (85)
q [N, N,
Where, V. — For emitter junction forward bias voltage.
V.. — Built-in potential of emitter junction.
N , — The concentration of donor impurity
N, — Concentration of acceptor impurity
III. Collector-Base Junction Capacitance of BJT (C_ or C)
The collector-base junction of BJT is reverse biased and its capacitance is similarity capacitance
offered by a reverse biased p-n junction diode. The collector junction capacitance of BJT can be
given by,
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Where W is width of reverse biased collector junction. The width of reverse biased collector junction is

given by

junction.

C =

c

sA
W

c

2¢

.

1 1

—+— (V. +V,
q(NA+NDJ( oc+ CB)

Where V, is reverse biased collector junction voltage and V_ is built in potential of collection

Note : i. Typical value Hybrid parameters and their variations with 1, V., and Temperature (T) of

Variation Variation Variation
Parameter Value with with with
increase in |I. | | increase in |V, | | increase in T
g. 50mA/V g ol | Independent g, cl/T.
Ty 10002 decreases - increases
I, 80K - - -
L. IK I, oc 1/|1; | increases increases
L. 4M - - -
L, 80K - - -
C, 3pF Independent decreases Independent
C, 100pF C, |l | decreases -

ii. In some literature C_is denoted by C o Cis denoted by C_and r,, is denoted by r,.

6.7.4 Short Circuit Current Gain of BUT Amplifier
The equivalent circuit of hybrid-rt model under short circuited condition becomes as shown in Fig.

25.

Cb’c
11
I

b o>—\W\— c

Y IL
eo ¢
Fig. 25 High frequency equivalent circuit with output short circuited
www.digcademy.com
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Above circuit can be redrawn as under,

gb’e+gb’c ngb’e IL

L

Fig. 26 Simplified high frequency equivalent circuit with output short circuited
Shorted load current, L = -2,V (88)

From input side of the circuit,

1
Vye = I X ; (89)
gb’e + gb’c + j(D(CC + Ce)

Putting above relation in equation (88), we have,
1

A
gb’e + gh’c + J(")(Cc + Ce)

I =-8,% in (90)

Short circuited current gain,

IL _gm
A= .- ; oD
i gb’e + gb’c + J(’O(CL + Ce)

n

Since collector junction is reversed biased, 7, is large and g,,. is negligible.

gb’e + gb’v ~ gb’e (92)

N A, = “En 93)
: gb’e + .]('O(Cc + Ce)

From equation (68), 8pe = o (%94)
fe
A = _hfe 5
= S () ©3)
1+5——<¢—¢~ hﬁ_,
En
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~h,,
f— A]S = —(D (96)
1+7%
g
where, o, = R 97)

P hfe(cc+ce)

Jo = S (98)
=
" 2nh,(C +C,)

where, 1, is also called B or upper 3dB cut-off frequency of amplifier.

h,,
= = — (99)

1+ [sz
Sy

Note : i. In case of high frequency response of single CE BJT amplifier, at upper cutoff frqueny, f:fb, the

Al

magnitude of gain becomes 0.707 h,, and phase angle of gain becomes 135°.
ii. In case of low frequency response of single CE BJT amplifier, at lower cutoff frequency, f = f,, the
magnitude of gain becomes 0.707 h,, and phase angle of gain becomes 225°.

Short circuit unity current gain cut off frequency (f):

Atf =1, A =1 (100)
hye
= | = ——— (101)
2
1+ ﬁ
Is
LY g
= | = h,-1 (102)
R
= fo = 1/h;e—lfﬁ (103)
Since, A, is large so h;e >> ]
= Jfr=h, fy =Bf; (104)

Here the frequencies up to fﬁ represent bandwidth of the amplifier and because of above relation £, is
represents the short circuit current gain-bandwidth product of the amplifier.

y &
2mh,(C, +C,)
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_ En
= Jr= 21(C, +C,) (106)

Since, C,>> C_, therefore,

__8n

Sr _2nCe

(107)

There is one more cut off frequency defined for an amplifier called a-cutoff frequency. The a-cutoff
frequency of an amplifier is given by,

Jo =(+B)Jy (108)

Gain magnitude Plot of Short Circuit Current Gain :
On decibel scale the magnitude of current can be represented by,

Al =201og A | (109)
f 2
At low frequencies, f <<f, 1+ (f_J ~l, |A|=h and|A|,=20logh_ (110)
B
f 2
At low frequencies, f = f, 1+ [f_} ~2 |A/|=h, /N2 and |A|l ;s =20 logh, —3dB (111)
i
2
. . f f
At very high frequencies, f>> f, 1+ (f_j ~ [f_] (112)
p B

l|dB

hy £,
A = W and |A |, = 20 log h f —20logf (113)

Using above relations, the gain (dB) vs. frequency (log f) can be drawn as shown in Fig.27.

|AI|dB ‘k 3 dB
20 log h,, *
* 60
—20 dB/dec
» log f
log f, log f;

Fig. 27 Current gain Vs frequency plot of short circuit CE amplifier
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Note :

Note :

Experimental Measurement of f_ :

f f
At very high frequencies, f>>f, 1+ (f—j ~ [f_] (114)
p i
h, f
A, = fef L (115)
= AT =~ h £~ (116)
If at any frequency f'= f, gainis |A | then f =A f (117)

This measured value of f_can be and to determine the emitter junction capacitance by using the
relation,

&
C, = —/— 118
¢ 2nf; (118)

Variation of f, with collector current :
The value of parameter fT of BJT depends on operating condition of BJT. The variation of fT with
collector current of BJT is shown in Fig. 28.

fr A

(MHZ) /—\

Fig. 28 Variation of parameter f, with collector current

Ic:(mA)

i.  BJT behaves like low pass filter at high frequencies and high pass filter at low frequencies.

ii. In RC coupled amplifier the Low frequency response of BJT is limited by coupling capacitors
and bypass capacitors, in transformer coupled amplifiers it is limited by transformer turn to turn
capacitance.

iii. Direct coupled amplifier has good low frequency response than RC coupled and transformer
coupled amplifiers. It can amplify very low frequency signals.

iv. High frequency response of BJT amplifiers is limited by junction and parasitic capacitances.

v.  For low frequency or small signal analysis, the coupling and bypass capacitors are included in
the circuit and junction and parasitic capacitances are open circuited.

vi. For high frequency analysis, the coupling and bypass capacitors are replaced by short circuit
and junction and parasitic capacitances are included into circuit.

vii. At mid band frequencies the coupling and bypass capacitors are replaced by short circuit and
Jjunction and parasitic capacitances are replaced by open circuit.

High frequency response of BJT can be impoved by adopting non-uniform doping or graded doping

profile in base of BJT in stead of uniform doping. The transistor with uniform base doping is

called diffusion transistor and transistor with graded or non-uniform base doping is called graded
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transistor. The graded base BJTs exhibit better high frequency response characteristic as compared
to their uniform base counterparts because there exists a built-in electric field in the base region
of the graded base BJT gives additional drift velocity to minority carries in base reason resulting
reduction of switching time and hence giving better high frequency response.

Example 3
An npn transistor has a beta cutoff frequency fB of 1 MHz, and common emitter short circuit

low-frequency current gain 3 of 200. It unity gain frequency f; and the alpha cutoff frequency
f respectively are

(a) 200 MHz, 201 MHz (b) 200 MHz, 199MHz
(c) 199 MHz, 200 MHz (d) 201 MHz, 200 MHz

GATE(EC/1996/2M)
Solution : Ans.(a)

The unity gain frequency in terms of B-cutoff frequency is given by

f. = h, f,=pf,

f, = B-cutoff frequency of amplifier.
Given, p = 200, f,=1MH
= f, = 200 x 1 =200 MHz
The alpha cutoff frequency of BJT is given by,

f, = (-0 f,

.

* lI-a
where, o = L

1+
= £, = (4P,
= f = (1+200)x1MHz
= f =201 MHz
Example 4

An npn transistor (with C_= 0.3 pF) has a unity - gain cutoff frequency f, of 400 MHz at a dc bias
current [ = ImA. The value of its C, (in pF) is approximately (V=26 mV)

(a) 15 (b) 30
(c) 50 (d) 96

GATE(EC/1999/2M)
Solution : Ans.(a)

The unity gain frequency of CE mode BJT amplifier is given by,

f — gll’l
T 2m(C, +C,)
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where, g = |VC | & [V,|is thermal voltage
T
Given, f. = 400 MHz,
C, = 0.3pF,
[, = ImA
and V., =26 mV
f L.
= = .
T 21V (C, +C))
= f = !
T 2nVp(0.3x1077 +C))
1
= 400x10° = —
21x26(0.3x107° +C,)
1 -12
= C = —0.3x10"" =15 pF

" 21 x26x400x10°

6.7.5 Frequency Response of BUT Amplifier with Resistive Load
Consider hybrid-n equivalents circuit of BJT with load resistance as shown in Fig. 29.

e
M
°
+
VCC
ce ° .

Fig. 29 High frequency model of CE BJT amplifier with resistive load

The conductance g, and capacitance C_ from feedback path can be transferred to input and output

terminals by using Mitter’s Theorem as under,
1
gb’ci = (1 - Av )gb’c and Eheo = 1_A_ he (1 19)

N

c.= (I-A)C, and Ccoz[l—ALjCC (120)

v
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v
Where A = —= (121)
' Vb'e

The alternate circuit of the amplifier with conductances and capacitances transferred to input and

output terminals of the amplifier can be drawn as shown in Fig. 30.
° °

Vi i g ggb,e =C,  C, <+> g Eee g Bheo == C., g R, V..

[ L

Fig. 30 Simplified high frequency model of CE BJT amplifier with resistive load

Above circuit has two high pass RC circuits. The overall transfer function of the amplifier has two
poles. One belong to on input circuit and another for output circuit. So, the circuit of amplifier has
two times constants corresponding to input and output circuits of the amplifier.

The time constant of RC circuit on input side can be given by,

T =R.C, (122)
1 1
Where R = —f—— (123)
a gb’e (I_Av)gb'c
and W = CH(1-A)C, (124)

Asg, << g, sog, canbe neglected.

R = (125)

“ gb'c
The cutoff frequency of RC high pass circuit on input side,

1 ,
£ = = e (126)
" T 2aR_C, 2nC,

Where,

C+(1-A)C, (127)

€q

The resistance r,_and r,,_are high so g & gy, can neglected from circuit on output side.

v

then, A = —==-g R/ (128)
' Vb'c

= C, =CHtl+g R)C (129)
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The time constant of RC circuit on output side,

1
TO = ReqCCOZReq(l—A—VjCC (130)
1 1
Where, R = — R, (131)

.- 1
I—A*V 8o

As collector junction is reverse biased and emitter junction is forward biased so r, >>r,,_

gb’c << gb’e

As g, is very small so R, is small and t_ is negligible.

The larger time constant of the circuit plays the dominant role as the time constant of input circuit
is larger so it gives overall time constant of the amplifier. So, the overall cutoff frequency of the
amplifier is determined by the input circuit.

Note : 1.

1.

1.

11l

.

VI.

When transfer function of a high frequency equivalent of an amplifier has multiple poles then
pole with lowest cutoff frequency is dominant pole and gives overall cutoff frequency and time
constant of the amplifier. Time constant is inverse of cutoff frequency so lowest cutoff frequency
gives largest time constant of the amplifier.

When high frequency voltage transfer ratio of amplifier has multiple time constants then larger
time constant determine. Thus the pole corresponding to largest constant in high frequency
resonance is dominant pole.

The upper cutoff frequency is given by
1

f, =—
"oont

where t = RMCMI = largest time constant

Bandwidth of a two pole amplifier is smaller than bandwidth of a single pole amplifier.

The transfer function of single stage CE transistor at high frequencies has one zero and two
poles.

When transfer function of low frequency equivalent circuit of an amplifier has multiple poles then
pole with highest cutoff frequency is dominant pole and gives oveall cutoff frequency and overall
time constant of the amplifier. The highest cutoff frequency gives lowest overall time constant
of the circuit.

Gain-bandwidth product of an amplifier increases with increase in R, and decreases with increase

in Ry.

vii. Frequency response of amplifier can be determined by using four parameter h,, f,, h,, and C.

www.digcademy.com % CADEMY digcademy@gmail.com



Frequency Response EDC & ANALOG ELECTRONICS [425]

6.8
6.8.1

Dominant Pole :
Case-I : Dominant Pole for high frequency response

If a transfer function, determining high frequency response, has several poles and if smallest of these
is at fpl and of each of other pole is at least two octaves higher or 4 fpl’ then the amplifier behaves
like a single pole or single time constant amplifier where 3-dB cutoff frequency is fpl. The frequency
f | is called dominant pole of the amplifier.

Case-1I : Dominant Pole for low frequency response

On other hand if a transfer function, determining low frequency response, has several poles and if
smallest of these is at fpl and of each of other pole is at least two octaves smaller or fp1/4 then the
amplifier behaves like a single pole or single time constant amplifier where 3-dB cutoff frequency is
f . The frequency f | is called dominant pole of the amplifier.

High Frequency Response of MOSFET Amplifiers

MOSFET Internal Capacitances
There are two types of internal capacitance of MOSFET which are discussed in the following
sections,

I. The gate capacitive Effect
The gate electrode forms parallel plate capacitor with the channel with oxide layer in-between serving
as dielectric. The gate oxide layer capacitance per unit area is given by,

C, = (132)

Where ¢__is dielectric constant of oxide and t_ is thickness of oxide layer.

The gate capacitive offed can be modeled by three capacitances called gate-to-source (Cgs), gate-to-
drain (C,) and gate to body (Cp)- These capacitances can be deterined as under,

i. Triode or Ohmic region
The channel has uniform depth across length of the channel when MOSFET operates triode
region with small v . If W is width of channel and L is length of channel then gate-channel
capacitance is WLC_ . This capacitance can be modeled by dividing equality between drain and
source.

1
= Cy = WLC, (133)

s

ii. Saturation Region
The channel has tapered shape when MOSFET operates in saturation region and it is pinched off

at or near drain end. Under this condition gate-channel capacitance is approximately 3 WLC, .

2
C, = FWLC, (134)

£s
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In this case Cg | is assumed to be zero.

iii. Cut-off Region
The channel disappears when MOSFET operates in cutoff region. Under this condition gate
capacitive effect is modeled as,

c =¢C

gs ed

=0 (135)

and C, =WLC (136)

b ox
iv. Overlap Capacitance (C,)
There is an additional capacitance which adds up to C_ and C_; due slight extension of source
and drain regions below gate electrode/oxide due to diffusion. If length of over tap is L then
overlap capacitance is given by,

C, = WLC (137)

oV  0X

TS

{
771 INNNNNN (77
i B
L L

Fig. 31 Gate electrode overlap with drain and source

II. Junction Capacitances

There are two junctions in a MOSFETs between source & substrate/body as well as drain & substrate/
body. These junctions offer capacitances similar to the depletion layer capacitance of a p-n junction.

i. Source-Body Capacitance, C
The source-body capacitance of MOSFET can be given by
eA,
C, = W_sb (138)
Where ¢ is dielectric constant of semiconductor, A is area of contact between source & body
(substrate) and W, width of depletion layer between source and substrate.
The width of depletion layer between source & body/substrate can be given by,

2e| 1 1
Wy = _8|:_+_:|(V0+VSB) (139)
q[N, N,

Where V, is reverse biasing voltage between source & substrate and V, ss built-in potential of
source-substrate junction, N, is acceptor concentration and N is donor concentration.
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ii. Drain-body capacitance (C,))
The drain-body capacitance of MOSFET is similar to source-body capacitance which can be
given by,
€A,
db de

Where A is area of contact between drain and substrate/body and W is width of depletion
layer between drain and substrate. W, can be given as,

2e( 1 1
W= [ ——|(V,+V, 140
db \/q (NA ND]( o DB) ( )

Where V_ is reverse bias voltage between drain & body or substrate.

6 P

7] 77 /1: 77 (77
I S I ) I D I
_»,"1‘._ ________ e _»L.'__ ________ s
W, W,

Fig. 32 Source-body and drain-body junctions of MOSFET

6.8.2 High Frequency Model of MOSFET

The high frequency equivalent or model of MOSFET can be drawn by including gate-to-source and
gate-to-drain capacitances of MOSFET in its small signal model as shown in Fig.33.

G ad D
b :
+
G .
.—l Cbﬁ [ Vgs g L,
- gV

(a) MOSFET (b) High frequency model of MOSFET

Fig. 33 NMOSFET and its high frequency model
Note :  Above equivalent circuit has been drawn with source connected to body and by neglecting capacitance
dab’

6.8.3 Short circuit current gain of MOSFET

Consider a common source circuit of MOSFET in s-domain represented by hybrid-n model as shown
below,
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G sCu D -« |
° 1 °
+
L, Cf) V., =—=sC, ~a g r,
° °
S S

Fig. 34 High frequency model of Common Source MOSFET in s-domain

with drain terminal shorted with source terminal

Applying KCL drain terminal, we have,

0-V,
: +gmvgs _Io =0
1/sC,
= I0 = gm Vgs - chdvgs
I
= V. = ——— 141
& gm - chd ( )
Applying KCL at node ‘G’, we have,
Vv V,.-0
Ed L, = 0
1/sC, 1/sCy
= (s Cgs +s Cg d)Vgs =1
Putting expression of vV, from equation (141) in above equations, we have,
s|C,, +C
MXIO =1 (142)
gm - Sng
I .—sC
Lo B8t (143)
I $(C, +Cy)

Here sC, is very small in comparison of g _.

L g

Zoo— __Sm 144
L, s(C.+C,) (144)

For frequency domain s = jo
I

- Lo e o 2°f f (145)
L, joa(Cgs + ng) jo j2nf jf

Where, o, = & 2nf, (146)

T C+Cy,
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g
= b = 2r(C, +C,,) (147

When f = f, the short circuit current gain of MOSFET become unity. Therefore, the parameter £
called unity gain frequency of MOSFET.

6.8.4 High Frequency Response of Common Source Amplifier
Consider a common source amplifier using NMOS as shown in Fig. 35. Let Rsig is resistance of
source of input signal connected at input of the amplifier.
+VDD
g
oV

VS Rsig Cci G '
— W\ R,

@)

co

»
>

Fig. 35 High frequency response of common source MOSFET amplifier

The coupling and bypass capacitors of amplifier behave like short circuit at high frequencies so the
high frequency equivalent model of the common source amplifier shown above can be drawn as
shown in Fig. 36.

Fig. 36 High frequency equivalent circuit of common source MOSFET amplifier

Above high frequency equivalent circuit of the amplifier can be redrawn by reducing the components
of the circuit as under,
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R, g °

\- | o
+ l +
+

gn Ve gR’L °
1.
O

Fig. 37 Simplified high frequency equivalent circuit of common source MOSFET amplifier

D

Cu
l
[

Here, R =r[IR,[IR (148)
R, = RLIR, (149)
R
Vo= —%—xV, (150)
* Ry, +Rg
Output voltage of circuit, V. = —g R’/ Vgs (151)
\Y
V., = —= (152)
& ngL
Applying KCL at node ‘G’, we have,
Vgs - Vo + Vgs + Vgs - Vs, — 0
1/sC,  1/5Cy R,
= (sCy+C, )V, +L,vgs -sC,V, —RV—fz 0
sig sig
1 A
= |:—,+s(ng +Cy )}Vgs =8Cy Vo =—"—
, R’
sig sig
Putting expression of V_ from equation (152) in above equation, we have,
{L,H(ng +C,)+sCuR} |V, = V
sig sig
Ve 1
= — = (153)

V/ ls[C, +(1+g,R])C, R

s sig

Putting expression of V,, from equation (152), we have
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\A gn Ri
- 154
v, 1+s[C, +(1+g,R})C, R, (154)

sig

Putting expression of V’_from equation (150) in above equation, we have,

R
X g, Ry
Vv Rs + Rsig
V° = - . . (155)
g 1+s[Cgs+(1+ngL)ng]RSig
v Ay
- = 156
V, 1+sC. R/ (156)
R R
Where, A, = —9% gR =——9 x(r ||R, [|R 157
v R BRI IR 1s)
and C, =C,+(+g R)C, (158)
Here A, is represents the midband gain of the amplifier.
In frequency domain, s = jo.
\Y A
= ¢ = +—M (159)
V, Jo
1+
O‘)H
1 1
Where, 0, = — = = Upper cutoff frequency of amplifier
C,Rl, C,(RyIIR)
(160)
= f = 1 (161)
" 2nC, R},

It can be observed from above equation that highs cutoff frequency of MOSFET is determined by

parasitic capacitance of MOSFET.

Note : i. Upper cutoff frequency reduces with increase in signal source resistance (R i/

ii. The capacitance C , appears as (I + g R')) C  ,when it is transferred as input terminals. This
effect is called mzllel effect and factor (1 +g R’ ) is called miller multiplication factor or miller
multiplier.

iii. Emitter bypass capacitor (C,) in BJT amplifier and source by pass capacitor (C) in MOSFET
determine overall lower cutoff frequencies because value of C, & C as highs than coupling
capacitors.

Example 5
In the circuit shown in the figure, transistor M1 is in saturation and has transconductance g = 0.01
Siemens. Ignoring internal parasitic capacitances and assuming the channel length modulation A to
be zero, the small signal input pole frequency (in kHz) is .............
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Vbbp

le%

J_—<_ Vo

50pF

W T I[:Ml

5kQ

Vin

GATE(EC-III/2016/2M)
Solution : Ans. (56 to 63)

Small signal AC equivalent circuit of given amplifier can be drawn as under,

C
Il
1
5kQ G s50pF D
V., e—\M\——e
R, +
V.
°
S
. . \A 3
Voltage gain of amplifier, A = v =—g R, =-0.01x1x10
gs
= A =-10
The circuit can be redrawn by applying Miller’s Theorem as under,
R, G D v,
— W\ ° °

V. 5kQ

P T
_|_(1—Av>c v, gn,vgsT(lA}c R,

-III|— I

Input pole frequency of amplifier,

1
- 2nR (1-A,)C
1

- =57.87kH
2mx5x10° x[1-(~10) | x50x 10" ‘
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6.9

Step Response of An Amplifier

A measure of fidelity an amplifier is reproduction of an input signal. A step signal or square wave
signal can be easily generated & can be used to study response of an amplifier. There is close relation
between leading edge of step signal and high frequency response of amplifier. Similarly, there is close
relation between low frequency response and distance of flat top of a step signal. High frequency
response of amplifier measures ability of amplifier to reproduce fast varying high frequency signals
and low frequency response is measure of fidelity of amplifier for slow varying low frequency signal.
An important characteristics of step is fast or abrupt change at beginning and very small or negligible
variation during flat top position.

Rise Time :

Rise time is measure of high frequency response of an amplifier. When a step voltage is applied to
an amplifier, the response of amplifier to abrupt change of input is high frequency response. The
behavior of amplifier is similar to a low pass equivalent RC circuit as shown in Fig. 38.

A \2
R, v, A

® AN ®

v + ’ + \4

0.9v
Vi CZ - vo

t - - t. =
> ® @ >
t] tz t

Fig. 38 Response of low pass RC circuit to step signal

Where R, is equivalent resistance amplifier & C, is equivalent capacitance of amplifier at high
frequency. The response of high pass RC circuit is given by,

V() = V[l—e J (162)

The rise time is time required when output voltage of amplifier changes from 10% to 90% of steady
value of output.

Letatt=t, v =01V
- 0.1V = V(l—e_m] (163)
= t, =0.1R,C, (164)
Letatt=t, v =09V

_ t
. 09V = V(l—e Rﬁz} (165)
= t, =23R,C, (166)
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Rise time, t =t,-t=(23-1)R,C,=22R,C, (167)

For a low pass circuit upper cut off frequency is given by,
1

f = —— 168
" 2nC,R, (168)
1
- CR = (169)

22 2nf,

22
2nf,

Rise time of amplifier, t (170)

= t, =— (171)

Tilt or Sag :

Tilt or sag is measure of low frequency response of an amplifier. An amplifier at low frequency
behaves like a high pass RC circuit as shown in Fig. 39. When a step signal of amplitude
‘V’ is applied to a high pass filter, the output of circuit become,

— t t
) = Ve " a2 V[1-—— 172
v, ( RICJ (172)

The output voltage at any time t, becomes,

t
Vo= V[1-——
( RICIJ

v(t) A C vy(t) A
1
° 1 °
v + + AV
vi(t) R, v Vi
Tt e N bt

Fig. 39 Response of high pass RC circuit to step signal

V-V t
% age sag or tilt, P = v x100 =—L—x100 (173)
11
. . . T
If input is a square wave with t, = —
2
Th P T x100 ! x100 (174)
en = =
2R ,C, 2fR,C,
. 1
For high pass filter, lower cutoff frequency, f;, = (175)
2nR,C,
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1
R C, = 176
= U 2nf) (176)
P = “thxloo (177)

The output amplifier for square wave input becomes as under,

V. A V.

i

/

Fig. 40 Response of high pass RC circuit to a square wave input signal

Example 6

An amplifier is assumed to have a single-pole high-frequency transfer function. The rise time of its
output response to a step function input is 35 nsec. The upper —3 dB frequency (in MHz) for the
amplifier to a sinusoidal input is approximately at

(a) 4.55 (b) 10
(c) 20 (d) 28.6
GATE(EC/1999/2M)

Solution Ans.(b)

6.10.

The rise time of an amplifier response to step input is given by,

0.35
t =
T fH
0.35
= fH = t_
given, t = 35nsec.
N ¢ = 0.35
H 35%x107°
= f, =10MHz
Noise

When no signal is applied to an amplifier a small output is still obtained from output of the amplifier
which is called amplifier noise. Noise is hiss or crackle sound is case of audio amplifier and it is called
snow in case of a video amplifier. The various noise sources found in an amplifier are discussed as
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Note :

Note :

follows,

1. Thermal or Johnson Noise

The electrons in a conductor possess varying amount of thermal energy which produces small noise
potential within the conductor. These random fluctuations produced by thermal agitation of electrons
are called Thermal or Johnson Noise. The rms value of thermal noise voltage of is given by,

V. = 4kTRB

= Baltzmann constant in J/°K

Where,

Resistor temperature is °K

A~ 49 =
I

= Resistance
B = f,—f = Bandwidth in Hz
The thermal noise gives same noise power per bandwidth over complete bandwidth. Such distribution
giving same noise per bandwidth over complete bandwidth is called white noise.
If such resistor is connected at input of an audio amplifier then there is amplified noise at output

of the amplifier. Thermal noise can be reduced by reducing the bandwidth of amplifier & noise
resistance at input of amplifier.

A transistor does not generate white noise except over midband region. The amount of noise generated
depends on center frequency, Q-point & source resistance

2. Shot or Schottky Noise
The fluctuation in number of minority carriers flowing through base from emitter to collector junction
of a BJT is the source of noise called shot noise. The rms current due to shot noise is given by,

I = 2ql,B
Where I, = DC current
B = Bandwidth

If R, is load resistance then noise voltage of magnitude V, =1 R, appears across the load.

3. Transistor Noise or Transit Time Noise

This noise appears due to random motion of carriers crossing emitter and collector junctions and due
to random recombination of holes and electrons in the base region. There is partition effect arising
from random fluctuation in division of current between collector and base.

4. Flicker Noise

A low frequencies noise varies in proportion to 1/f and is called excess or flicker noise. Flicker noise

is proportional to emitter current and temperature. The source of flicker is not clearly known but it

is thought to be caused by recombination and generation of carriers on surface of the crystal.

(i) At intermediate frequencies noise is independent of frequencies. This white noise is caused by
bulk resistance of semiconductor & statistical variations of the currents (Shot noise).

(ii) At high frequencies noise figure increases with frequency due to decreasing power gain with
frequency.
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Note :

Noise Figure :

Noise figure is the ratio of the noise power at output of the circuit to the noise power at input which
would be obtained in the same bandwidth if the only source of noise were thermal noise in the
internal resistance of the signal source.

Mathematically, it is ratio of signal t noise ratio at input to the signal to noise ratio at output of the

amplifier. S /N
NF = 10log—2—E
Sy / Ny,

Where S, represents signal power and N, represents noise power.

Noise in FET :

The FETs exhibit excellent noise characteristics. The main source of noise in FET is thermal noise
of conducting channel. Shot noise is caused by gate leakage current and 1/f noise caused by surface
effects.

Noise figure of FET is independent of Q-point.

000
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0.3
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0.6

0.7

GATE QUESTIONS

o—cut off frequency of a bipolar junction transistor
(a) Increases with the increase in base width

(b) Increases with the increases in emitter width
(¢) Increases with increase in the collector width

(d) Increases with decrease in the base width

GATE(EC/1993/2M)
The £ of a BJT is related to its g , C_and C, as follows:
C,.+C er(C_+C
(@) fr= - (b) fTZM
g g
() fr=77" ) fr=r7FT"—=
ToC+C, " oar(c,+c,)
GATE(EC/1998/1M)

From a measurement of the rise time of the output pulse of an amplifier whose input is a small amplitude
square wave, one can estimate the following parameter of the amplifier :

(a) Gain-bandwidth product (b) Slow rate
(c) Upper 3-dB frequency (d) Lower3-dB frequency
GATE(EC/1998/1M)
The current gain of a bipolar transistor drops at high frequencies bacause of
(a) transistor capacitances (b) high current effects in the base
(c) parasitic inductive elements (d) the early effect
GATE(EC/2000/1M)

Annpn BJT has g =38 mA/V,C =10"F, C_=4x10""F, and DC gain 3, = 90. For this transistor
f. and fﬁ are

(a) £,=1.64 x10°Hzand f;=1.47 x 10Hz  (b) f, = 1.47 x 10""Hz and f; = 1.64 x 10°Hz

(¢) f,=133x 10”Hzand f, = 1.47 x 10°Hz  (d) f,;= 1.47 x 10"Hz and f, = 1.33 x 10°Hz

GATE(EC/2001/2M)
Generally, the gain of a transistor amplifier falls at high frequencies due to the

(a) internal capacitances of the device (b) coupling capacitor at the input
(c) skin effect (d) coupling capacitor at the output
GATE(EC/2003/1M)

A small signal source v (t) = A cos 20t + B sin 10°t is applied to a transistor amplifier as shown below.
The transistor has = 150 and h, = 3k€2. Which expression best approximates v (t) ?
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0.8

0.9

0.10

0.11

12V
100 kQ = =3kQ
—c—ev, (1)
100 nF
vi() e
100 nF
WkoE 9000 TlOuF
[ L

(a) v, (t)=—1500 (A cos 20t + B sin 10°t) (b) v, (t) == 150 (A cos 20t + B sin 10°t)
(c) v, ()= — 1500B sin 10°t (d) v, ()= — 150B sin 10° t

GATE(EC/2009/2M)
A pulse having a rise time of 40 ns is passed through a dc amplifier with a bandwidth of
12 MHz. The rise time of the pulse at the output of the pulse at the output of the amplifier nearly equals
(a) 30ns (b) 40 ns
(c) 50ns (d) 80 ns

GATE(IN/1997/1M)

In the circuit shown, the voltage source V(f) = 15 + 0.1 sin (100 ¢) volts. The PMOS transistor is
biased such that it is in saturation with its gate-source capacitance being 4 nF and its transconductance
at the operating point being 1 mA/V. Other parasitic impedances of the MOSFET may be ignored. An
external capacitor of capacitance 2 nF is connected across the PMOS transistor as shown. The input
impedance in mega ohm as seen by the voltage source is ............ MQ.

'

V() onF_| PMOS

GATE(IN/2015/2M)
The Miller effect in the context of a Common Emitter amplifier explains
(a) an increase in the low-frequency cutoff frequency
(a) an increase in the high-frequency cutoff frequency
(c) a decrease in the low-frequency cutoff frequency
(d) a decrease in the high-frequency cutoff frequency
GATE (EC-I/2017/1M)

Common emitter amplifier shown in fig. below has C_., = C, = C_, = 1 pF, R, =100 kQ, R = 5 kQ,
R, =5kQ, R.=8kQ,, R, =1kQ. The transconductance (g ) of BJT is 40 mA/V and input resistance
(r) is 2.5 kQ.
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The cutoff frequency of amplifier due to C, is......
(a) 1.5kHz (b) 3.8 kHz
(c) 2.35kHz (d) 6.2 kHz

Q.12 In the circuit shown below, capacitors C, and C, are very large and are shorts at the input frequency.
v, is a small signal input. The gain magnitude |v /v at 10 Mrad/s is
+5V

IOuHé % l
<ﬂ 1InF
<

1

—
Q

(a) maximum (b) minimum
(¢) unity (d) zero
GATE(EC/2011/1M)

0ao
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0.1

0.2

0.3

0.4

0.5

ANSWERS & EXPLANATIONS

Ans.(d)
The B-cutoff frequency and a-cutoff frequencies of BJT are related by,
f, =(0-a)f,
1
= f = —f,
“ 1-a

When basewidth of BJT is decreased the carriers recombination in the base region reduces. So the
common base gain, o, increases. Therefore (1 — a) decreases which in turn increases f and vice-
versa. Hence f | increases with decrease in the base width.

Ans.(d)

The Short circuit unity gain frequency of BJT is given by

£ 8
=
2n(C, +C,)

where, C, = C,= Emitter junction capacitance
C, = C = Collector junction capacitance
Ans.(c)
The rise time of output pulse of an amplifier to small amplitude square wave is given by
0.35
t =
r fH

where f; = 3 — dB upper cutoff frequency.

So, rise time can be used to find upper 3-dB frequency of amplifier.

Ans.(a)

The gain of a BJT drops at high frequency due to transistors capacitance C_and C”.
Ans.(b)

The short circuit unity gain frequency of BJT is given by

O
T 2n(C,+C,)
Given,g =38 mA/V, C,= 10 F, C_=4x10" F and B, =90

38x107°
= fT = 12 13
2n(107" +4x1077)

1.47 x 10"Hz

The unity gain frequency interms of B-cutoff frequency is given by

= fT
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f, = h,f,=Bf,
= Bf, = f,
= £, = f,/p=147x10"/90
= f, = 1.64 x 10°Hz

0.6 Ans.(a)
The gain of transistor amplifier falls at high frequencies due to the internal capacitances of the device

0.7  Ans.(d)
12V

!

vy
AA

R,=100 kQ= =R.=3kQ

V() e—
C.=100 nF

R,=20kQER=900 0 T CTIOKF
® ®

|||||—

Lower cutoff frequency of above amplifier is given by,
1
f =— .. (1)
2nC, (R, +R))

Here, R =0, C, = 100nF and R, =R |[R |[h,
= R,= 100k ||20k||3k = 2.5 k
Putting above values in equation (i), we have,

1

£ o= — 636 1
LT 2ax100x10° x25x10° O30 HZ

Given input signal, v (t) = A cos 20t + B sin 10°

= v(t) = Acos2nft+B sin2nft
20
where, f = — 3.18Hz
6
and f, = &=159kHz
2n

As frequency f| is less than the cutoff frequency of the amplifier so component of input with frequency
f, is blocked by the amplifier only compenent with frequency f, is amplified. For second component
the coupling and bypass capacitors behave like short circuit. Replacing the BJT with its equivalent
h-parameter model the ac equivalent circuit of amplifier can be drawn as under,
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i, h

ic

. Vi
Base current, I, = h_
From output circuit,

R
v, = —Pi, xR_ = —B—C'Vi
° hie
1 k.

— v = — 00x3 Bsin10°t

° 3k

—150B sin 10° t

U
<
I

0.8 Ans.(a)
The rise time of an amplifier for pulse inputs is given by,

035
r f

H

where, f, is upper cutoff frequency of amplifier.

Given, f, = 12 MHz
= t = Ls()zm nsec
r 12x10
0.9 Ans.: 1

AC equivalent circuit of given amplifier can be drawn as under,

s

g
11
1

V()

Above circuit can be redrawn by applying Miller’s Theorem as under,
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Vi~ z, ==C

Here A represents voltage gain Vo/ng'

A = Ib o

sg

A

v

=

Impedance seen by the source,

For the given circuit,

R,||——————|~g,R, =-1x107 x2x10’
j© 1—L C
J AV ds

Em

1 1
Z, =7 -
JoC, Jco(l—Av)CdS
1
= Z = -
in J(Dceq
Where w = Cgs +(1-A)C,
= C, =4+[1-(2)]*x2=10nF
Given, input voltage, V(t) = 15+0.5sin 100t
Frequency of signal, o = 100 rad/s
Z = - ! =- ! — =—jIMQ
4 JoC,  jl100x10x10
or 1Z.| = 1MQ
0.10 Ans.(d)

[444]

The Miller’s effect increases the effective capacitances of the circuit on input as well as output circuit
of amplifier. The increase in effective capacitance results in increase in time constant and decrease in
higher cutoff frequency of the amplifier.

Q.11 Ans.(c)

The ac equivalent of the given amplifier can be drawn as under,
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Frequency Response
1, Ccz
] oV,

R,2 3 P sr. 2R

Cut off frequency due to C,, is obtained by neglecting effects of C ., & C_, or replacing these capacitors

by short circuit.

Cutoff frequency of to C, is given by,

—_—

f RN A
< 2nR_,C,

eq3

Here, R_; is equivalent resistance seen across Cy.

R, = REH(“ T

The resistances of base circuit are reduced by factor of 1+ when referred to emitter circuit

Gain of BIT, =g r =40 x2.5=100
5+100kQ

2.5+
e ReoRe )T 54100 9560
1+ Ry +R, 101

R = Mzmﬁgg
oq3 1000+ 22.6

f = ! —=2.35kHz
c3 2 x67.68x1x10

12. Ans.(a)
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+5V
10uH
> ﬂ— 1nF
0—'
Q
2.7V
v 2k _|_
-
Ac equivalent circuit of amplifier,
L.
rn é gm Vi RL L R—|— CVO
— °
Z

Resonant frequency of output stage,

1
o = =10 M rad/sec

1
° JLC \10x10°x1x107

Output voltage of amplifier,
V, =(ZIR) g,V

0

Voltage gain of amplifier,

v ZR,
A == X8
Y v, Z+R,
A = 1 X
= v o 1 1 gm
7_{_7
Z R,

At resonant frequency impedance of parallel RLC network is maximum. So Z is maximum at

1
o =10 M rad/sec. So, 7 is minimum and voltage gain is maximum at ® = 10 M rad/sec.

Shortcut :- Given amplifier is tuned amplifier which has maximum voltage gain at resonant
frequency of collector circuit. Given frequency is equal to resonant frequency of tank circuit so at
given frequency voltage gain of amplifier is maximum.

000
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7.1

Note :

7.2

Introduction
The performance of single stage amplifier has already been discussed earlier in previous chapters.
However, a single stage amplifier may not be able to provide desired voltage gain, current gain, power
gain or frequency response. In such cases multi-stage amplifier consisting of a number of amplifier
stages are preferred. In a multi-stage amplifier the output of one stage is connected to input of next
stage through coupling devices. The purpose of coupling devices is to transfer AC signals of previous
stage to next stage and block DC biasing signals passing from one stage to next stage. Multistage
amplifiers are normally named after the type of coupling used such as RC coupled, transformer
coupled, impedance coupled and direct coupled. The RC coupled amplifier is most commonly used
amplifier because of its low cost, compact size, and excellent frequency response.

i. In multistage amplifier, CE configuration is most suitable for intermediate stages because of its
high voltage & current gain.

ii. The voltage gain of CC configuration is less than unity. When CC amplifier is connected in
intermediate stages it further reduces overall voltage so CC amplifier is not suitable for
intermediate stages.

iii. The CB amplifier has current gain less than unity. So, when CB amplifier is connected in
intermediate stages it further reduces overall current gain so CB amplifier is not suitable for
intermediate stages.

iv. CC & CB configurations can be used at input stage for the purpose of impedance matching with
source.

Voltage, Current and Power Gains of Multistage Amplifiers
Case-I : Multistage Amplifier with Non-interactive Stages

Consider a multistage amplifier having non-interactive stages as shown in Fig. 1. Voltage and current
gain of multi-stage amplifier are given as under,

""" % +
ng Stage-‘1’ Stage-2’ Stage-n|l R < v,

Fig. 1 Block diagram of multistage amplifier
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i. Voltage Gain

The overall voltage gain of multistage amplifier is product of voltage gains of individual stages as
given under,

A =A A, ... A, (M
In decibels Av,dB = A\,],dB + Av2,dB T + Avn,dB (2)

ii. Current Gain

The overall current gain of multistage amplifier is product of current gains of individual stages as
given under,

A =AA, . A, 3)
In decibels Ai,dB = Ail,dB + Aiz,dB T + Ain,dB )
iii. Power Gain :

A=A AL LLA )
In decibels A AT ALET +A s (6)

Case-II : Multistage Amplifier with Interactive Stages

Consider a two stage cascaded amplifier with interactive stages as in Fig. 2. Here, the input resistance
of stage 2 is in series with output resistance of stage 1. So, input resistance of stage 2 acts like a load
to stage 1.

R,
*— MN
+ + +
A4 R., AV Ve =V, R, out
‘_ - p—
Amplifier A, Amplifier A,
Fig. 2 Two stage amplifier with interactive stages.
Input voltage of amplifier A ,
R.
v, 2 = +H2XAV01 \/in (7)
" Rol + Rin2
Output voltage of amplifier A,
R
= - Aver Vins )

—X
out RL +R02

Putting the expression of V, , from (7) in above equation, we have,
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V = RLAVOZ x Riﬂz x Avol X \]in (9)
o RL + Ro2 Rol + Rin2

Overall voltage gain of the cascade connection,

A — Vout _ Avol Av02 RinZ RL (10)
' V (RL +R02)(Rin2 +R01)

in

It is observed from above equation that the overall gain of multistage amplifier with interactive
stages is not simply product of gains of individual stages.

Example 1
A single-stage amplifier has a voltage gain of 100. The load connected to the collector is 500 Q and
its input impedance is 1 kQ. Two such stages are connected in cascade through an R-C coupling. The
overall gain is
(a) 10000 (b) 6666.66
(c) 5000 (d) 1666.66
IES(E&T,16)

Solution : Ans.(b)

Rol
*— Vv
+ +
Vi iRy AVl v, =v,i SR,
. _
Stage-1 Stage-2
Given, A, = A,=100,R, =R =I1kQ,R =R =500

Output voltage of stage 1,
R,
v, = ———xA, Vv, =V,
°! Rol + Ri2 v l ’

Output voltage of stage 2,

RiZ
v, = A, v =A, me A, vy
Over all gain of cascaded combination,
Vo _ A ALR;, 100x100x1000
Vi, R, +R, 500+1000

A =

v
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= A = @=6666.66

v

7.3 RC Coupled Multistage Amplifier

The stages of multi-stages amplifier in RC coupled amplifier are coupled through the coupling
capacitors as shown in Fig.3.

Fig. 3 RC coupled multistage amplifier

The coupling capacitors (C. ) in RC coupled amplifier are used to block the DC biasing signal from
entering one stage to another stage. The coupling capacitors are also called blocking capacitors.

Frequency Response :

The frequency response of RC coupled amplifier is shown in Fig. 4. In an RC coupled amplifier, the
gain at low frequencies decreases due to coupling and bypass capacitors and at high frequencies it

decreases due to internal parasitic capacitances and frequency dependence of gain.

A A
‘«— MidBand —
1
0.707 //
»f
f, £

Fig. 4 Frequency response of RC coupled multistage amplifier

Advantages :

(i) Excellent frequency response
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7.4

(i) Cheaper in cost

(ii1) Compact in size

Disadvantages :

(i) Low voltage & power gain due to low resistance presented by input of each stage to preceding
stage.

(i1) It may become noisy with age.

(ii1) It has poor impedance matching

Applications :

It is widely used as video amplifier because of its good audio fidelity.

Transformer Coupled Multistage Amplifier

A transformer coupled amplifier has transformers for coupling of signals at input and output of each
stage as shown in Fig. 5. The drawback of low resistance stage of RC coupled amplifier is over come
by using transformer coupled amplifier.

This amplifier has transformer which passes the AC signals from one stage to next stage and blocks
the DC biasing signals from passing to the next stage.

o +V.

+
> V, R,
2 3l ® Ig 3*
T,

AMN
i
Tt
If
M
~
[l
If
o

R, C, § R, ==, R,

!

Fig. 5 Transformer coupled multistage amplifier

-+

Frequency Response :

Frequency response of transformer coupled amplifier is very poor as shown in Fig.6. At low
frequencies the gain is very poor due to low output voltage which is equal to product of collector
current and transformer primary side leakage reactance. The primary leakage reactance is low at
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small frequency and hence output voltage of amplifier giving low gain.

A A

/\

»f

Fig. 6 Frequency response of transformer coupled multistage amplifier

At high frequencies also the inter winding capacitance of primary side acts as bypass capacitor which
reduces output voltage & hence gain. Inter winding capacitance may
give rise to resonance at a particular frequency which gives high voltage gain at that frequency. So,
gain of transforms coupled amplifier not constant like RC coupled amplifier.

Advantages :

(1) As there is no collector resistance so losses are less and efficiency is more.

(i1) It provider excellent impedance matching & provides high gain due to impedance matching.

Disadvantages :

(1) It is not suitable for audio frequencies.
(i1) It has poor frequency response

(ii1) It is Bulky & costly

(iv) It has humming noise due to transformer

Applications :
(1) Itis widely used for amplifying radio frequencies above 20 kHz.
(i1) Itis most suitable for impedance matching.

(i11) It is mostly used at input and output stages but not at intermediate stages.

7.5 Direct Coupled Amplifier

This amplifier does not use any coupling device between the stages of the amplifier as shown in
Fig.7. Direct coupled amplifier are mostly used at very low frequency below 10 Hz. At such low
frequencies coupling & by pass capacitors are not used.
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VCC

i

Fig. 7 Direct coupled multistage amplifier

Frequency Response :

The low frequency response of direct coupled amplifier, with no coupling and bypass capacitors,
is almost flat and same as that midband but gain at high frequencies gain decreases due to parasitic
internal capacitance of the device. The frequency response of direct coupled amplifier is shown in

Fig. 8.
A A
l«——— Pass Band —
1
0.707
»f
£y
Fig. 8 Frequency response of direct coupled multistage amplifier
Advantages :

(1) Itis simple in construction and cheaper in cost
(i1) It has ability to amplify signals of very low frequency.

(ii1) It has almost flat response up to upper cutoff frequency.

Disadvantages :
(i) It is not suitable for high frequencies.

(i1) It has poor temperature stability.

Problem associated with design of DC amplifiers :

(1) Variation of Q-point due to temperature variations.
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7.6

(i1) Current gain reduces if thermal stability is achieved.
Application :
(1) Used for head phones, load speakers etc.

Effects of Multistaging on Frequency Response

When a number of amplifier are cascaded, the output of amplifier of first stage must be calculated
by including wiring capacitance, parasitic capacitance (C, in case of BJT or Cgs in case of FET) &
Miller capacitance [Cu(1-A) in case of FET or C,_ (1-A)) in case of BJT] of next state. Under
such conditions overall lower cutoff frequency of combination will be equal to cutoff frequency of
stage with highest cutoff frequency. Similarly, higher cutoff frequency of the combination will be
equal to cutoff frequency of stage with lowest upper cutoff frequency. Multi-staging of amplifiers
result in increase in overall gain of the amplifier but the overall bandwidth of the amplifier reduced
in comparison to individual constituent stages.

The upper cutoff frequency of multistage amplifier with ‘n’ identical non-interacting stages is given

by,
fE =fy2 -1 (11)

Where, £, is cutoff frequency of individual stage of the multistage amplifier.

The lower cut off frequency of multistage amplifier with ‘n’ identical non-interacting stages is given
by is given by,

fi= (12)

Where, f, is cutoff frequency of individual stage of the multistage amplifier.

From equation (11) & (12), we have,
|fH* S szfL| (13)

Example 2

A two-stage amplifier is required to have an upper cut off frequency of 2 MHz and a lower cut off
frequency of 30 Hz. The upper and lower cut off frequencies of individual stage are respectively
approximately

(a) 4 MHz, 60 Hz (b) 3 MHz, 20 Hz
(¢) 3 MHz, 60 Hz (d) 4 MHz, 20 Hz
IES(E&T,93)

Solution : Ans.(b)

The upper & lower cutoff frequency of n-stage amplifier is given by,

£ = f,27" -1

www.digcademy.com CADEMY digcademy@gmail.com



Multistage Amplifiers EDC & ANALOG ELECTRONICS [455]

7.7

Note :

Note :

Where

f., — upper cutoff frequency of each stage.
Where

f — Lower cut off frequency of each stage

Given, f, =30 Hz, f;, =2MHzand n=2

Upper cutoff frequency , 2 = f,;+/2"* -1

- f, = 3.10 MHz
f,

Lower cutoff frequency, 30 = \/ﬁ

— f = 19.30 MHz

Rise Time of Multistage Amplifier

The rise time of a of n-stage amplifier in terms of rise of rise time of constituent stages stage is given
by,

to= LI+ 4o+ (14)

wheret ,t ...... t are rise times of stage 1, stage 2......& stage n respectively. The rise time of n stage

1> 12°

of multistage amplifier is given by,

. _035
",

where f,, is 3dB upper cutoff frequency of n" stage.

(15)

(i) Lower cutoff frequency increases due to cascading of amplifier.
(ii) Upper cutoff frequency decreases due to cascading of amplifier.
(iii) Bandwidth of amplifier decreases due to cascading of amplifier.
(iv) Gain of amplifier increases due to cascading of amplifier.
A=A4,4,4,,.... A4,
(i) If cascade has dominant poles which is much smaller than all other poles then 3 dB cutoff
frequency of cascade is equal to dominant pole frequency.
or £=1

where f is frequency of dominant pole frequency.
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(ii) If dominant pole is just octave away from second pole with all other poles having much higher
frquencies then the high 3dB cutoff frequency is given by,

[, =094f,
(iii) If pole frequencies are not widely separated then overall cutoff frequency of multistage amplifier,
L 1.1 L + L +ot L 16
e P (16)
where f, f, ...... [, are pole frequency of various stages

Note : i. First stage is normally used to provide high input resistance.

ii. Intermediates stage provide most of voltage gain. In multistage amplifier the intermediate
stages are made of common-emitter configuration only. Common-collector and common-base
configuration can be use at input and output stages only.

iii. Output stage is normally used to provide low output resistance.

Note : Electrolytic capacitors are often used for construction of bypass capacitors because these capacitors
offer high capacitance/volume

Example 3

The two stages of a cascade amplifier have individual upper cut-off frequencies f, = 5 MHz and
f, = 3..33 MHz. What is the best approximation for the upper cut-off frequency of the cascade

combination?
(a) 4.16 Mhz (b) 3.33 MHz
(c) 2.5 MHz (d) 5.00 MHz

IES(E&T,06)
Solution : Ans.(c)

The overall upper cut off frequency of multistage amplifier, with each stage having different upper
cut off frequency is given by,

fL = 1.1\/L+L+i+....+i

H 2 f f f?
Here, f, 1, ....... f are cutoff frequency of individual stage and f,, is overall upper cutoff frequency.
Given, n =2,

f, = 5.0 MHz

f = 3.33 MHz

=
I

—_
—_
u:)|,_.
+
(O8]

W | =
W

)

2.519 MHz

U
I

00oo
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0.1

0.2

0.3

0.4

0.5

GATE QUESTIONS

In an RC-coupled common emitter amplifier, which of the following is true ?

(a) Coupling capacitance affects the high frequency response and bypass capacitance affects the low
frequency response

(b) Both coupling and bypass capacitance affect the low frequency response only

(c) Both coupling and bypass capacitances affect the high frequency response only

(d) Coupling capacitance affects the low frequency response and the bypass capacitance affects the
high frequency response.
GATE(EE/1992/2 M)
The typical frequency response of a two-stage direct coupled voltage amplifier is as shown in

|Gain| A |Gain|

(a) |[Frequency]| (b) |Frequency]|
|Gain| A |Gain|

(c) |[Frequency| (d) |[Frequency]|

GATE(EE/2005/2 M)
The bandwidth of an n-stage tuned amplifier, with each stage having a bandwidth of B, is given by

(a) B/n (b) B/In
(c) Bv2"" -1 (d) B/~2"" -1

GATE(EC/1993/2M)
In a multi-stage R-C coupled amplifier the coupling capacitor
(a) Limits the low frequency response
(b) Limits the high frequency response
(c) Does not affect the frequency response
(d) Blocks the d.c. component without affecting the frequency response
GATE(EC/1993/2M)

Three identical RC-coupled transistor amplifiers are cascaded. If each of the amplifiers has a frequency
response as shown in figure , the overall frequency response is as given in
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0.6

0.7

0.8

|Avlip

o -

A—f—-—--

20Hz 1KHz f

|AV|dB |AV|dB
OF - 0 -
3= 3F-fF---
| | | |
(a) 40Hz 0.5KHz f (b) 40Hz IKHz I
|AV|dB |AV|dB
0F — 0oL —
== 3+—-fF=---
| | | |
(©) 40Hz 2KHz f (d) 10Hz 05KHz f

GATE(EC/2002/1M)
Three identical amplifiers with each one having a voltage gain of 50, input resistance of 1 kW and
output resistance of 250 (), are cascaded. The open circuit voltage gain of the combined amplifier is

(a) 49 dB (b) 51 dB
(c) 98 dB (d) 102 dB
GATE(EC/2003/2M)

A cascade connection of two voltage amplifiers A1 and A2 is shown in the figure. The open-loop gain
A, input resistance R, , and output resistance R for A1 and A2 are as follows :

Al:A,=10,R_=10kQ, R =1kQ.
A2:A,=5R_=5kQ,R =200Q.

The approximate overall voltage gain v_ /v, is

+ o— - +
R,
w | Al A2 Vou
1kQ
_ _ -
GATE(EC-1I/2014/1M)

Which one of the following statements is correct about an ac-coupled common-emitter amplifier
operating in the mid-band region?

<

(a) The device parasitic capacitances behave like open circuits, whereas coupling and bypass
capacitances behave like short circuits.

(b) The device parasitic capacitances, coupling capacitances and bypass capacitances behave like
open circuits.
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(c) The device parasitic capacitances, coupling capacitances and bypass capacitances behave like
short circuits.

(d) The device parasitic capacitances behave like short circuits, whereas coupling and bypass
capacitances behave like open circuits.

GATE(EC-II/2016/1M)

ao0o
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NSWERS & EXPLANATIONS
0.1 Ans.(b)

In a multistage common emitter R-C coupled amplifier coupling capacitor and bypass capacitors
limit low frequency response and parasitic or junctions or shunt capacitances limit the high frequency
response.

0.2 Ans.(b)
A direct coupled amplifier has capability to amplify even very small frequency signals but its high
frequency response is limited by parasitic or junction capacitances, therefore its frequency response

will be as shown below,
Gain = |A |5

N

0.3  Ans.(c)
The band width of n-stage tuned amplifier with each stage having bandwidth ‘B’ is given by,

B* = BV2'" -1

0.4 Ans.(a)
In a multistage common emitter R-C coupled amplifier coupling capacitor and bypass capacitors
limit low frequency response and parasitic or junctions or shunt capacitances limit the high frequency
response.

0.5 Ans.(a)
The frequency response of each stage

|Av |dB

1 L >
f =20Hz f,= 1KHz I
When three identical stage each have same frequency response as shown in above figure are cascaded
then cut off frequencies of overall amplifier will be,

£oo
Izl/n_l
. 20
= f, =
21/3_1
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0.6

= f, = 3923 Hz

Upper cutoff frequency of the amplifier,

fi = f,72""—1 = 1x10°v2" -1 = 509.79 Hz

So, the overall frequency response becomes as shown below,

Ans.(c)

<

0’ 03
V¥ vy
== [ + + + + T+
L
S < <
Vit Vi SR, AVl Vo Vi RQ:; ALVy[Ve Vil Rﬂ A03V.3 @f Y

[461]

When three identical voltage amplifiers are cascaded the block diagram of overall amplifier can be

drawn as under.
Ril = Rizz Ri3 = 1kQ,

R()l: R02: R03: 250 Q’ AVIZAVZZAV3: 50
open circuit gain of each stage,

Vok
A =X
R

Output voltage of stage - 111,
V, = V,=A,V,,=50V,, ...>0)
R, 1000

For stage- II, V.=V =——A V,=———x
250+1000

0V, =40V
i3 02 R02 +Ri3 i2 i2

From equation (i) and (ii), we have,
V, =50 x40V, =2000V,,
For stage - I, vV, =V,
R, 2
= ——xAyV, = LO\I]I =40V,
Ry +R;, 5
From equations (iii) and (iv), we have,

= V, = 2000x40 V, = 8x10*V,
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0.7

0.8

Also, V., = V,=V. =input to over all
amplifier
= V, = 8x10*V,

0

-- Overall gain of all cascaded stages,

v

A = &=8x104
AV

1

In dB, A = 20 1og 8x10*=98.06 dB
Ans.(34.0 to 35.3)
The equivalent circuit diagram of cascaded Connection can be drawn as under
Rol RoZ
.— A
+ W + +
Vin Rinl AvolVin VOI = Vinz RiZ AVZVinZ lm Vou&
‘_ - j—
Amplifier A, Amplifier A,
Input voltage of amplifier A,
Rin2

1 P—— 2 AVOI \/in
i Rol + Rin2
Output voltage of amplifier A,
V = L X
out RL + R02

Vo2 \/inZ

Putting the expression of V. , from (i) in above equation, we have,
R A R.

Vom — L~ “vo2 % in2 XAvol X\fin

RL + ROZ Rol + RinZ

Overall voltage gain of the cascade connection,

Vout Avol Av02 Rin2 RL
A = =
: \]in (RL +R02)(Rin2 +Rol)

Given, A, =10,R_=10kQ,R =1kQ,R =1kQ,A,=5R =5kQ,R,=200Q

3 3
A = 10x5x5x10° x1x10 34727

v (1><103+200)(5><103+1><103)

Ans.(a)
In the mid-band region of an ac-coupled common-emitter amplifier, the device parasitic capacitances
behave like open circuits, whereas coupling and bypass capacitances behave like short circuits.

000
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8.1

8.2

Introduction

In previous chapters a number BJT & MOSFET circuits based on CE,CB and CC in case BJT and
CS,CG and CD in case MOSFET have been discussed in detail. This chapter introduces a number of
BJT and MOSFET circuits which are very popular and have got a number of important applications.

Cascade Connection

When the amplification of single stage is not sufficient or input and output impedances are of not
correct magnitude, two or more amplifier stages may be connected in cascade to meet the requirement.
The cascade connection consists of output of one stage fed to input of next stage. Cascade connection
may consists of similar configurations of amplifiers or dissimilar configurations depending upon
application. Fig. 1 shows the cascade connection of two RC coupled CE BJT amplifiers.

T Ve

Il

Fig. 1 Cascade connection of two CE BJT amplifier

Assuming, the BJTs to be identical, the AC equivalent circuit of the combination can be drawn by
replacing the BJTs by their r -model, coupling and bypass capacitors by short circuit and biasing
signals by ground as shown in Fig. 2.
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Note :

8.3

o ¢ *
n +
R, R
n = > S S > > > > Vi > > °
—> S Rl pS Rz b T <+>gmvm ; I, ; RCI v ng R4§ 3 L <+> I?: ; Rczg «— Y

ol

— [ L
R, R, =

in.

Fig. 2 Cascade connection of two CE BJT amplifier

Input resistance of combination is the input of stage 1 which can be given by,
R =R =R/ R, |r,

i inl

Output resistance of combination is the output of stage 2 which can be given by,
R, =R,=r IR,

Output resistance of stage 1,
R, =r [IR,

ol
Input resistance of stage 2,
2 R3 H R4 ” r

Output voltage of stage 1,

Vol = (Rol || Rinz) ngin = (ro || Rcl || R3 || R4 || rn) ngm
v Ro Rin
Voltage gain of stage 1, A, = —oL = —(RO IR, )gm = —M
Output voltage of stage 2, v, = g v_ (r [|R)
v r ||IR
Voltage gain of stage 2, A, = —~=-g, (r0 IR, ) = _W
Vol

From equations (5) and (7), we have,
v, = g (IR X (IR IR IR, [[r) g v,

v
Overall voltage gain, A e = gmz(rO R > IR, IR [IR,[IT)

v

m

[464]

(M

2

3)

“4)

®)
(6)
(7

®)

©)
(10)

It is noted here that the voltage gain of stage 1 is affected by input resistance of second stage 2

because of interaction among the stages.

i. Forinteractive stages : voltage gain, A, # A A ,

ii. For non-interactive stages : voltage gain, A, = A A ,

Darlington Pair

A Darlington pair is a cascade connection of two emitter follower or common collector (CC)
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amplifiers in which emitter terminal of first stage is directly connected input base terminal of second

stage. The output is taken form emitter terminal of second stage as shown in Fig. 3.

0 +V .

Fig.3 Darlington pair amplifier

Replacing BITs by their approximate r_-model, the ac equivalent circuit can be drawn as shown in
Fig.4.

....J

B Zib2
Ez .o

RE + 10: 152

Fig.4 Small signal equivalent circuit of Darlington pair amplifier

Applying KCL in input circuit, have

rnl 1bl

i, +R.1

+1 E “e2

A 72 b2 (11

Applying KCL at node E, & E,, we have,

1b2 = 1bl + B1 ibl = (1 + B1) ibl
ie2 = ibl + BZ ib2 = (1 + BZ) ib2: (1 + BZ) (1 + Bl) ibl
From equation (11), (12) and (13), we have,
=r,i

nl bl +(1+B1)rﬁ2 ibl +(1+B1)(1+BZ)REib1

(12)
(13)

v

in

(14)
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- R\ == +(1+B,)r, +(1+B,)(1+B,)R, (15)

For large value of B, and B3,

1+B, = B, (16)
and 1+B, = B, (17)
= R =1, +Bir, +B B Ry (18)
Input Resistance :
Total input impedance of circuit,
R, =R, |R, (19)
When R, is large, R =R = 1, + (1 +B, )rn2 + (1 +B, )(1 +B, )RE ~T, +B, 1, +B, B, Rg (20)
If B, =B, =B then R =~ PR, (21)
Output voltage v, = Rji,=(1+B,)(+B)Ri, (22)
V. V.
From eq. (14), == > (23)
Rl 1, +(14B))r, +(1+B,)(1+B,)R,
Voltage Gain:
From equation (22) and (23), we have,
. Vo _ (1+B,)(1+B,)R;
Voltage gain, AT v, () + (148, )(14B,)R, @4
From above relation it is clear that voltage gain, A <1
For large value of B, & j3,
r, + (148, )re +(1+B,)(1+B,)R; = (1+B,)(1+B,)R;, (25)
A, ~1 (26)
Current Gain:
Output current, i =i,=1+B)A+B)i, (27)
R .
Base current of Q,, i, = ———xi,
R; +R,
1+ 1+
= io = ( Bl)( ,BZ)XRB iin (28)
Ry +R,
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1, (1 +B, )(1 +B, )RB

Current gain, A = == ) (29)
1in RB + Ri

If R, is selected to be much greater than R’ then R, + R, = R, (30)

= A = (1+B) (1+B) (1)

Since B, & B, are much greater than unity therefore current gain,
(32)

If both transistors are identical with, B, = B,= B then,

A= B2 (33)

Output Resistance :

The output resistance of Darlington’s pair can be obtained by setting v. = 0. When v, = 0, the AC
equivalent circuit of Darlington pair can be drawn as shown in Fig.5.

|_> ibl El rnz Ez 10
ANV : o VO
—> i,
rnl . . RE
Bl Ly Bz Ly <
RO
Fig.5 Equivalent circuit of Darlington pair amplifier for output resistance
Voltage at node E,, Vo, = T (34)

Applying KCL at node E , we have,

ibZ = ibl_’_Bibl:(l—‘rBl) ibl (35)
Applying KCL at node E,, we have,

R(; —iy, =Byl -1, =0
= v,-(1+B)R.i,—iR, =0 (36)
Putting expression of i, from equation (35) in above equation, we have,
v—-(1+B)(d+B)R. i, —i R =0 (37)

Output voltage circuit can be related to i, | & i, as under,
Vo T Tn ibz I ibl

= Vo T -(1 +B1) Lo ibl_rnl ibl

= i, = —— 38
ol r +(1+B)r, (38)
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From equation (37) and (38), we have,

v, + (1+B1)(1+B2)R v, =1, R;
. +(1+B,)r,
R 1+
Output resistance, R = Yo _ [ Bl ] (39

° i0 rn1+(1+B1)n2 (1+BI)(1+B2)R
If both transistors are identical with, B, =B, =B,r = r, =r_then

v (2-{-[3)1‘“ R;

o = T 2 (40)
fo (2+4B)r,+(1+B) R
If B is large, so (1 +B) =B, (2 +B) =B and
_ BrnRE _ rnRE
= R, = BL+PR, L+PR, “1)
For large value of B, r_+ PR, =B R,
= R =ERe & (42)
BR, P
But r = {1+B)r =Pr,
R, ~r, (43)

The resistance of BJT seen from emitter terminal of output stage of Darlington pair is approximately
is equal to r,. As the resistance r_ is small, so, output resistance of Darlington pair is small.

Note :  The small signal analysis of Darlington pair discussed above can be converted from r_model to
approximately h-parameter by simply replacing r by h, and 3 by h,,.

Advantages :

i.  Darlington pair provides very high current gain and almost unity voltage gain so it can be used
to raise power level without raising voltage level

ii. It has very high input impedance and low output impedance so it provides excellent impedance
matching between load and source.

Drawback of Darlington Pair :

Major drawback of Darlington pair is that leakage current of input emitter follower is large and it is
amplified by second stage. Hence, overall leakage current becomes high due to which the Darlington
connection of three or more stages is impractical.

Boot strapped Darlington Circuit :

Bootstrapped Darlington circuit is used to increase overall input resistance of Darlington pair. It
consists of a capacitor C_ connected between collector of first stage and emitter of second stage. A
resistance is also connected between collector and supply terminal in first stage of the pair. Fig. 6
exhibits the circuit diagram of a bootstrapped Darlington pair. Approximate value of input resistance
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of bootstrapped Darlington pair is given by,

Note : 1.
il.
1il.
.
V.
Vi.

Note : 1.

1.

1ii.

Ri = hfel hfe RE = B1 Bl RE (44)

Fig.6 Bootstrapped Darlington pair amplifier

Darlington pair has very high input resistance.
R ~P'R,
Voltage gain of Darlington pair is small and less than unity of order of 0.998.
Current gain of Darlington pair is very high.
BB, B~ P
Output resistance of Darlington pair is low.
R ~r,
Darlington pair is used to get overall high current gain.
Overall gain conductance of Darlington pair is equal to transconductance stage 2.
&, =&
A Darlington pair is cascading of two emitter follower circuits with infinite resistance in emitter
of first stage.
Darlington pair is used to achieve very high input resistance in comparison to an emitter follower
circuit.
Output resistance of Darlington pair is almost double of that of single stage emitter follower

8.4 Cascode Connection

A cascode amplifier consists of a CE configuration at input stage and CB configuration at output stage.

A cascode amplifier combines the advantages of high input resistance and large transconductance of

CE amplifier with current buffering property and superior high frequency response of CB amplifier.

A cascode amplifier provides wide bandwidth but almost same DC gain as provided by CE amplifier.

A cascode amplifier is used to amplify video signals over a wide band of frequencies. Fig. 7 shows

the circuit diagram of a cascode amplifier using BJT.
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R *Vcc
R,
VB[AS *— ”—VU
v, 0—| o——
B, \1 CB stage
= CE stage
(a) Using npn transistors at both stages (b) Using npn CE at input and pnp CB at output

stage

Fig. 7 Cascode amplifier using BJT

The small signal equivalent of cascode connection of Fig. 7(a) using r -model of BJT can be drawn
as shown in the Fig. 8.

B . C E ngVbeZ C
e Ly, 1 2 2
o—eo—— @ o
\2 ¥ ' v,
+ T, é 21 Vel Iy
\%
—» Vi T Vm< S Iy R, <«
Rin _ + Ro
E, B,

Fig. 8 Small signal equivalent of cascode amplifier

Input Resistance :

Rin - Rinl - rnl (45)
Note : Input resistance of cascode amplifier is same as input resistance of input CE stage.
Applying KCL at node E, , we have,
Y2 e v gy
gml in gmz be2 =0 (46)
rn2
From input circuit, Vo = Vi,
£ 4g V. —g .V
= gml in ng be2 = 0 (47)
rnz
but Vo, = = Vi = Ve (48)
\
be2
_I'_ + gmlvin - ngVbeZ =0 (49)
n2
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1 _
= —+ gm2 Vie2 gmlvin
rcm
Voltage gain of input stage,
A Veel — Vhe2 — &l Eumi T2 -1 (50)
v Vin Vln gm2 + — 1 + gm2 r1r2
n2
Output voltage of output stage,
Vo T T 8m Vb * Rc (51)
Voltage gain of output, A 6 = Yo _ -g.,R¢ (52)
Vhea
Overall voltage gain, A =A A, ~(D(g R)=g R (53)

It is observed here that most of voltage gain of cascode combination is provided by the second or

output stage of the combination.

Output resistance :

Output resistance of cascode connection can be obtained by setting v, = 0. When input voltage is
zeroor v, =v, =0, the dependent current source g v, . becomes zero and behave like open circuit.

In that case output resistance becomes,

R =~ R,
Note : i. The output resistance of cascode connection is equal to the output resistance of CB stage.

ii. In cascode amplifier the overall transconductance of cascode connection it equal to conductance
of CE stageg =g .

iii. Input resistance and current gain of cascode amplifier essentially same as that of input CE stage
and output resistance and voltage gain are same as that of output CB stage. The overall voltage
gain is equal to product of voltage gain of CE and CB stages.

iv. Voltage gain of input CE stage is normally kept about unity in order to eliminate miller effect.
And CB stage provide most of voltage gain of cascode combination.

v. Cascode amplifier is used to amplify video signals over a wide band of frequencies.

Example 1

In the cascode amplifier shown in figure if the common emitter stage (Q,) has a transconductance

g, and the common base stage (Q,) has a transconductance g _, then the overall transconductance g

(= 1,/v,) of the cascade amplifier is
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Compound Circuits
i
e )

Y
Q R,

Vi
(@) g, b g,,
() g,,/2 () g /2
GATE(EC/1999/1M)
Solution : Ans.(a)
iy
N\ ov,
Q, R,
v, =
Replacing BJTs by their ac equivalent circuits, we have
Zm2 V2 i
N
<— vV,
iy, N °
Vlc > i) Ry
T gmlvl
Ty
+ v,”

From above circuit,
gml Vi = lo + 1b2 ~ 10

iO
= g=—"=8mi
M

8.5 Current Mirror
A current mirror provides constant current and is used primarily in integrated circuit due to

requirement of matched transistors. Currents mirrors are used in constant current biasing circuits.
The current mirrors can fabricated either using BJIT or MOSFET which are discussed in following

sections.
8.5.1Current Mirror Using BJT
The current mirror using two BJTs is shown in Fig.9 The current mirrors using BJTs will be discussed

in two cases with matched and unmatched transistors.
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Case-I : When both BJTs are Matched

Fig. 9 Current mirror using matched BJTs

When both transistors are matched or identical with 3 =B, =B and V, =V, . =V, . The collector
current of both transistors will also be same

ie. = T =i (54)

Cl
The reference current can be given by,

VCC — Vi
ref = R (55)
Io
Base current, L, =1,=1,= E (56)
Reference current in terms of 1.,
wr = o P2l 2 — (57)
p
= I[.=——I 58
C B ) ref ( )
For a BIT, B >>2,
Therefore, I.~1; 59)
I
Current transfer ratio or current gain = —— = B E 2 ~1 (60)
ref

Case-II : When both BJTs are not Matched

Collector current of two BJTs will be different if Emitter-Base Junction (EBJ) area of both BJTs of
the current mirror are different. Fig. 10 shows the circuit of current mirror with unmatched BJTs.

www.digcademy.com CADEMY digcademy@gmail.com



Compound Circuits EDC & ANALOG ELECTRONICS

Fig. 10 Current mirror using unmatched BJTs

[474]

Let area of EBJ of Q, is ‘m’ times the area of EBJ of Q,. The collector current of BJT is given by,

Vee
J— VT
I.=Ie

(61)

Where, I is reverse saturation current, V. is base to emitter voltage and V_ is thermal voltage.

The reverse saturation current of BJT is given by,
_ qAE DnnBo

|
S WB

Where, A, is are of emitter-base junction (EBJ), D, is diffusion constant of electrons,

state concentration of electrons in p-type base and W, is widith of base region.

= I, o AL
= I, o< A,
If area of EBJ of Q, is ‘m’ times the EBJ of Q, then,
lo _ Aw_
IC] AEI
= [,=mI_,
Iy
N o
_ I
Base current of Q,, I, =
B,
Base current of Q , L, = lon oo
: BB mB
Reference current, e e
m mf, B,

n

(62)

5, 18 steady

(63)

(64)
(65)

(66)

(67)
(68)

(69)
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Iref
= =T 1 70
m mf, B,
If B, = B,= B (71)
Iref
= o =71 71 (72)
m m
m Iref
= o = m 7
1+
p
1+
when [ is large, 1+ Bm ~1 (74)
= [, =ml 75
Cc2 ref
The reference current can be given by,
_ VCC _VBEI

ref R (76)

Example 2

In the silicon BIT circuit shown below, assume that the emitter area of transistor Q1 is half that of
transistor Q2.
i

lll»—l
AAA
\—

>R=9.3kQ

QN s

[3,:700/1\4; + NP=715
BE

~10V
The value of current I is approximately.
(a) 0.5mA (b) 2 mA
(c) 9.3 mA (d) 15 mA

GATE(EC/2010/1M)
Solution : Ans.(b)
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Base current of Q,,

Base current of Q,

Referance current,

Example 3

i b

EDC & ANALOG ELECTRONICS
|

AN . @
B=100A . TR TS

Vg =— 10V

_ 0=V + Ve _~0.7+10

e R 9.3k

I
ref 9.3k

1
I, = EIC2
I = IQZIC_Z
B2 B, 715

BT B 2x700

ref ICI - IBl + IB2

ImA = I£+IC—2+—ICZ

2 715 2x700

1
I, = I I I mA =2mA
7+7
2

+
715 2x700

[476]

The matched transistor Q, and Q, shown in the adjoining figure have = 100. Assuming the base-

emitter voltage to be 0.7 V, the collector-emitt er voltage V, of the transistor Q, is
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+12V +50V
10 kQ 20 kQ
+
Q, Q, T
v,
(a) 339V b)27.8V
(c) 162V (d)0.7V
GATE(IN/2010/2M)
Solution : Ans.(b)
+12V 50V

12-10x10° (I, +2[)-0.7=0
Collector current, I, =Bl =1001

12-0.7
N [ = ———— =11.078 mA
X 10x10°(102)

= I, = (11.078 MA x 100 = 1.107 mA
Voltage, V, =50-20k()

= V, =50-20x10°x1.107x10"

= V,=278V

8.5.2Current Repeater
A basic current mirror can be used to source the current to more than one load as shown in Fig. 11.

Such circuit is called current repeater.
+VCC

Fig. 11 Current repeater using current mirror
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Assumption : All transistor are identical

Iref = IC + IB + NIB (77)
Base current of each transistor,
I
I, = E (78)
1+N
= L, = [1 + }IC (79)
p
[ = 1 g 80
c 1+ N ref ( )
I+—
= I. = L.Ilref (8 1)
¢ B+1+N
It is possible to achieve different values of 1., I, ... I by scaling emitter area of Q , Q, .... Q.
VCC -V BE
Here of ~ R (82)
Example 4
The three transistors in the circuit shown below are identical, with V,.=0.7 V and = 100.
2V 10v
1kQ 1kQ
V.
The voltage V _is
(a) 02V (b) 2V
() 74V (d 10V
GATE(IN/2007/2M)

Solution : Ans.(c)
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2-0.7

From circuit of Q,, I = 0 =1.3 mA
If all BJTs are identical then,

I =1.+3I,
For active region, I. = Bl
= I =[B+3]I

® B+3
Given, B =100

1.3

= I, = =0.0126 mA

B 100+3

I, = I,=BL,=100 x 0.0126 mA

= I, =1,=1.=1262
Then current, I" = 2[.=2x1.262 mA
= I = 2524 mA

The voltage, V., = V2L

= V., =10-1x2.524V
= V. =747V

8.5.3Current Mirror Using MOSFETSs
A current mirror using MOSFETs is similar to a current mirror designed using BJTs. Fig. 12 illustrates
the current mirror using MOSFETs. It consists of two MOSFETs which may or may not have equal
(W/L) ratio of the channels.

Voo
Irsf ¢; :
R Y=l
ID ' \'4
Q }_ _| Q,
+
. Vs

L

Fig. 12 Current mirror using MOSFETs
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Drain current of a MOSFET is given by,

1. (W
I, = Jk (TJ(VGS_Vth)Z (83)

where,
W — Width of channel
L — Length of channel
V,, — Threshold voltage
k =p C = Transconductance parameter

Vop — V.,
Reference current of Q, I . = % (84)
Since, gate current of MOSFET is zero therefore, drain current of MOSFET Q2 is same as reference
current.
VDD — VGS
by =lg=—m (85)

Case-I : For MOSFETs with same W/L ratios

If both MOSFETs are matching with (W/L), = (W/L), then the drain current is same for both the
MOSFETs.

[ =1 =1 =1 (86)

= = =1 (87)

ref

Case-II : For MOSFETs with different W/L ratios
When MOSFETs have different W/L ratios the drain currents of MOSFETs are related by,
I, _ (W/L),

= 88
Iy, (W/L), &9
I, (W/L),
- Iref - (W/L)l (89)

8.5.4Wilder Current Source

A wilder current source generates small constant current using relatively small resistors. A resistance
R, is added in emitter circuit of trasistor Q as shown in Fig.13 The output resistance of wilder current
source is high.
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+ VCC
R %* L

<

Fig. 13 Wilder Current Source using BJTs

It is assumed that both Q, & Q, are matched and current gain [ of both transistors is large and base
currents are negligible.

For negligible base current,

L, = Ia=1e * (90)
Vie2
and I =I,e"™ 91)
For matched transistors, I, = I,
I VBEZ_VBE]
= — = (92)
ref
VBEZ_VBEI
= I = Irefe vy (93)

o

For base circuit of Q,, we have,

VBEI = VBE2 + Io RE (94)

= VBEZ - VBEI = - Io RE (95)
IRg

= = Lge " (96)

(o]

Example 5
Resistor R in the circuit below has been adjusted so that I, = 1 mA. The bipolar transistors Q1 and
Q2 are perfectly matched and have very high current gain, so their base currents are negligible. The
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kT
supply voltage V .is 6 V. The thermal voltage —is 26 mV.
q

GATE(EC-II/2016/1M)

1
If B is large, then . = ——=negligible
g6, Bl 1+P ghg
1
And I, = Elznegligible
In such case, I, =1,=[=1mA
L~ 1, =100 pA

The collector current of Q, is given by
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VB]'_I

v
I, = Le™

The collector current of Q, is given by

VBE 2

VT
Icz = 1€
For matched transistors, I, = I,
VBEZ_VBEI
Iﬂ = e Vr
ICl
ICZ
= Vg, = Ves + Vifn—=
ICI
Let Vi, = 0.7V forQ,
100x107°
v =07+ 0.026Zn—_3
BE2 1 X 10

Voltage at node B, V, =V
For Base circuit of Q,,
VBEI - VBEZ - Iz R2: 0

= Vou =V, _07-0.64
2 1, 100pA
= R, = 598.67 Q)
000
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GATE PRACTICE QUESTIONS

0.1 One of the application of current mirror is
(a) Output current limiting (b) Obtaining a very high current gain
(¢) Current feedback (d) Temperature stabilized biasing
GATE(EE/1998/1 M)
0.2  Two perfectly matched silicon transistor are connected as shown in figure. The value of the current I

1S

+3V
VI
B = 1000
-5V
(a) 0 mA (b) 2.3 mA
(c) 43 mA (d) 7.3 mA

GATE(EE/2004/1M)

0.3  Two perfectly matched silicon transistors are connected as shown in the figure. Assuming the B of
the transistors to be very high and the forward voltage drop in diodes to be 0.7V, the value of current

Iis
ll
Q,
e — 5V
(a) 0 mA (b) 3.6 mA
(c) 43 mA (d) 5.7 mA

GATE(EE/2008/2 M)
0.4  Adarlington stage is shown in figure If the transconductance of Q,isg_ and Q, is g ,, then the overall
transconductance
A

e {= 1—“} is given by

Vbe
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0.5

0.6

0.7

0.8

(@ g,
© g,

GATE(EC/1996/2M)
A cascode amplifier stage is equivalent to

(a) A common emitter stage followed by a common base stage
(b) A common base stage followed by an emitter follower
(c) An emitter follower stage followed by a common base stage

(d) A common base stage followed by a common emitter stage

GATE(EC/1997/2M)
Two identical FETs, each characterized by the parameters g and r, are connected in parallel. The
composite FET is then characterized by the parameters

g g Iy
=m and 2r b) == and <+
(a) > d (b) > >
(c) 2g, and %d (d) 2g,, and 2r,
GATE(EC/1998/1M)
The cascode amplifier is a multistage configuration of
(a) CC-CB (b) CE-CB
(c) CB-CC (d) CE-CC
GATE(EC/2005/1M)

For the circuit shown in the following figure, transistors M, and M, are identical NMOS transistors.
Assume that M2 is in saturation and the out?vtmi)s unloaded.

The current I is related to 1bias
(a) Ix = Ibias + Is (b) Ix = Ibias
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(C) Ix = Ibias _Is

0.9

R

E

[48¢]
V.
(d) I, =L, _[VDD - OMJ
Bootsrapping in a buffer amplifier circuit is used for
(a) increasing the input resistance

(c) decreasing the output resistance
0.10

GATE(EC/2008/2M)
(b) reducing the power consumption

(d) improving the frequency response
In the figure, transistors T, and T, have identical characteristics. V.
value of (V, -V )in Vis

GATE(IN/1999/1M)
CE (sat)
T A%

of transistor T, is 0.1 V. The
voltage V| is high enough to put T, in saturation. Voltage V , of transistors T , T, and T, is 0.7 V. The

AAAAA

0.11

mn

Also, all transistors operate in saturation and have negligible body effect. The ac small signal voltage

GATE(IN/2014/2M)
In the circuit shown in the figure, the channel length modulation of all transistors is non-zero (A # 0).
A IR
gain (V—j of the circuit is

Vbbp

M3
e

M2

Vo

Vin —|

Mi
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1
@ —g,, )77 ®) g, ( = j

m3

1 1
(C) _gml[}:)l ||(_||r02j||r03j (d) _gml[}:)l ||(_||FO3J||F02J
4 gm3

m?2
GATE(EC-III/2016/2M)
Q.12 In the circuit shown below, all transistors are n-channel enhancement mode MOSFETs. They are
identical and are biased to operate in saturation mode. Ignoring channel length modulation, the

output voltage V_  is V.
6V
o
KOQZ _| I:
1 mA = v,
———o
GATE(IN/2019/2M)
Q.13 In the circuit shown, V=0 and V, =V . The other relevant parameters are mentioned in the figure.
Ignoring the effect of channel length modulation and the body effect, the value of I is mA
(rounded off to 1 decimal place).
Vdd
E W/L=10 W/L=10 D——<{ W/L =40
Ioul
W/L=5 WL=5|FYV,
4' W/L=3
GATE(EC/2019/2M)
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0.14

0.15

0.16

In the circuit shown, the threshold voltages of the pMOS (|th|) and nMOS (V) transistors are both

equal to 1 V. All the transistors have the same output resistance r, of 6 MQ. The other parameters are
listed below:

u,C,. =60uA/ Vz;[ﬂj =5
nMOS

4

u.C,, =3OpA/V2;(—) =10
pMOS

p, and p_are the carrier mobilities, and C__ is the oxide capacitance per unit area. Ignoring the effect
of channel length modulation and body bias, the gain of the circuit is (rounded off to 1 decimal
place).

L |

GATE(EC/2019/2M)

The transistor Q, has a current gain 3, = 99 and the transistor Q, has a current gain 3, =49. The current
I, in microampere is .

GATE(IN/2021/1M)
A voltage amplifier is constructed using enhancement mode MOSFETs labeled M1, M2,
M3 and M4 in the figure below. M1, M2 and M4 are n-channel MOSFETs and M3 is a
p-channel MOSFET. All MOSFETs operate in saturation mode and channel length modulation can
be ignored. The low frequency, small signal input and output voltages are v, and vout respectively
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and the dc power supply voltage is V. All n-channel MOSFETs have identical transconductance
g while the p-channel MOSFET has transconductance gmp. The expressions for the low frequency
small signal voltage gainv_ /v, is

out m

o O
——o
Vou
v, H:W H: M4
(@) —g,./8,, (®)-g,.(8,, T &))"
() +8,./8., g, (g, T8,)"

GATE(IN/2019/2M)
Q.17  All the transistors used in the circuit are matched and have a current gain 3 of 20. Neglecting the
Early effect, the current I , in milliampere is

Connected to
separate loads

1.25 mA D —

L 00
’

I Connected to
negative power supply

GATE(IN/2021/2M)

000
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[490]

ANSWERS & EXPLANATIONS

0.1 Ans.(d)

Current mirror is used for temperature stabilized biasing.

0.2 Ans.(c)

From BJTI,
IX10°<[,+0.7-5 =0
I =43 mA
For identical matched BITs [ =1, ~1,
. I,~43mA
0.3  Ans.(b)

07V

l

=SV

Applying KVL in circuit of transistor Q , we have,
1xI"+0.7+0.7-5V =0

[I" =3.6mA
The circuit shown above is a current mirror with
I =T
I = 3.6mA

0.4 Ans.(c)
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= Bi,

Vbe .
J’_
ngVbeZ
Vbe2

Overall transconductance of circuit,

g = ic — ic — Bm2Vie2
" Ve Vel + Vie2 Vel + Vie2
Vbel - rrclib
Vbe2 = rnZ(l + B)lb
g _ ngrTEZ (1 + B)lb — gm2rft2 (1 + B)
m : :

Iyl + L, (L+ B, Ly + 1, (L+B)
As B >> 1, therefore, r_,(1+B) >>r

Zmalw (1+P)
r,(1+B)

= gm ~ ~ gm2

0.5 Ans.(a)
A cascode amplifier stage is equivalent to a common emitter stage followed by a common base stage.

0.6 Ans.(c)
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D
G
O—
Vi
S
Replacing Both FETs by their ac equivalent circuits,
oD
G.
Vi :E Iy Ty
ngi gm i
o

Above circuit can be drawn as,

Thus equivalent g & r, of parallel combination of two identical FETs is,
g =28,

I’d:

[\ |<:.'_'g

0.7  Ans.(b)
The cascode amplifier is a multistage configuration CE-CB.

0.8 Ans.(b)
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0.9

If both transistors are identical,

\ - VGSZ

GS1

and I, =1,

S1

For MOSFET, drain current in saturation region is given by.
I, = k(VGS - VT)2

For transistor M,

I, =1L =k(V,-V,)

D1 bias

Since both transistors are identical, therefore,

Given, L =1, =1, =k(Ve-V,)

X bias

Note : Given circuit is called a current mirror.
Ans.(a)

[493]

Bootsraping in a buffer amplifier circuit is used for increasing the input resistance.
0.10 Ans.5.5t05.8

T V=9V

uil—

Given, saturation voltage of T,

ch(sm) = 0.1V
Base to emitter voltages of T,, T, & T,
V., = 07V

KVL in collector circuit of T ,

Ve =SkxI-V =0
For transistor, T, V.=V, =0.7V
& Ve =9V
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9—-5kxI-0.7=0

[44]

I = 85—3mA =1.66 mA

Applying KCL at node (A), we have,

IC
= I +2l, =1 +2x—

If B is large them, I =~ 1,=1.66mA

Since both transistor T, and T, are identical, therefore,

I, = I, =1.66 mA
Voltage, V, =V, +3kxI,+V,
= V, -V, =V, +3kxI,
= V, -V, =0.7+3x1.66
= V, -V, =568V
Q.11 Ans. (¢)

Replacing MOSFETs by their small signal models, and biasing source by ground & short circuit the
AC equivalent of the circuit becomes as shown below,

N
ng3
| G3 02

G

v, —®
+
Vin
o

Applying KCL at node D, we have,

A% v \%
0 0 o _
+ - ngVgSZ + + BmiVin = 0
r03 I-02 ol

Also,

\ \4
o 0 _
+ _ngVO +_+glein =0
03 I-02 rol
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v

1 1
= Vo |:_ t+t—+—+ ng = _glein
r‘ol r02 r03
= Vo _ gml
v 1 1
n — ettt g,
rol I.02 r03
3 — o _ gml
Voltage gain, A = T 1 1
Ve 4 —+—tg,,
rol r02 r03
1
A = _gml>< ro || r02 || ||ro3
ng

Q.12 Ans.(4to4)
Im

L M,
1 mA(¥ )1, HOZ t v
GS2 | out

ID}

M,

[495]

MOSFETs M, & M, constitute a current mirror. The current I through 4k< resistance can be given

by using of property of current mirror as under,
[ =1=1mA

Gate to source voltage of M,,
Vi = 64k x1=6-4x1=2V

Gate to source voltage of M,,
Voss = 6—

Drain current of M,, in saturation region,
IJ'HCOX W 2
by = 25 Nes =) =75

v

out

Drain current of M, in saturation region,
IJ'HCOX W 2
I, = T'T(VGM -Vi)
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0.13

C, W
:>ID4=H“T°"-T(6—V -V,)

out

As gate current of a MOSFET is zero, so,

ID3: = ID4
pC, W » pC,. W 2
—nx . (2-V =%, __(6-V -V
:> 2 L( T) 2 L( out T)
= 2-V. =6-V, -V,
= V.o =6-2=4V

out

Ans.(5.9 to 6.1)

<

In the given circuit shown above, the transistors M, & M, and M, & M, form the current mirrors.

The relation between drain currents of current mirror constituted by transforms M, & M, is given by

o)
L _\L), 3

2 -
CE),
L T1
Given, [, = ImA
= I = E><II:§><1=1.5mA
2 2

The transsistor M, is off when \ 0 and T, is off when V,=V,
L =0
and [, =L=15mA

www.digcademy.com CADEMY digcademy@gmail.com



Compound Circuits EDC & ANALOG ELECTRONICS

The relation between current mirrors constituted by transistor M, & M. is given by,

L)

L. \LJg 40

1, wY) 10
),

= I = @xh:ﬂxlﬁ mA
at 10 10

[497]

= I, =6mA

0.14  Ans.(-905.0 to -895.0 OR 895.0 to 905.0)

V=4V

Given nC = 60pA/V?

wC. = 30pA/V?

%)
— =5
L nMOS
%)
— = 10
L pMOS

|th| =V =1V

A MOSFET works in saturation region when drain terminal is shorted with the gate terminal .
Therefore MOSFETs M| & M, in the given circuit work in saturation region with drain current,

BCot W
pI b 'L(VGS_th>
Transconductance of pMOS M| & M,
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2= &m =1,C,, %(Vcs —|th|)

If both M, & M, are identical then
Vdd :VSDZ + VSD] = VSGZ + VS(H: 2V

SG

SG

= V. = ﬁ=i=2V
2 2
g = 30x10x(2-1)po
g = 30040

Gate to source voltage of M,
Veea = Vo= Vg =4-2=2V

SG4 dd

Transconductance of M,

\W%

gm4 = u’pcox .T(VSG Ny th )
= g, =30x10x(2-1)pO
= g, = 300p0
Drain current of M, & M,

1Cw W 2

I[)] = pT.T.(VSGl - th )
= I, = ?xm(z—l)ﬁm
= I, = 150 pA

The transistors M, & M, constitute a current mirror. Applying the property of current mirror, we
have,

I, =1, =150 pA
The drain current of NMOS is given by,
MHCOX W 2
L, = B 'T(VGS_Vt )
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60
150 = 7><5(VGS -1y
V..—-1 =1

GS

Vi =2V
Transconductance of NMOS,
\W%
gm3 = “’ncox .T(VGS _Vt )

= 60x5(2-1)=300p0

Replacing PMOS & NMOS of given circuit by their small signal model & basing voltage source by
ground the AC equivalent circuit of given network can be drawn as under,

o

S,e + + 88,
VS
Vi G, _ *
r Y T,
ds + ngVng C}4 + gm4V5g4 ds
D2 DA'—.
Sl @ + D3 Vom
)
Vg G iV G,
T e — oV
rds <+> gmlvsgl rds <+> + n
7Vg53 = Vin
L SL
Applying KCL at node D,, we have,
\% \% 5
out + out + gm:;vm _gm4vsg4 = 0 ..... (1)
I‘ds I.ds
ng4 = 0 - Vg4 == Vg4
Applying KCL at node G,, we have,
\' v
g4 g4 —
+ - ngngZ + glesgl =0
rds rds
From the circuit,
Vg =0-v,=0-v, =-v,
Ver = Va7 Ve~ Ve~ 0= Ve
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\Y% \%
g4 g4 —
= + - gm2vg4 + gmlvg4 - O
I'ds rds
= v, =0
g4
Vi = Ong4=0
Putting v_, = 0 in equations (i) we have,
A% v
out out _
_+_+gm3vin - 0
I‘ds rds
= Vout - _ gm3
1 1
m = + -
I.ds I‘ds

Voltage gain,

. o = Vo _ Bul _ 300x107°x6x10° __-
v V. 2 2

0.15 Ans.(10to 10)

Q. (B.=49)

Q (B=99)
=1y

I,=50 mA

Base current of Q, L, = T+, xI,,
Emitter current of Q,, i, = I, = 1 xI,
¢ 1+B,
Base current of I I, = ! I
o 2 4B,
= L, = : ! I, = S S0mA

b2 (1+[31)X(1+32)Xe‘ (1+99)(1+49)X

- I, = 10pA

b2
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0.16 Ans.(c)
L L
V., H:MZ H: M4

Replacing MOSFETs by their small signal models and biasing voltage source by ground, the ac

equivalent circuit becomes as under,

me
D S3._
G, 1 +
Y <+>g v VSES <+> g :
mn ¥ gsl - mp ¥ sg3
e G,
S e—
DZ VOU[
G,
o
+ gmnvm + + gman54
Vgs4
_ 3
From above circuit, Vou = Vs e (1)
From M, & M,, L e
gmn .
= Vs = =V, L (i1)
gmp
Voltage at node D,, Vi = Ve =V
gmn cee
Vs = V) L (ii1)
gmp
From Ml & M2’ gmn Vin = gmn Vgsl
= Vo =V e @iv)
From (i), (iii) & (iv), we have,
Vo = (V)

out
mp
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_ g mn

= Vout - \/in
gmp
= Vout — g mn
\/in gmp

0.17 Ans.(I1to 1)

1.25 mA

L o
I

Connected to
negative supply

If all BJTs are matched the base and collector currents are same for all BJTs.

Applying KCL at node ‘a’ we have,

[.+51, = 1.25
I
= IC+5—C =1.25
B
Given, B = 20,
5
= I.|1+—| =125
20
= IC = £x4=1mA
w = IC=1mA

000
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