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FOREWORD

[ am extremely happy to note that Mr. U. B. Mahadevaswamy from Sri Jayachamarajendra College
of Engineering, Mysore has authored a book on ANALOG ELECTRONIC CIRCUITS which is
helpful to the students of all Electrical Science branches of Engineering.

He is one among the most admired teacher of the Electronics & Communication department
of SICE, Mysore.

With his immense popularity as an excellent teacher among the student community for his
dedicated teaching, I am sure the book will be of great asset to the students.

With his rich teaching experience of nearly two decades, this book being brought out, is a boon
to the student community.

I would definitely recommend this book to not only the student community but to anyone who
wants to advance their knowledge in Analog Electronics.

Dr. M. Shanthakumar

N —

PRINCIPAL
Date: August 13, 2008 JSS ACADEMY OF TECHNICAL EDUCATION,
MAURITIUS






PREFACE

This book is the fruit of my rich experience of teaching the subject ‘Analog Electronics’ nearly
for a span of 18 years. The various concepts of the subject are arranged logically and explained
in a simple reader friendly language for proper understanding of the subject. A large number of
problems with their step by step solution are provided for every concept. Illustrative examples are
discussed to emphasize on conceptual clarity thereby presenting typical applications.

This book takes you from simple diode circuits through the analysis and design of a variety of
transistor amplifiers. Analysis and design of practical feedback amplifiers and various oscillator
circuits have also been covered. This book concludes with FET amplifiers wherein various
FET configurations, their analysis and design have been discussed.

This book provides a simplified and systematic approach to difficult theoretical concepts in
Analog Electronics. It can serve as an excellent reference material for design engineers. Those of
you who enjoyed reading our previous book entitled ‘Electronic Circuits’ would certainly enjoy
this book too.

Despite the delight taken by many reviewers in finding mistakes a few typo errors have
managed to slip through the sieve. This suggests that more await discovery by you. I suppose that
is what second editions are for.

U. B. MAHADEVASWAMY
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Chapter 1

Diobe CIrRcuUITS

Diodes are semiconductor devices which conduct only in one direction. Their behaviour depends
on the value and polarity of the applied voltage. This chapter begins with the volt-amper
characteristics of diode and takes the reader through several diode applications. Analysis of each
diode circuit is presented, backed by numerous illustrative examples.

¢ 1.1 VOLT-AMPERE CHARACTERISTICS OF SEMICONDUCTOR DIODE

A semiconductor diode results when a junction is formed between a p-type and a n-type
semiconductor. Such a p-n junction permits easy flow of charge carriers in one direction but
restrains the flow in the opposite direction.

Figure 1.1 shows the biasing arrangement for a p-n junction under both forward and reverse
biased conditions.

— ]D <7ID
I I
Vp Vb
(a) (b)

Fig. 1.1 (a) Forward biased p-n junction
(b) Reverse biased p-n junction

The p-n junction is forward biased for ¥, > 0 and is reverse biased for ¥, < 0. Under forward
bias, p-n junction conducts heavily from anode to cathode while under reverse bias it conducts a
small current from cathode to anode.

Diode Current Equation

Through the use of solid-state physics the general characteristics of a semiconductor diode
can be defined by the Shockley’s equation, for the forward and reverse bias regions given in
Equation (1.1).
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VD
— nVr
1, = IS[e —1} (1.1)
where I, = Diode current

V, = Voltage applied across the diode
IS = reverse saturation current
n is an ideality factor which depends on the operating conditions and physical construction. It
lies between 1 and 2. Unless otherwise stated we assume n = 1 throughout the analysis.

V.= Thermal voltage, given by

KT
q
where K = Boltzmann constant = 1.38 x 10 J /K
T = Absolute temperature in kelvin
= 273 + the temperature in °C
q = Magnitude of electronic charge
= 1.6 x 10" Coulomb
For example, at a temperature of 27° C

T =273+27°C=300K

V. =

T

, _ KT
"oq
(1.38x107)(300)
1.6x107"

= 26 mV
Forward Biased Condition
From Equation (1.1), we have

i
1, =1 e"" — I (1.2)

For positive values of ¥, the exponential term grows very quickly and totally dominates the
effect of second term. As a result
VI)

I =1 e (1.3)

Observe from Equation (1.3) that, under forward biased condition, the diode current varies
exponentially with the applied forward voltage V.

Reverse Biased Condition
For negative values of V,, the exponential term in Equation (1.2) drops very quickly below the
level of /.. As a result, the diode current is now given by

I, =1 (1.4)

D
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Note from Equation (1.4) that, for negative values of ¥, the diode current is essentially
constant at the level of — /.

Avalanche Breakdown

Equation (1.4) holds good for small reverse voltages. As the reverse voltage across the diode
increases, the velocity of minority carriers responsible for the reverse saturation current /, will
also increase. Eventually, their velocity and the associated kinetic energy will be sufficient to
release additional carriers through collisions with otherwise stable atomic structures. An ionisation
process will result thereby valence electrons absorb sufficient energy to leave the parent atom.
These additional electrons can then aid the ionisation process to the point where a high avalanche
current is established and the avalanche breakdown is occurred. The reverse voltage at which the
avalanche breakdown occurs is called the reverse breakdown voltage, denoted by V, or V,, or
V., In the breakdown region, the diode current increases sharply with diode voltage remaining
constant at V, .

It should be noted that, Avalanche breakdown is a destructive phenomenon. Therefore the
diode should not be operated in the avalanche breakdown region. The manufacturer specifies peak
reverse voltage (PRV) for the safe operation of diode under reverse bias.

The maximum reverse-bias voltage which can be applied before entering the breakdown region
is called peak inverse voltage (PIV rating) or the peak reverse voltage (PRV rating).

For the diode BAY 73, the manufacturer specifies PIV rating of 100 V and break down voltage
of 125 V. For this diode if the applied reverse voltage exceeds 100V, it is likely to enter into break
down region.

Volt-ampere Characteristics
Figure 1.2 shows the volt-ampere characteristics of Ge, Si and GaAs diodes. V, is the knee voltage
or the threshold voltage at which the forward current of diode begins to increase exponentially
with the applied forward voltage.

Table 1.1 compares the values of V, I, and reverse break down voltages for Ge, Si and GaAs
diodes.

Table 1.1 V,, I and V,, for Ge, Si and GaAs diodes

Semi Parameter
conductor Ve I Vo
Ge 03V 1 uA upto 400 V
Si 07V | 10pA | 50V -20kV
GaAs 1.2V I1pA | 50V-20kV

Observe that Ge has large level of 7, and low level of V) which are highly undesirable. For this
reason Ge diodes finds limited application even though V, is smaller than those of Si and GaAs
diodes. Also note that level of ¥, for Si is almost one half that of GaAs and the level of V, is
almost same. Hence silicon diodes are more popular.
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Ip (mA)

25+

201

Si GaAs

157

101

Va(Gads) YN T T 13

0.3 o)
( I, (GaAs) Vi (Ge) Vi (Si) Vi (GaAs)
15 pA

V(Si) )
X 10 pA

Vz(Ge)
1, (Ge)

Fig. 1.2 Comparison of Ge, Si, and GaAs diodes

€ 1.2 TEMPERATURE EFFECTS

The effect of temperature on the characteristics of a silicon diode is illustrated in Fig. 1.3.

In the forward region the characteristics of a silicon diode shift to the left at the rate of 2.5 mV
per degree centigrade increase in temperature.

As shown in Fig. 1.3, when the temperature increases from 20°C to 100° C (the boiling point
of water), the forward characteristics curve shifts to the left by

(100° C — 80° C) (2.5 mV) = 200 mV

This shift is significant since the level of V, for Siis about 0.7 V. A decrease in temperature has
the reverse effect as also shown in Fig. 1.3.

In the reverse — bias region the reverse saturation current of a silicon diode doubles for every
10° C rise in temperature.

The doubling effect of /; with temperature is given by the relation

AT

I(T,) = I.(T) 2% (1.5)
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VI C)=-035V

Decreasing
temperature

where AT = Change in temperature
= T2 _ T1
Ip(mA)
100° C) (- 2.5
( )(/-H m
30
251,
Increag
temper|
20
15
10
I=001pA &
40 30 2& 10
i |Increasing
I ; | |temperature
ncreasing :
temperature :
---------- ISR B RV
/ =757 C
25°C
1125°C

Vp(V)

Fig. 1.3 Variation in Si diode characteristics with temperature change

Table 1.2 compares the levels of I for Ge, Si and GaAs at an operating temperature of

200° C.

Table 1.2 Level of I, for Ge, Si and GaAs at 200°C
0 tine 1 y Semi conductor
erating temperature
Lo Ge Si Gads
20°C 1 uA 10 pA 1 pA
200°C 262.14mA | 2.62uA | 0.262 uA

Observe from table that, an increase in temperature from 20°C to 200°C would result in a
monstrous reverse current of 262.14 mA in Ge where as it is only limited to 2.62 pA in Si and

0.262 A in GaAs, due to their excellent temperature characteristics.
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Si diodes can work well upto maximum temperature of 200°C and GaAs diodes upto
400° C. Ge diodes are limited to low temperature applications.

The reverse breakdown voltage of a semiconductor diode will increase or decrease with
temperature depending on the break down potential.

If the break down voltage is less than 5 V as in the case of zener diodes, the break down
voltage decreases with temperature in the same way as shown in Fig. 1.3.

4 1.3 COMPARATIVE STUDY OF Ge, Si AND GaAs DEVICES

The comparative study of Ge, Si and GaAs devices with respect to their characteristics and
applications is given in Table 1.3.

Table 1.3 Comparative study of Ge, Si and GaAs devices

Semiconductor Characteristics Applications
¢ High temperature sensitivity ¢ Photo detectors
Ge e High reverse saturation current e Security systems
e Low break down voltage
e Good temperature characteristics e Full range of electronic devices
) e Low reverse saturation current ¢ Enormously used in very large
S  Excellent break down voltage level scale integrated circuits
e Low cost
¢ Good temperature characteristics Major applications in opto electronics
e Very low reverse saturation current | LED
¢ Excellent break down voltage levels| ¢ Solar cells
GaAs e High speed of operation e photo detectors
e Perhaps the semiconductor material | ¢ If the manufacturing cost drops, it
of the future may be used in integrated circuits,
in future.
Example 1.1

Calculate the factor by which the current will increase in a silicon diode operating at a forward
voltage of 0.4 V when the temperature is raised from 25°C to 150°C. Take n = 1.
Solution

T, =25°C T,=150°C V,=04V n=1

ar

[.(T) = I(T) 2
AT = T,-T,
150°C - 25°C = 125°C



1.(T)

N

L(T,)

MN
~
~
~

Sincen =1

o

1,(T)
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125

Dividing Equation (C) by Equation (B) we have

1, (1)
1,(T})

I.(T) 210
5793 (A)
V.
I | e -1
A
I e -1
_ . _
I(T) | e -1 (B)
- . _
]D (Tz) = Is (Tz) eVTZ -1 (C)
VW
I (@) e 1 (D)
s (71) e’%)1 -1
273+ T B 273+T
[¢/K] 11,600
273 +25
W =0.0257V
273+150
W =0.0364V

Now from Equation (D)

0.4

e00364 _ 1=59218.78

0.4

e%0257 _ 1 =5747078.29

59218.78

3793 [5747078.29} =969

59.691, (T)
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4 1.4 DIODE RESISTANCE LEVELS

The forward characteristics of the diode is non linear since the diode current changes exponentially
with the applied forward voltage. As a result the resistance of the diode will change when the
operating point moves from one region to another. Depending upon the type of the applied signal
we can define the following three resistance levels of the diode.

(a) DC or static resistance

(b) AC or dynamic resistance

(c) Average ac resistance

Now let us study the definition of each of these resistance levels and the procedure to find
them from the diode characteristics.

1.4.1 DC or Static Resistance

The application of a dc voltage to a circuit containing a semiconductor results in a dc current. The
resistance of diode to the flow of dc current is called DC or static resistance.
Let the applied dc voltage V), results in a dc current /,) as shown in Fig. 1.4. The dc resistance
of the diode at the operating point is given by
R = o

A

(1.6)

Ipf~"" s ~—— Operating point

Vp (V)

Fig. 1.4 Determination of R; of a diode

We can make the following observations from Fig. 1.4.

e Under reverse bias, the diode current is almost zero. Hence the dc resistance level in the
reverse-bias region is quite high.

*  The dc resistance levels at the knee and below will be greater than the resistance levels
obtained for the vertical rise section of the characteristics.

*  Higher the current through the diode, lower is the dc resistance level.
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1.4.2 AC or Dynamic Resistance
The resistance of the diode to the flow of ac current is called the ac or dynamic resistance.

Ip
ll>lI Ip b ..
i —_— ] D + [ d
Vp R
T {2y
_/ V5
Vy - |0
(b)
Q-point Aly
H,_J
ATy,
(© (d)

Fig. 1.5 (a) Biased diode with ac input
(b) Q point current and voltage
(c) Variation of diode current and voltage about Q point
(d) Graphical determination of ac resistance

The application of dc voltage V) in the circuit of Fig. 1.5(a) sets up a dc current 7, resulting
in an operating point Q as shown in Fig. 1.5(b). Since V) and 7, are not changing with time, the
operating point is designated as quiescent operating point or Q-point.
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If a sinusoidal voltage is also applied then the diode current and voltage will also vary
sinusoidally about the Q point as shown in Fig. 1.5(c).

If AV, is the change in ac diode voltage and A [, is the corresponding change in ac diode
current, then the ac or dynamic resistance of diode is defined by

AV,
.-
47 AL

(1.7)

The level of r, can be measured by drawing a tangent to the characteristics at the Q point
and taking equal increments of diode voltage and diode current about the O point, as shown in
Fig. 1.5(d). The definition of 7, in Equation (1.7) assumes that A/, and A are small in amplitude.
For this reason r, is also called the small signal resistance.

It should be noted that, r, is given by the reciprocal of the slope of the characteristics at the
desired Q point. If the O point is located higher up the curve, the slope becomes steeper [large]
resulting in a small value of . Therefore, the higher the Q point of operation (higher current or
higher voltage), the smaller is the ac resistance.

1.4.3 Average AC Resistance

The ac or dynamic resistance is measured under small signal operation. If the ac input signal
amplitude is large it produces a broad swing about the O point as shown in Fig. 1.6. The resistance
associated with the device under large signal operation is called the average ac resistance.

]D(mA)
20—
............................... ]
15
A< 10 g
5 :
L1 T Vv
0[ 0.1 02 03 04 05 06 07 08 09 1 p(V)

Al

Fig. 1.6 Determining the average ac resistance between indicated limits
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The average ac resistance is the resistance determined by a straight line drawn between the
two intersections established by the maximum and minimum values of input voltage as shown in
Fig. 1.6.

AV,
ruv - A (18)

d | pt. to pt.

Average ac resistance gives one resistance level for a broad swing of current and voltage levels
in the diode. _ is used in the diode equivalent circuits, which are useful in the analysis of diode
circuits. As with the dc and ac resistance levels, the lower the levels of currents used to determine
r ., the higher is the resistance levels.

av

Example 1.2
Following data are available for a silicon diode.

V. |-12V | 0.6V | 0.8V

D

I, | TuA |2.5mA |30 mA

D

Calculate the dc resistance levels at
(@) I, = 2.5mA

(b) 1, = 30 mA
(c) V,=—-12V
Solution
VD
dc resistance, R, = I_
D
(@) At [,=25mA, V, =06V
0.6V
Ry = 25maA
= 240 Q
(b) At [,=30mA, V, =08V
R - 0.8V
2 30mA
= 26.67 Q
(c) At V, =-12V, [ ,=1uA
L 2V
> 1uA
= 12 MQ

Observe that the reverse resistance is very high and forward dc resistance decreases with
increase in current level.



12 Analog Electronic Circuits

Example 1.3
Following data are available for a silicon diode.

V, (Volts) | 0.65 ] 0.71 | 0.76 | 0.77 | 0.78 | 0.79 | 0.8
I, (mA) 0 2 4 15 20 25 30

(a) Determine the ac resistance at /, = 2 mA.

(b) Determine the ac resistance at /, = 25 mA.

(c) Calculate the dc resistances at /, = 2 mA and /, = 25 mA and compare with ac resistance
levels.

Solution

AC or dynamic resistance is

_ A
a7 OAL
To find r,, we have to take symmetrical swing about the specified operating point.
(@) I,=2 mA

It is convenient to take equal swing of 2 mA about /,, = 2 mA since ¥/, values are provided at
I,=0mA and 4 mA.

at/,=0mA V, =065V and
at/,=4mA V, =076 V

AV, =076 V-0.65V=0.11V
Ald: 4 mA—-0mA=4mA
0.11V
r, = A mA =275Q

(b) I,=25mA
In this case it is convenient to take equal swing of 5 mA about /, = 25 mA
V,=078V at [ ,=20mA

V,=08V at I,=30mA

AV, = 08V-0.78V=0.02V
Al, = 30mA—-20mA=10mA

~ 002V PN
‘a7 10mA
(c) DC Resistance
0.71V
at [, =2mA R, = 2 mA =355Q
0.79 VvV
at [, =25mA R, = 25 mA 31.6 Q
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The results are compared in the following table.

Diode resistance
Diode current
rd RD
2 mA 275 Q 355 Q
25 mA 2Q 31.6 Q

Note that r, <R,

Example 1.4

Using the data given in example 1.3, find the average ac resistance when /) swings from 2 mA to
30 mA.

Solution

V,=071V at [ =2mA
V,=08V at I ,=30mA

0.09V
28 mA

AV

d

Al

08V-071V
30 mA -2 mA

Average ac resistance is
AV,
av Ald
0.09V
28 mA
= 32Q

€ 1.5 ANALYTICAL EXPRESSION FOR DYNAMIC RESISTANCE OF DIODE

In Section 1.4.2 we have illustrated the graphical determination of dynamic resistance of diode.
Graphically the dynamic resistance is equal to the reciprocal of the slope of the curve at the
Q point. We can also obtain the analytical expression for dynamic resistance using the basic
definition in differential calculus.

. vy
ie., r, =

L (1.9)

Qpoint

Let us start with the diode current equation

I, =1 e (1.10)
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Differentiating with respect to ¥, we obtain

ar, |1
DAL
dv, s nV,

dID =7 L
dv, bl nv,

dv, 1
But =
dl, dl,
dv,
B 1
" of]
I,|—
nV;
- (1.11)
or r, i .
Taking n =1 and V.= 26 mV (at room temperature) we have
26 mV
T T (1.12)
D

Note that, the dynamic resistance can be obtained by simply dividing 26 mV by the diode
current /, at Q point.

The following important remarks can be made with reference to Equation (1.12).

*  Equation (1.12) gives accurate results only for values of /, in the vertical-rise section of
the curve.

«  For lower values of /,, we have to take n = 2 for Si and as a result the value of 7, obtained
in Equation (1.12) must be multiplied by 2.

+  For small values of 7, below the knee of the curve, Equation (1.12) becomes inappropriate.

1.5.1 Bulk Resistance r,

The dynamic resistance 7, is the ac resistance of the pn junction. We have not yet considered the
following two resistances.

*  The resistance of the semiconductor material itself, called the body resistance.
*  The resistance introduced by the connection between the semiconductor material and
external metallic conductor, called the contact resistance.

The sum of body resistance and contact resistance is called the bulk resistance denoted by 7.

1.5.2 Dynamic Resistance taking r, into Account
The dynamic resistance without taking r, into account is given in Equation (1.12) as

26 mV
d 1

D
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Now including the effect of r,, the dynamic resistance is given by

ro=r,tr,

, 26 mV

r,o= 7 +r, (1.13)
D

r, can range from typically 0.1 € for high power devices to 2 Q for some low power, general
purpose diodes.

At low levels of current, the value of 7, is smaller compared to that of », and therefore the
effect of 7, can be ignored.

At high levels of current, the value of r, may approach that of 7,. But the external resistors
in the diode circuits will be much larger than , and hence effect of 7, is swamped out by these
external resistors.

Therefore unless otherwise specified, we ignore r, in the foregoing analysis.

26 mV
ID

I~ =
Hence r, =,

(1.14)

Example 1.5

For the diode considered in example 1.3, calculate the dynamic resistance at /,, =2 mA and 25 mA
using Equation (1.12). Compare the results with those obtained in example 1.3 and comment.
Solution

I,=2mA [Low current level |
From example 1.3

r, = 275Q
Using Equation (1.12)
26 mV
r, = A =13 Q

For low current levels, n =2

. The value of r, calculated using Equation (1.12) has to be multiplied by 2.
r, = 2[13Q]=26Q
The difference, 27.5 2 —26 Q = 1.5 Q, could be treated as contribution due to 7.

I,=25mA [High current level ]
From example 1.3

2Q

~
Il

Using Equation (1.12)

26 mV
4 25mA

=1.04 Q
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For high current levels, n =1
The difference, 2 Q — 1.04 Q = 0.96 Q, could be treated as contribution due to 7.

€ 1.6 EQUIVALENT CIRCUITS OF DIODE

The equivalent circuit of a diode is a circuit that closely approximates the diode behaviour under
forward and reverse biased conditions. The diode equivalent circuit is also called the diode model.
The analysis of diode circuits can be easily performed using Kirchoff’s voltage law (KVL) and
Kirchoff’s current law (KCL), after replacing the diodes with their equivalent circuits.

1.6.1 Piecewise-linear Equivalent Circuit

Piecewise-linear equivalent circuit of a diode can be obtained by approximating the characteristics
of the diode by straight line segments as shown in Fig. 1.7.

1 D (mA)

Vp (V)

0 Vg
Fig. 1.7 Piece-wise linear characteristics of a diode

We observe the following facts from the piece-wise linear characteristics of Fig. 1.7.
« For V, <V,, the diode current is zero.
« ForV, = V,,the diode current increases linearly with diode voltage. The diode current is

related linearly with the diode voltage by the average ac resistance r .
*  The diode acts as an open circuit under reverse bias since, the reverse current through the

diode is zero.

Figure 1.8 shows the piecewise linear equivalent circuit of a diode.

Vk Fav Ideal diode
I N
A ! WW——> 7K
1 Ip 1
Lt n =

Fig. 1.8 Piecewise linear equivalent circuit of a diode
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The polarity of ¥, is such that, it opposes the flow of 7 from anode to cathode as long as
V,<V,. OnceV, exceeds V,,r, limits the diode current.

When conducting, ideal diode acts as a short circuit (0 €2) and behaves as an open circuit
(o0 €2) when it is reverse biased.

1.6.2 Simplified Equivalent Circuit

In most of the diode circuits external resistors will come in series with diodes during conduction.
The resistance levels of these elements will be in the order of few hundred ohms to few tens
of kilo-ohms. Under this condition », can be ignored owing to its sufficiently small value. If
we apply the approximation, », = 0 Q in the piecewise linear equivalent circuit of Fig. 1.8, we
obtain the simplified equivalent circuit of diode shown in Fig. 1.9(b). Since r = 0, slope becomes
infinite in the piecewise linear characteristics as shown in Fig. 1.9(a).

Ip(mA)
-— Slope = rl—
av
=00
Vk  Ideal diode
Ao —PF——K
| —Ip |
Vi (V | |
0 Ve p(V) : 1
L+ Vb —i
(a) (b)

Fig. 1.9 (a) Piece wise linear characteristics withr =0 Q
(b) Simplified equivalent circuit of a diode

1.6.3 lIdeal Equivalent Circuit

For Si diode, the level of V, is 0.7 V. If the external voltage applied to the diode circuit is much
greater than V,, which is true in most of the cases, the effect of V. can be ignored. If we apply
the approximation V. = 0 V to the piecewise linear characteristics and the simplified equivalent
circuit of Fig. 1.9 we obtain the piecewise characteristics and the equivalent circuit of ideal diode
shown in Fig. 1.10.

Ideal diode is characterised by

s Zero knee voltage (V,=0V)
*  Zero average ac resistance (r, =0 Q = short circuit between anode and cathode)
* Infinite reverse resistance (R = o Q = open circuit between anode and cathode)

Ideal diode can be regarded as an electronic switch in the sense that, it acts as a short circuit
Jor V=0V and open circuit for V, <0 V.



18 Analog Electronic Circuits

ID (mA)
Slope = o Ideal diode
N
A ? LT ?K
—Ip 1
Vn(V 3 + Vp —
P p(V)

Fig. 1.10 Characteristics and equivalent circuit of ideal diode

1.6.4 Summary of Diode Equivalent Circuits
The summary of diode equivalent circuits is given in Table 1.4.

Table 1.4 Diode equivalent circuits (models)

Type Conditions Model Characteristics

Ip

. . r and V_are L Tav
Piecewise-linear model av T K v Tav  Ideal
considered K di

iode _ y
o g P

Ip

—f D
Simplified model R >r i Ve  ldeal

diode y
o] wx b

Ip

R > r >t
Ideal diode rewerk tdeal
Enetwork > VK diode
0 "p
€ 1.7 TRANSITION AND DIFFUSION CAPACITANCE
The basic equation for the capacitance of a capacitor is given by
0
Cc = = 1.15
. (1.15)

where Q = Charge on capacitor plate
V' = Applied voltage
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In a diode the number of charge carriers crossing the Junction directly depends on the applied
voltage, giving rise to a capacitive effect. Two capacitances exists in the diode one in the forward
biased region and the other in the reverse biased region. They are

1. Transition or depletion capacitance (C,)
2. Diffusion or storage capacitance (C,))

Transition or Depletion Capacitance | C ]
The basic equation for the capacitance of a parallel plate capacitor is given by
Ae

C= = (1.16)

A = Plate area
d = Distance between plates
¢ = Permittivity of the dielectric (insulator) between the plates

In the reverse bias region there exists a depletion region which is free of carriers, that behaves
essentially like an insulator between the p and n layers of opposite charge. This gives rise to a
capacitance which is called the depletion capacitance or transition capacitance, C,. With increase
in reverse voltage, the depletion width d increases and hence the depletion capacitance decreases
as shown in Fig. 1.11(a).

C (pF)

CT + CD = CD
—//
0 V)
(a) (b)

Fig. 1.11 (a) Transition and diffusion capacitance versus applied bias for a Si diode
(b) Diode with its capacitances

Diffusion Capacitance or Storage Capacitance [C ]

Under forward bias, the holes move from p side to n side and electrons from 7 side to p side.
The electrons in p side and the holes on # side are called minority carriers. The number of excess
minority carriers change with the applied bias and constitutes a voltage dependent charge storage
or capacitance. Because this extra charge is caused by the diffusion of majority carriers across
the junction, the capacitance is called the diffusion capacitance denoted by C,. With increase in
forward voltage, the diffusion of majority carriers will also increase giving rise to an increase in
diffusion capacitance as shown in Fig. 1.11(a).
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It is important to note that, depletion capacitance is dominant under reverse bias. Since the
depletion width is very small under forward bias, diffusion capacitance is predominant. The effect
of C,and C, are considered by placing them in parallel across the diode as shown in Fig. 1.11(b).

Special diodes optimised for use as voltage-dependent capacitors, operating under reverse bias
are called varactor diodes. Varactor diodes finds application in communication systems.

¢ 1.8 CHARGE STORAGE AND REVERSE RECOVERY TIME

Consider a rectifier diode which is forward biased and carrying a constant forward current /,, as
shown in Fig. 1.12.

Due to the application of forward bias, holes move from p region to n region and electrons
move from 7 region to p region (it may be noted that holes in » region and electrons in p region
are minority carriers). Therefore when the diode is conducting, p region has plenty (excess) of
electrons and » region has plenty (excess) of holes which are taking part in conduction. The excess
electrons in p region and excess holes in 7 region are called stored charges and this phenomenon
is called charge storage.

Ip

. Desired respose

; - t
0 J
/S — ey |

Fig. 1.12 Reverse recovery in rectifier diode

If the conducting diode is suddenly reverse biased at 7 = ¢, the diode current does not fall
immediately from /, to zero but it becomes zero after a time, ¢ , called reverse recovery time as
explained below.

1. Alarge number of stored charge, (minority carriers) are present in each region. A certain
amount of time, 7, called the storage time is required for the minority carriers to return to
their majority carrier state. Since excess holes in  region are moving towards p region and
excess electrons in p region are moving towards n region, the current direction reverses in
the diode. As a result the diode conducts a reverse current /, during the interval .

2. Once the excess or stored charges returned to their original regions, the reverse current

gradually decreases from /, to zero in the internal 7, which is called the transition
interval.
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The reverse recovery time ¢ _is the sum of storage time 7 and the transition time ¢,.

ie., to= 1+t (1.17)

rr

As a guide, ¢ is usually defined as the time taken by the reverse current to drop to 10 percent
of the forward current.

For example IN4148 has a ¢ _of 4 ns. If this diode has a forward current of 20 mA, and it is
suddenly reverse biased, it takes approximately 4 ns for the reverse current to decrease to 2 mA.

4 1.9 DIODE SPECIFICATION SHEETS

Specification sheets or data sheets for semiconductor devices are provided by the manufacturer,
which give certain data or characteristics that are very helpful to the designer while selecting
the devices for a specific applications. The commonly provided data for a diode on specification
sheets are:

The forward voltage ¥, (at a specified current and temperature)

The maximum forward current /. (at a specified temperature)

The reverse saturation current /, (at a specified voltage and temperature)
The reverse-voltage rating PIV or PRV (at a specified temperature)

wok wh =

The maximum power dissipation level (at a particular temperature)

=~ (0.7V) 1, [ For Si diode ]
6. Capacitance levels
7. Reverse recovery time (¢, )
8. Operating temperature range.

For the silicon diode BAY 73 we find the following data on specification sheets.

Maximum forward current /,: 500 mA
Reverse saturation current /,: 500 nA

Peak inverse voltage PIV: 100 V

Break down voltage: 125 V

Maximum power dissipation P, : 500 mW
Capacitance : 8 pF

Reverse recovery time z_: 3 uS

® NSk WD =

Operating temperature range : 175 °C (maximum)

For instance, if in a given application the expected maximum reverse voltage is 50 V, BAY 73
diode can be safely used since its PIV rating is 100 V. If the expected maximum reverse voltage
is more than 100 V, then the diode with higher PIV rating must se selected. Similarly the other
ratings must be considered while selecting a diode for a specified application.
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4 1.10 CLASSIFICATION OF JUNCTION DIODES

Based on currents, diodes may be classified as

(i) Low-current diodes
(i1) Medium-current diodes
(iii) High-current diodes

Typically low-current diodes have a body 3 mm long with a coloured band close to the cathode
for identification as shown in Fig. 1.13. These diodes can withstand forward currents of the order
of 100 mA and reverse voltage of about 75 V. The reverse current at room temperature is typically
less than 1 nA.

Anode Cathode
— Y r—

Cathode I Anode
@ @@ | (==
AN

Anode{ j ) Cathode
(©)

(b)

Fig. 1.13 (a) Low current diode
(b) Medium current diode
(c) High current diode

Medium current diodes are packaged in a metal can-like casing of typical diameter 8.9 mm and
length 7.6 mm as shown in Fig. 1.13(b). They can carry a forward current in the range of about
400 — 500 mA and withstand reverse voltage of about 200 — 300 V.

The appearance of a high current diode in a solid metal package is shown in Fig. 1.13(c). The
diode is screwed into a metal heat sink for quick dissipation of the heat generated when high
current is conducted through the device. Typical body diameter is 7.8 mm and the total length is
31.2 mm. These diodes can carry several amperes of current and can withstand reverse voltage of
several hundreds of volts.

4 1.11 LOAD-LINE ANALYSIS OF DIODE CIRCUIT

The load line analysis is the graphical method of analysing diode circuits. In this method the
current and voltage levels in the diode circuit to the applied load are obtained by drawing the load
line on the actual diode characteristics. The procedure for constructing the load-line is explained
below.
Figure 1.14(a) shows a series diode circuit and characteristics of diode is shown in Fig. 1.14(b).
Applying KVL to the circuit of Fig. 1.14(a) we have

V—-V,-I,R =0
or V="V +I R (1.18)
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Vp
(b)
Fig. 1.14 (a) Series diode configuration
(b) Diode characteristics
For any point say 4 on /, axis, V= 0.
Using V= 0 in Equation (1.18) we have
_r

1, = R (1.19)

Now the coordinates of point 4 are
%
AW, 1) =4 [O’Ej

Similarly for any point B on ¥, axis, 1, = 0.
Using /,, = 0 in Equation (1.18), we obtain

v, ="V (1.20)

Now the coordinates of point B are
BV, 1)) = B(V,0)

Let us draw the load line on the diode characteristics by connecting the points 4 and B as
shown in Fig. 1.15. The intersection of load line with characteristics curve gives the O point.

The co-ordinates of the O point, gives the diode voltage Vo and the diode current / o for the
applied load R.

The straight line AB is also called the dc load line since it is drawn for the dc conditions. Once

I, is known we can find the voltage across the load resistance R using

Ve= IR (1.21)

R

or Vo=V -7V, (1.22)

R
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DC-Load line

~

| B "
0 Vo [V, O]
Fig. 1.15 DC load-line drawn on diode characteristics
Equation (1.18) can also be put in the form
1 V
1, = [—E} VD+E (1.23)

1 Vv
Equation (1.23) represents the dc load line with a slope — R and intercept 7 on I, axis.

Load line analysis described above uses the diode characteristics which is available on
specification sheets. The characteristics of the device in actual use may be different from that
available on data sheet. Hence the results obtained may be slightly different from the actual
results. Also the graphical analysis become tedious for a complex circuit which uses diodes in
many branches. The best method to analyse the diode circuits is to use the diode equivalent circuit
which is described in the next section.

€ 1.12 ANALYSIS OF DIODE CIRCUITS USING THE DIODE
EQUIVALENT CIRCUIT

In this technique each diode in the circuit is replaced by its appropriate equivalent circuit depending
upon whether the diode is forward biased or reverse biased. The diode equivalent circuits were
developed in section 1.6.1 using the piece - wise linear characteristics.

In majority of the circuits, the external circuit resistance levels are much greater than the
average diode resistance. Hence we can use approximate equivalent circuit which is reproduced
in Fig. 1.16(a), neglecting the effect of r_ .
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Vp="Vk  Ideal diode

4o ll>|| °K = o I {>'—o:1<

Practrcal diode —1Ip :
+ Vp _
(a)
Vk
e e . C e
D 10
(b) (©)

Fig. 1.16 (a) Approximate equivalent circuit of diode
(b) Equivalent circuit when diode conducts
(c) Equivalent circuit when diode is reverse biased

Note that ideal diode represents short circuit when it conducts and an open circuit under reverse
bias as shown in Fig. 1.16(b) and Fig. 1.16(c) respectively.

If V. is neglected compared with external applied voltages the equivalent circuit reduces to
that of ideal diode which represents a short circuit under forward bias and open circuit under
reverse bias as shown in Fig. 1.17.

Ideal diode Vp=Vg=0V
Ao ll>ll oK Ao o oK
(@) (b)
Ao 0 o o K
—1Ip=0

Fig. 1.17 (a) Ideal diode
(b) Equivalent circuit under forward bias
(c) Equivalent circuit under reverse bias

The analysis of series, parallel and series-parallel diode circuits are considered in the following
examples.

Example 1.6

For the diode circuit shown

(a) Calculate 7, V, and V,

(b) Repeat part (a) if the battery polarity is reversed
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10 kQ

Solution

(a) The diode conducts since the battery voltage forward biases the diode (10 V > V). Let us
replace the diode by its approximate equivalent circuit.

~
I
o
Il
e
\1
<

D
Applying KVL we have
10V-0.7V-1 [10kQ] = 0

I = 23V = 0.93 mA

b 10 kQ

V,=1,(10kQ)
= (0.93 mA) (10 kQ)
=93V

(b) If the battery polarity is reversed, the diode gets reverse biased and hence it acts as an open
circuit as shown below.

L Vp
————o0
—Ip=0 +
I, = 0mA

V.= 1,(10kQ) =0V
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Writing KVL equation we get

0
-10V

10V -V, -1, (10kQ)
=> V

D

Note that the diode is reverse biased to the level of — 10 V.

Example 1.7
For the circuit shown find 7, V, and V,.
L Vy o
+0.5V o >
s i

Vr < 1.5kQ

Solution
The applied forward voltage is only 0.5 V which is less than V, = 0.7 V. Hence the diode does not

conduct and it acts as an open circuit as shown below.

05V = Vi § 1.5kQ

il

I, = 0mA
V,=1(15kQ)=0V

Applying KVL we get

Il
o

0.5V-V,—1 (1.5kRQ)
=> V

D

0.5V.
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Example 1.8
For the circuit shown below determine V and /. Assume V= 1.6 V for the red LED.

Si //'«
+20V Vo

_— ]D red

2kQ

Solution
Both diodes conduct in the same direction. Since both are in series, the total knee voltage is

VK - VK1+VK2
=07V+16V
= 23V.

Both diodes are turned on since the applied voltage is more than 2.3 V. The equivalent circuit
is shown below.

Vi
I It
I I
07V 16V

Vk

1 2

40

20V= 260V,
Ip

Applying KVL we have
20V-07V-1.6V-1 (2kQ) =0
= 177y = 8.85mA
D 2 kQ
V, = 1,(2kQ)
= (8.85mA) (2kQ)

177V
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Example 1.9
For the circuit shown below determine 7, VD2 and V. D and D, are both silicon diodes.
D, D,
+15v o ——F—K] oV,
— Iy + VD2 —

10 kQ

Solution

The applied voltage forward biases D, but reverse biases D,. The current in the circuit is zero
since D, acts as an open circuit. Though D, is forward biased, its current is zero. Hence we have
to replace D, by short circuit instead of V.. The equivalent circuit is shown below.

+VD2 -
——1p=0 +
5V == 10 kQ v,
. 5
I, = 0mA
V,=1,(10kQ)=0V
Applying KVL we have
15V - VD2 -V =0
VD2 = 15V
Example 1.10
For the circuit shown below determine 7, V|, ¥, and V..
+ Vl o Si
+20V o M- Vo
10 kQ — I
+
5kQ V,
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Solution

The diode is in the on state since the anode has positive potential and the cathode negative
potential. The equivalent circuit is shown below.

20V =

Fig. A

Vi 0.7V
| ° o
+
10 kQ +
5kQ V3
_ v,
Ip
6V
— T

Applying KVL to the circuit of Fig. A, we get
20V-10kQ(/)-07V-5kQU)+6V =0

Fig. B

From the circuit of Fig. B

. 26V-07V ]
b= Jokars5kq ~ O8mA

V. = I, (10kQ)=(1.68 mA) (10 kQ)=16.8 V
V, = I, (5kQ)=(1.68mA) (5kQ) =84V

SIS

_ V,=(=6V)
I = 5kQ

V.= I,(5kQ)—6V=(1.68mA) (5kQ)—6V =24V
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Alternatively, applying KVL to the path consisting of V, V, and 6 V battery we have
V—-V,+6V =0
V=V,-6V=84V-6V=24V

Example 1.11
For each of the following circuits determine the current /. Assume silicon diodes.
25V
. i .
[
I D,
le% T I5V—=— l%4k§2
1
D
2kQ ?
T T
Fig. A Fig. B

Solution

To find I in the circuit of Fig. A
The diode is in the on state. The equivalent circuit is shown below.

25V
il
If

0.7V

le%

2kQ

R Y —"—

Applying KVL to the second loop we have

~IQ2kQ)-07V+25V =0
25V-07V

1 = TZIZ.ISmA

To find I in the circuit of Fig. B
Since D, is reverse biased, the diode branch can be treated as an open circuit. The equivalent
circuit is shown below.
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I5V—=—

15V

I = m:3.75mA

Example 1.12

Determine v and / b for the circuits shown below.

Ip<—o

10 kQ
~10V v, +12Veo MWW oV,
Si
5kQ
5kQ
l Si
Ip
Fig. A Fig. B
Solution
To find I ) and V, for the circuit of Fig. A
The diode is in the on state. The equivalent circuit is shown below.
0.7V
II i 3
0V =« Ip 5kQ Y,
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Writing KVL equation we have

—10V+0.7V+1, (5kQ) = 0
93V
I, = S = 1-86mA

Rewriting KVL equation using V we have

~10V+07V-V, =0
Vo= -93V

o

To find I, and V, for the circuit of Fig. B
The diode is in the on state. The equivalent circuit is given below.

10 kQ
W
+
5kQ
12V = I Vo
To.w
I

Writing KVL equation we have

12V-1 [10kQ+5kQ]-0.7V =0
I = 11'3V—0753 A
p T 5k 20m

Rewriting KVL equation using V we have

12V-1,(10kQ)-V =0
V=12V-1 (10kQ)=447V
Alternate method
V()

0.7V
Fig. C
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From Fig. C
V,-07V
h= TS5k
= V.=1,(5kQ)+0.7V
= 447V

Example 1.13
For the circuits shown determine 4 and / .

—1Ip

. N ‘ o
L1 Vo
Si
10 kQ v —1Ip
20 mA 1kQ 2kQ 120V M- 0 {>’—0—5V
Si
Fig. A Fig. B

Solution

To find I,, and V, for the circuit of Fig. A
Let us convert the current source into its equivalent voltage source.

{®

am@® o

V, = (20mA) (1kQ) = 20V
The resulting circuit is shown below

1 kQ 0.7V

W 3
20V D I
T .

2kQ YV,
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Applying KVL we get
20V-1,(1kQ)-07V-1 (2kQ) =0
193V 6.43 mA
T 3k W
© = 1,(2kQ)

(6.43mA) (2kQ)=12.86 V

To find V, and I, for the circuit of Fig. B
The diode is in the conducting state. The equivalent circuit is shown below.

10 kQ
+
07V
20V = I v,
=5V
L 3

Writing KVL equation, we have

20V-1,(10kQ)-07V+5V =0
243V 243 mA
P10k
Again writing KVL equation using ¥, we have
20V—-1,(10kQ)-V =0

Vo= 20V-(243mA) (10kQ)=—43V

Example 1.14

For the circuits shown below determine /7, V;l and Voz.

Si 10 kQ Si Ge V,  5kQ

0] 1
+15 Vo >f—o— Yoy —20v oK Vo
ﬁv [D<—

Ge 10 kQ

Fig. A Fig. B
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Solution
I, V;l and Vo2 for the circuit of Fig. A
Both diodes are in the conducting state. The equivalent circuit is shown below.

0.7V 10 kQ
|
W\ o,

)

15V =— Voy P03V,

Applying KVL we have
I15V-07V-1 (10kQ)-03V =0
14V
I, = ——=14mA
10 kQ

=03V

2
Writing KVL equation to the left part of the circuit we get
I5V-0.7V- VO1 =0

oy 143V
Alternatively,
Vo, = V.,
Il =
b 10 kQ
> Va1 = ID(101<§.2)+V02

= (1.4mA) (10kQ)+03V =143V

I, Vo1 and V02 for the circuit of Fig. B
Both diodes are in the conducting state. The equivalent circuit is shown below.

0.7V 03V 5kQ

Il Il
1| 1| + +

=

20V == Vo, 10kQ Vo,
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KVL equation to the circuit is

-20V+0.7V+03V+] [5kQ+10kQ]=0
19V

ID = m =1.26 mA

KVL equation to the left part of the circuit is
720V+O.7V+0.3V7V01=0
VO1 = -19V
VU2 = —1,(10kQ)=—(1.26 mA) (10 kQ)=-12.6 V

Example 1.15
Determine /), I, and V, for the circuits shown below.
Si
l>' * 020V
—Ip Si
30V o—— o o V, Si l Si
D, Dy
Ip
Si l 10 kQ ' Vo
1, l
I, 5 kQ
-10V
Fig. A Fig. B

Solution
I, 1 andV, for the circuit of Fig. A

All diodes are in the conducting state. The equivalent circuit is shown below.

:
[

30V — 10 kQ v,

o]

i
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Voltage between points 4 and B is 0.7 V.
Also I = 2]

KVL equation to the circuit is

30V-0.7V-0.7V -1 (10kQ)=0

;= BV oma
© 10kQ
L=l ma
L)
V.= 1 (10kQ)
= (2.86 mA) (10 kQ)
= 286V

I, 1 andV, for the circuit of Fig. B
D, is off'and D, is in the conducting state. The equivalent circuit is shown below.

0.7V
|
|I
_>[D
O
+
O O
D, l
5kQ
20V= Lo v,

10V

-

i

Note that, I =1,
KVL equation to the circuit is
20V-07V-1 (5kQ)+10V=0

P
o~ 5k 0™

Rewriting KVL equation using V,
20V-07V-V =0
V=193V



Alternatively: [Refer Fig. C]
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-10V

Fig. C

V,-(-10V)
5kQ
I (5kQ)-10V
586 mA (5kQ)-10V=193V

Example 1.16

For the circuits shown below calculate v

20V

|

1
P

Si Ge

%IOkQ

Fig. A

and 1.
+20V

i l

Si Si

10 kQ

+8V
Fig. B
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Solution

IandV, for the Circuit of Fig. A
Ge diode conducts and as a result the voltage between points P and Q is 0.3 V. This voltage is not
adequate to turn on Si diode. Hence Si diode is permanently off and the Ge diode is permanently

on. The equivalent circuit is shown below.

+0

—]

20V = l 10kQ 7,

il

KVL equation to the circuit is
20V-03V-71(10kQ) =0
197V
I = 10 kQ =1.97 mA
I1(10kQ2)=(1.97mA) (10kQ)=19.7V

IandV, for the Circuit of Fig. B
All diodes are in the conducting state. The equivalent circuit is shown below.

[
0.7V l 10 kO
20V == I v,

8V

KVL equation to the circuit is
20V-0.7V-07V-1(10kQ)-8V=0
10.6 V
10 kQ

=1.06 mA



10 kQ

~-——

8V
Fig. C

From Fig. C
V-8V
10 kO
I1(10kQ)+8V
(1.06 mA) (10kQ)+8V=18.6 V

Y
N
[

Diode Circuits

g

Example 1.17
For the circuit shown below determine VOI, VD2 and /1.

Vo

1

15V =

Solution
Both diodes are in the conducting state. The equivalent circuit is shown below.

10 kQ

15V =— I JO?&VV

(%}

£ |
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From the equivalent circuit

V, =07V and V, =03V

01

KCL equation at the node Vo1 is

[ ~1-1,=0 (A)
, o BVer, 1sv-orv
T 0k 1ok ™
;o Vo=V, 07V-03V o4 mA
7 1k 1k ™!

Now from Equation (A),

I = 143 mA-04mA=1.03mA

Example 1.18

For the circuit shown below calculate /,, [ and V.

+20V

l 10 kQ

o

Solution

Both diodes are in the conducting state. The equivalent circuit is shown below.

0.7V 10kQ

W

D

20 V==
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KVL equation to the circuit is
20V-0.7V -1 (10kQ)—-1 (10kQ) = 0

LI10kQ+2(10kQ)] = 193V
[, = 0.643 mA
[ = 2(0.643 mA) = 1.286 mA
V. =1 (10kQ)

(1.286 mA) (10 kQ)=12.86 V

Example 1.19
For the circuit shown calculate V, [, by 1 by and 1.

1 kQ

S :
+
_»I
12V —=— l Si l Si v,
]Dl ID2
T e
Solution

Both diodes are in the conducting state. The equivalent circuit is shown below.

12V — l

2
R
o

From the equivalent circuit

V=07V
Also ID1 = ID2
I = 21D1 = 21D2

2V-V 12V-07V
A AR e A TR TN
! 1kQ 1kQ 3m
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Lo=1 =4
Dy - Dz_ 2
= 5.65mA

Example 1.20
For the circuit shown below calculate /7 Dy I by and / . Both are Si diodes.

D, 10 kQ

15V =

Solution
Both diodes are in the conducting state. The equivalent circuit is shown below.

07V 10 kQ
A
Ip, — 1
15V =/ \ 0.7V
]D2
I, = I+1, (A)

KVL equation to the second loop is
0.7V—-1(10kQ)=0
I = 07V _ 0.07 mA
! 10 kQ
KVL equation to the first loop is
I5V-07V-0.7V-5kQ [102+11] =0
;e - 13.6 V
Dy 1 5kQ

=2.72 mA
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ID2 = 272mA -1,
= 2.72 mA-0.07 mA =2.65 mA
From Equation (A)
IDl = 0.07 mA +2.65 mA =2.72 mA

¢ 1.13 RECTIFIERS

Rectifiers convert alternating current in to direct current. Since semiconductor diodes conduct
current in the forward direction and blocks current in the reverse direction they can be employed
for rectification. Most of the electronic systems require a dc voltage in the range of 5 V to 30 V
for the proper operation of their internal circuits. Hence it is essential to convert ac to dc.

¢ 1.14 HALF-WAVE RECTIFIER

Half-wave rectifier converters only one half cycle of ac signal in to dc. Figure 1.18 shows the
circuit of half wave rectifier supplying the load R.

Si
O N 9 O
+ L1 +
Vi Iy R Vo
©° J_ 23 o
Fig. 1.18 Half-wave rectifier
v, is the ac input voltage given by
v, = V sinwt (1.24)

During the positive half cycle of ac input, the diode conducts when v, > V,. The equivalent
circuit when the diode is conducting is shown in Fig. 1.19.

+0
+0

ol
O]

p

Fig. 1.19 Equivalent Circuit when the diode conducts
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The KVL equation to the circuit of Fig. 1.19 is
v-V.—v =0
v =v-V, (1.25)
When the input signal is at its peak level V , the peak level of the output from Equation (1.25) is
Vo = Vo= Vi

Neglecting the time taken for the input signal to reach the level V,, the output voltage when
the diode is conducting can be described by the equation.

1%

o

V,-Vosinwt, 0<wt<m (1.26)
The output current is given by

Vm_ VK

sinwt, 0<wt<n (1.27)

When the input signal level falls below ¥, , the diode stops conducting.

The equivalent circuit is shown in Fig 1.20. v, represents the instantaneous reverse voltage
across the non conducting diode.

+0
+0

ol

[

Fig. 1.20 Equivalent circuit during the negative half cycle of v,

From the circuit of Fig 1.20, we find that

i =0 T <wt<2n (1.28)

o

=iR=0 a=wt=s2n (1.29)

The waveforms of v and i are shown in Fig. 1.21.

Observe that both v and i are zero for v, <V, . Since this interval is much smaller than the
diode conduction time, it can be neglected.



Average (dc) Output Voltage [V, |
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From Fig. 1.21 we note that the period of v is 277. Hence its average or dc value is given by

wt
T T i i wt
| i _offset 7 2 ;37 A
ip due to Vki ' |
R i i
"""""" Rttt tht Al i ininild 42 8 E/
! : wt
0 41 4

Fig. 1.21 Wave forms of v,, v and i,

or V

If V >V, orifthe diode is ideal, V',

V

dc

2n

— | v, dwt
21

0

= ﬁ _([(Vm —VK)sina)t dwt

Vm _VK

= = [— coswt ]O

1
- — [V, -V ]
= 0318 [V ~V,]
=0

= 0318V,

(1.30)

(1.31)

(1.32)
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Average (dc) Output Current [1 ]
Average or dc output current is given by

Id — Vdc
© R
v, -V,
I, = 0318 %l (1.33)

Average and Peak Diode Current
The diode current is same as the load current. Hence the average diode current equals the average
load current.

ie., Ly oy = 0318 -2 (134)

From Equation (1.27), the peak diode current is

v, -V,
I, = TK (1.35)

Note that peak diode current is same as peak load current, /.

Peak Inverse Voltage | PIV']

Diode is subjected to reverse bias during the negative half cycle of v. Applying KVL to the circuit
of Fig 1.20 we have

v—v,—-v =0
Since v, = 0 when the diode is not conducting, we have
v, =V,
v, is the instantaneous reverse voltage on the diode. Reverse voltage is maximum when
v, =V . Hence the peak inverse voltage across the diode is

PIV = ¥V (1.36)
For safe operation, the PIV rating of the diode must be greater than V.

Power Dissipation in the Diode
The power dissipated in the diode is

Pdiode - VK ]dc (diode) (1 37)

Example 1.21

For the circuit shown below calculate
(a) Average output voltage

(b) Average load current

(c) Average diode current

(d) Peak load current
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(e) Peak diode current
(f) PIV of diode
(g) Power dissipation in diode

Si

50V

\/ w? 1 kQ

-50V

Solution
From the input voltage waveform.

(a) Average output voltage is
V., = 0318[V —V,]
= 0318[50V-0.7V]=15.67V

(b) Average load current is

Vdc
]dc - R
1567V 15.67 mA
1 kQ )
(c) Average diode current is
]dc(diode) = 1, =15.67mA
(d) Peak load current is
I — Vm - VK
om R
50V-0.7V
= —————— =493 mA

1 kQ
(e) Peak diode current is

I, =1 =493 mA

dm

(g) Peak inverse voltage is

PIV = ¥V, =50V
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Example 1.22
Repeat example 1.21 if the diode is reversed. Sketch the output voltage waveform.

Solution

When the diode connection is reversed, it conducts during the negative half cycle and is off during
the positive half cycle. The equivalent circuits are shown below.

0.7V
1l o .
© + I 3_ o+ o o 3_
Vi Iy 1 ko Vo Vi 1 ko Vo
o— . 0 o— ® )
Diode on Diode off

The output voltage waveform is shown below.

Vo

wt

*[Vm*VK]

Note that the load current direction is reversed but the diode current flows from anode to
cathode only. Therefore we have the following results.

Ve = —1567V
I, = —15.67mA
I = —493mA
For the diode
Idc(diode) = 15.67 mA
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= 493 mA
PIV = 50V

Example 1.23

For the circuit shown sketch the waveforms of i , v , v and i . Assume Si diode.

Solution
V., = 0318[V —V.]
10V = 0.318 [V, —0.7V]
Solving we get
Vv o= 3215V
v, = V sinwt

1 m

32.15 sin wt Volts

The equivalent circuit when the diode is conducting is shown below.

o
]
o

Peak value of output voltage is

Vo = V= Vi
= 32.15V-0.7V
= 3145V
v = 31.45sinwtV (A)
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(B)

= 4.19 sin wt mA

vO
2.5kQ

ll‘f‘l

= 12.58 sin wt mA

16. 77 sin wt mA

©)

o

and { are shown below.

o

The waveforms of i , v, v

Vi

3 3 3 3 3
/
> > SRR e .3
e 2 Am, m
i = 2 =
n s} < N



Note:
* Ifthe diode is ideal, V, = 0

Vv =

om

*  Without 2.5 kQ resistor, i =i ,.

V. =3215V
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Example 1.24

For the circuit shown below sketch v, and calculate V-

10 kQ

AW

+0

220 V(rms)

Ideal

+ O

=

Solution

S~
I Il

Since the diode is ideal V.= 0.

220 V (rms)
220 2 =311.13V

Diode conducts during the negative half cycle of v, and is off during the positive half cycle.

The equivalent circuits are shown below.

10 kQ
AW
+ +
vl iO vO
> °

(a) Diode on

From the equivalent circuits we can write

The waveform of v, 1s shown below.

O——
)

Vo

(b) Diode off
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Vo

wt
V.= —-0318[V V]
= —0.318[311.13 V] [since V, =0]
= -908.94V
Example 1.25
For the circuit shown below sketch v and i,.
1kQ
Vi °
° M- "
> iR
20Vf--~
0 ot v Si v, 10 kQ
n\/zn
20V~ _ _
Solution
The equivalent circuits are shown below.
1 kQ 1 kQ
iR
Vi 0.7V Vo 10 kQ v; © v, 10 kQ

i

Fig. A Equivalent circuit during diode conduction

Fig. B Equivalent circuit when diode is of f
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For 0 <wt<mn
Diode conducts. We refer the circuit of Fig. A

v = 0.7V (constant)
. v -07V
& 1kQ
When v, =V =20V, the corresponding current is
20V-07V
o = ——————— =193 mA
" 1kQ
Form <wt<2r
Diode is off. We refer the circuit of Fig. B.
V.

R 1 kQ+10 kQ
When v=-20V

;o= 229V i oma
Rm lle - m

v = i, (10kQ)
I, (10kQ)=—182V

> Vv

wt

wt

55
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Example 1.26

For the circuit shown below determine

(a) The maximum current rating of each diode if P__ for each diode is 14 mW.
(b) The maximum value of /.

(¢) The maximum current through each diode.

(d) Check whether the diode current rating is exceeded.

(e) If one diode is removed, calculate the maximum current through other diode. Will this current
be within the maximum current rating of diode ?

Vi 4.7 kQ 56 kQ

fffffff VA

Solution

(a) P

0.7V) 1,
P
L= 357v
14 mW
0.7V

=20 mA

Maximum forward current rating of each diode is 20 mA.

(b) Both diodes conduct during the positive half cycle of v.. The equivalent circuit is shown

below.
07V
I
II
H[D
o—FF— L [
+ HID
I
II
v 0.7V 47KQ156 kQ

= 434 kQ
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KVL equation to the circuit is

v—0.7V—1(434kQ)=0

v =07V
C 434KkQ
Maximum value of I occurs when v, 1S maximum.
;- 160V—O.7V_367 A
mx 434k 0™
_ Imax — _
[Dmax = T =18.35 mA—[dm

(c) Note that 7, < 20 mA
*. Diode current rating is not exceeded.

(d) With only one diode

=1
[ =1 =367mA

In this case the diode current rating is exceeded. The diode carries almost twice the rated cur-
rent which is not safe.

¢ 1.15 FULL-WAVE BRIDGE RECTIFIER

Full wave rectifier converts both half cycle of ac signal in to dc. Figure 1.22 shows the circuit of
full-wave bridge rectifier.

~
o 3
+0

[
" \/zn !
i

Fig. 1.22 Full-wave bridge rectifier

During the positive half cycle of v, diodes D, and D, are forward biased and D, and D,
are reverse biased. The equivalent circuit is shown in Fig. 1.23(a). The current follows the path
A-D~P-Q-D,~B—A.
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+ 0o

A
O
+

Vi

(a) (b)

Fig. 1.23 Equivalent circuit during
(a) Positive half cycle of v,
(b) Negative half cycle of v,

Applying KVL to the current path indicated in Fig. 1.23 (a) we have
v-V.—v -V.,=0

K

v, = v=2V, (1.38)
When v, is at its peak value V' , the peak level of v is
= V. =2V, (1.39)
Now the output voltage equation is
L= (V =2V, )sinwt, 0swt=sn (1.40)
The output current is
, V,=2V, .
i, = — g sin wt
or i =1 sinwt, 0swt=x (1.41)

where I is the peak output / load current , given by

;= =2 1.42
- (142)

During the negative half cycle of v, diodes D, and D, conduct and D, and D, are reverse
biased. The equivalent circuit is shown in Fig 1.23 (b). The current follows the path B — D, — P
— 0~ D,— A~ B. Note that, during both half cycles of v, the load current i , flows from P to O
only. Hence i_is undirectional or dec.

Equations (1.40) and (1.41) are also applicable for the interval 1 < w? < 2. In Fig. 1.23 , v,
represents the instantaneous reverse voltage across the non conducting diodes. The waveforms of
v and i are shown in Fig 1.24.
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wt

0 T 2t 3n 0 T 2n 3n
(a) (b)
Fig. 1.24 Wave forms of v and i,

Average (dc) Output Voltage [V, |

From Fig. 1.24 we note that the period of v _is 7. Hence the average or dc value is given by
14 : ]E dwt
= —|v
dc m g o

1
= — ||V -2V, |sinwt dwt
SIS
V. =2V n
= 2—% [~ cos wr]
I 0
2W =2V,
Vdc - [ mn K]
or V.= 0636V —-2V,] (1.43)
If V. >V, orifthe diode is ideal, V', =0
V,= 0636V, (1.44)

Note that, the dc output voltage of full-wave rectifier is twice that of half wave rectifier.

Average (dc) Output Current [1, ]
The average or dc output current is given by

Vdc
le= R
Vv =2V,
I, = 0.636 L i (1.45)
¢ R

Average and Peak Diode Current

Diodes D, and D, Conducts during the positive half cycle of v and D, and D, during the negative
half cycle. Hence the load current 7, is equally shared by each pair of diode. Also the Conducting
diodes are in series. Hence dc current through each diode is
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[dc
Ia’c (diode) - 2
V.-2V,
= 0.318 =2Vl (1.46)
R
The peak diode current is same as the peak load current. Hence from equation 1.42,
B V=2V

Idm - Iom - R (147)

Peak Inverse Voltage | PIV|
Applying KVL to the path 4 — Q — B — A4 in the circuit of Fig 1.23 (a), we get

v, — vdeK=0
vd = vt'_VK

v, is the instaneous reverse voltage on the diode. Maximum reverse voltage occurs when,
v, =V . Hence peak inverse voltage across the diode is
PIV =V -V,
For V. >V,

PIV = V (1.48)

m

It is important to note that, the PIV rating of the diode should be greater then V , for safe
operation.

Diode Power Dissipation
The power dissipated in each diode is

= V.1 (1.49)

diode K “dc (diode)

Example 1.27

A full-wave bridge rectifier with a 220 V rms sinusoidal input has a load resistor of 10 kQ.
Assuming silicon diodes, calculate

(a) dc output voltage and dc load current

(b) peak output voltage and peak load current
(c) peak and average diode currents

(d) power rating of each diode

(e) PIV across each diode

Solution
V.= 220V (rms)
V.= 220V x+2 =31113V
R = 10kQ



(a) DC output voltage is

Vdc
dc load current is
Idc
(b) Peak output voltage is
Vo
Peak load current is
1

om

0.636 [V, ~2V,]
0.636 [311.13V - 1.4 V] =197V

311.13 V-14V =309.73 V

4

om

R

309.72 V

0Kko 30.972 mA

(c) Peak diode current is same as peak load current

Idm
Average diode current is
Ia'c (diode)
(d) Diode power dissipation is
diode

If the peak diode current is considered

Dmax

For safe operation, it is wise to consider the maximum power dissipation P, .

(e) PIV across each diode is
PIV

[ =30.972 mA

1,

_dac

2

19.7 mA

> =9.85mA

V.1

K “dc (diode)

(0.7 V) (9.85 mA) = 6.895 mW

V., I

K “dm

(0.7 V) (30.972 mA) = 21.68 mW

y

m

311.13 V

Diode Circuits

X
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Example 1.28

For the circuit shown below.

(a) Explain the operation of the circuit

(b) Calculate the dc output voltage and current.

(¢) Find the average and peak diode currents

(d) Calculate the required PIV rating of each diode.
Assume ideal diodes.

Take R =R,=R=10 kQ.

A
o
Vi +
200V
Vi
0
-200V
o
B

Solution

Since diodes are ideal, V, = 0.

(a) Circuit Operation

During the positive half cycle of v, D, conducts and D, is reverse biased. The equivalent circuit
is shown below. R can be connected between P and Q.

A iqy
O >
+
D
A 0
o . +
+
. | ll
Dl Vi . R vO
l()
R
Vi P 0 P4 R
Ry
Ry R
- B
B B

Fig. A Fig. B



From Fig. B
The output current is

The output voltage is
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V.

R+R,
200 sin wt

20 kQ
10sinwt mA, 0 <wt=<wxn

i R
(10 sin wt mA) (10 k€2)

100sinwtV, 0 <wt<n

(A)

(B)

During negative half cycle of v , D, conducts and D is off. i and v _are still given by Equations
(A) and (B) respectively. The waveforms of i and v_are shown below.

100 V F- oo o=

0 T 21 3n

o

10 MA -~ o~ g~

wt

(b) v_ is a full rectified voltage with peak value of 100 V

y

dc

(© i,

ld1

0.636 [100 V]
63.6 V

Vie

R

63.6 V

10 kQ
i +i [From Fig. B]
v,  200sin wt V

1

R, 10 kQ
10 sin wt + 20 sinwt

=6.36 mA

=20 sin wt mA

30 sin wt mA, O<owt<axw

wt
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During the negative half cycle of v,, D, is on and D is off. The diode current is a half-rectified
sinusoid with a peak value of 30 mA.
.. Peak diode current is

I, =30 mA

1,

m

~ 30mA

[dc (diode) = 7T

=9.55mA

(d) To find PIV let us consider a part of the circuit of Fig. (A) which is shown in Fig. C.

KVL equation to the circuit of Fig. (C) is

v, — vo=0
v, = v,
PIV = omax

= 100V

PIV rating of diode must be greater than 100 V.

Example 1.29
For the circuit shown below

(a) Explain the operation

(b) Calculate average ouput voltage and current
(¢) Calculate average and peak diode current
(d) PIV across each diode.

Assume 1deal diodes.
TakeR1=R2=R= 10 k2

Vi

200V Lo

+ on

wt

200V

wo !
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Solution
(a) Circuit Operaton

During the positive half cycle of v,, potential of point 4 is positive with respect to point B. D

conducts and D, is reverse biased. The equivalent circuit is shown below.

2

A
O
+
A
O
+ R
7777777777 0
Vi = Vi 7 *
Wl =2,
I
_ S P
O
B - D,
O
B
(a) (b)
O
+
R
= Vi +
Vo R’

o

©
Let R' = R|R,
R = 10kQ | 10kQ=5kQ

Using voltage division rule in the circuit of Fig. (c), we have

oy R

"7 RYR
= 200 sin wt _ SkQ
10 kQ+5 kQ

y = 66.67sinwtV, 0<owt<nx

(A)
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Yo
R
66.67 sinwt V

10 kQ
i = 6.667sinwtmA, 0 =<=owt=n (B)

o

During the negative half cycle of v , the roles of D, and D, are interchanged. v_and i_ are still
given by Equations (A) and (B) respectively. The waveforms of v_and i are shown below.

Vo lo

66.67V [~ om=C oo 6.667 MA |-~ mc--- =~ — = s - -

wt wt

0 b8 2n 3n 0 b 2 3n
(d) (e

Note that v_is a full rectified voltage.
From the waveforms shown above, we note that
Peak output voltage = 66.67 V
Peak output current = 6.667 mA
(b) dc output voltage is

V. = 0.636[66.67 V]

= 424V
dc output current is
v 424V
I = %= =424 mA
¢ R 10 k2
(c) Average diode current is
I, 424mA
Ly tiod) = )y T T 5 =2.12 mA

Peak diode current is same as peak output current

I, = I =6.667mA

dm

(a) To find PIV let us apply KVL to the path 4 — D — P — D, — B — A in the circuit of Fig. (a).
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4 1.16 PRACTICAL RECTIFIER CIRCUITS

Most of the electronic systems require dc voltages in the range of 5 V — 30 V for their proper
operation. Since the available 1 — ¢ ac supply is 220 V at 50 Hz, the ac voltage is first reduced in
amplitude using a step down transformer and then fed to the rectifier. The circuits of half-wave
and full wave bridge rectifier using a step down transformer is shown in Fig. 1.25.

NllNz

+9Q
+

o-

Fig. 1.25 (a) Half wave rectifier
(b) Full wave bridge rectifier

Let v, = Instantaneous primary voltage

vy = instantaneous secondary voltage

N,
—L = turns ratio of the transformer
N2
v
Yoo N (1.50)
Vg N,

It should be noted that v is same as v, which is the actual voltage applied to the rectifier. The

following two examples illustrates how we can proceed to solve for various currents and voltages
when the value of v, is known

Let v = 3llsinwtV

p
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and N o= 100r10:1
N, N,
Now v, = V= V] v,
311 .
= 1o sin wt
v, = 3l.lsinwt = V, sinwt
=> Vo =311V

m

This value of V_ should be used to calculate the required currents and voltages as illustrated in
the previous examples. As another example

Let v, = 220V (rms)
and Mo 100r10:1
NZ

Now V =V= Ny V
s i Nl V4

_ 220V

10

= 22V (rms)

Vm = \/E X RMS value
- (V2) @2V

=31.11V

4 1.17 FULL WAVE RECTIFIER USING TWO DIODES AND A
CENTRE-TAPPED TRANSFORMER

A full wave rectifier can also be constructed using only two diodes but it requires a centre—tapped
transformer as shown in Fig. 1.26. The centre tapped transformer is used to obtain two equal
voltages but of opposite phase at points 4 and B.

Note that the secondary has two identical windings and each half of the secondary having N,
turns along with the primary having N, turns works as a transformer with turns ratio

N, v, v,

N, Vs - Vi

The voltage from one end i.e., 4 (or B) to centre-tap i.e., O is v, and the end-to-end (between
A and B) voltage is 2v,.

During the positive half cycle of v, the voltage at point 4 is positive going and that at B is
negative going with respect to centre tap. D, conducts and D, is off. The current follows the path
A—D,—P—0—A. The equivalent circuit is shown in Fig. 1.27 (a).

(1.51)
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D
A
o N
1 + L1
Vi N, Ve =V;
R 1
_ 0 +—
b vE o c— VY r
0 wt Vo
NZ Ve =Vi
s - N
B L1
D,

(2)

Fig. 1.27 Equivalent circuit
(a) During the positive half cycle of input

(b) During the negative half cycle of input

Applying KVL to the path 4 — P — O — 4 in the circuit of Fig. 1.27(a) we have

—VK — V0+Vs:0

va - Vsi VK
When v, = V , the peak level of the output voltage is

Vow = V= Vi

m
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Therefore the equation for output voltage is

v =V sinwt

=V, -V)snwt, 0 =wt=mx (1.52)

The output current is
Y
i =
R

. Vm — VK .
L= T p sinwt 0 <wt=wmn (1.53)

During the negative half cycle of v, the voltage at point 4 is negative going and that at B is
positive going with respect to the centre tap. D, conducts and D, is off. The current follows the
path B—D,— P— O - B. The equivalent circuit is shown in Fig. 1.27(b). Note that during both half
cycles of ac input, the load current i flows from P to O only. Hence i is unidirectional or dc. The
waveforms of v _and i are shown in Fig. 1.28.

Vo Vi Vo Vick

wt wt

Fig. 1.28 Wave forms of v and i,

The expressions for average output voltage, average output current etc can be derived in a
similar way as explained in section 1.15 for full-wave bridge rectifier.
The average output voltage is

V.= 0636[V —V,] (1.54)
Average output current is
[V —Vi ]
I, = 0.636 TK (1.55)
Average diode current is
]dc
Idc (diode) = 2
[V = Vi
= 0318 —"——— (1.56)
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The peak diode current is

I, =1 =-"—= (1.57)

and the diode power dissipation is

Py =Vl iode (1.58)
Peak Inverse Voltage | P1V]
Applying KVL to the path 4 — P — B — O — A to the circuit of Fig. 1.27 (a) we have
Ve - vd2+vs+vs=0
v, = 2v —V,
The reverse voltage v b is maximum whenv =V _
PIV =2V -V,
Neglecting V, , we get
PIV =2V (1.59)

Note that the PIV across each diode is twice that of the bridge circuit. For safe operation, the
PIV rating of the diode must be greater than 2V .

Example 1.30

A full-wave rectifier using two diodes and a centre-tapped transformer is supplying a resistive

load of 2 k€. The ac supply voltage is 220 V (rms) and turns ratio of the transformer is 10: 1.
Assuming silicon diodes calculate

(a) dc output voltage

(b) dc load current

(c) dc diode current

(d) Peak diode current
(e) Peak load current

(f) PIV across each diode

Solution
Vo= 220V (rms) R=2kQ

M- o
N2
N 1
Vo= L2y =1 20V) = 22V
s Nl p
Vo= 2 V.= 2 22V)=3L11V
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(a) dc output voltage is

V.= 0636[V -V, ]
= 0.636[31.11 V-0.7V]= 1934V
(b) dc load current is
Ve 1934V 067 mA
| . Le= R 7 Taxg T Om
(¢) dc diode current is
— [dc —
Lo oty = ) 4.835 mA
(d) peak diode current is
;- V,-Vy 3LIIV-07V 152 mA
an R 2kQ s
(e) peak load current is same as peak diode current
I = 152mA

om

(f) PIV across each diode is
PIV = 2V = 2(31.11V) = 6222V

¢ 1.18 ANALYSIS OF RECTIFIER CIRCUITS CONSIDERING THE
EFFECT OF DIODE RESISTANCE

In the analysis carried out so far, we have not taken into account the average forward resistance
r, that appears in the diode equivalent circuit, since we have assumed that, R > r . If r_ is
comparable to R, then it is necessary to consider the effect of 7, . The average forward resistance
r ,1is some times also denoted by r,.In the following example we have considered the effect of 7.

av

Example 1.31
Repeat example 1.30 with R =100 Q and », = 20 Q.

Solution
Here we first find the peak diode / load current

;oo = Tk

dm_ om_ R+rav
_v-oTv.
T 100Q20Q 0 ™

Average load current is

I = 0.636[253.42mA] = 161.17 mA

~
Il
Q|
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Average diode current is

Idc
L tioder = y = 80.58 mA
PIV across each diode is
PIV = 2V =2[31.11 V] = 6222V
Average load voltage is
V., = 1,R = (161.17mA) (100 Q) = 16.11V

Note:
*  For full wave bridge rectifier

o~ an” Ry

e For half wave rectifier

om dm R+7r

€ 1.19 CLIPPING CIRCUITS OR LIMITING CIRCUITS

Clipping circuits (clippers) are used to remove a portion of a time varying input signal without
distorting the remaining part of the applied waveform. One simple example of a clipper is a
half—wave rectifier which transfers only one half cycle of the input to the output, while clipping-
off the other half cycle. Therefore diodes can be used to perform clipping.

4 1.20 SHUNT OR PARALLEL CLIPPER

In parallel clipper the diode appears in the parallel branch or shunt with the applied input signal.
Figure 1.29 shows a shunt clipper with a bias or reference voltage V.

R
g VW 1 2
D
Vi Vo
I
o ° o

Fig. 1.29 Shunt clipper
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The input signal v, can be any periodic signal such as sine, square, triangle etc with peak value
V. greaterthan V. If V| <V, clipping does not take place. In the analysis of clipping circuits we
use the approximate equivalent circuit of diode, unless otherwise specifically mentioned.

Just before the diode conducts, the current through R is zero and hence the input signal v, is
directly available at the anode of diode, as shown in Fig. 1.30.

Vi Vi Vi

Practical _ Ideal
diode ~ diode Ideal

diode

VR VK
I I VR+ VK

Fig. 1.30 Voltage at diode terminals

For the ideal diode to conduct, it is enough that the anode voltage just equals the cathode
voltage. From Fig. 1.30 we find that the diode conducts for

v, = VR+ VK

The equivalent circuit during diode conduction is shown in Fig. 1.31 (a).

R R
W\ D W
Vi i v, \ v,
T VR+ VK % VR
@ ®
Fig. 1.31 Equivalent circuit during
(a) Diode conduction
(b) Diode of f
From the equivalent circuit of Fig. 1.31 (a), we find that
v =V, *V, for vV +V, (1.60)

Forv <V, +V,, the diode is off and the equivalent circuit is shown in Fig. 1.31 (b). Writing
KVL equation to the equivalent circuit we have

v. — iR—v =0
1 o

or v =v, for v<V +V (1.61)

o 1
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In Fig. 1.32, the ouput waveforms are sketched for sine, square and triangular input
waveforms.

Vi b
SNV | ‘
VR + VK - ” ” ! -V
+
R K
-,
-,
! 0 t

Fig. 1.32 Output waveforms of series clipper of Fig. 1.29 for different inputs

Note that the circuit clips-off a portion of the input signal, which lies above the level
V. + V. and retains the remaining part as it is.

Transfer Characteristics
The transfer characteristics is obtained by plotting v as a function of v, Transfer characteristics

VO

can be easily constructed by evaluating slope
Forv = V +V,, from Equation (1.60) we have
v = V,+V, = constant
=> Av =0

Hence slope = iv" =0 (1.62)

For v <V, +V,, from Equation (1.61) we have

0 B Vz’
=> Avo = Avl.
Slope = AY - (1.63)
Av
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Figure 1.33 shows the transfer characteristics of the shunt clipper shown in Fig
with output waveform for sinusoidal input.

Break point

Ve + Vi

Fig. 1.33 Transfer characteristics and output waveform for the shunt clipper of Fig. 1.29

€ 1.21 SERIES CLIPPER

In series clipper, the diode appears in series with the input or it appears in the series branch as

shown in Fig. 1.34.

Fig. 1.34 Series clipper

. 1.29 along
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First let us find the voltage on diode terminals as shown in Fig. 1.35.

Vi Vi Vi Vi

VR=F I Vi Vr+ Vi SZ

1
N
I
~
I
i

Ideal Ideal VetV

(e]

Fig. 1.35 voltage on diode terminals

From Fig. 1.35 we note that, diode conducts for v, = V, + V,. The equivalent circuit during
diode conduction is shown in Fig. 1.36 (a).

Ve + Vg

(b)
Fig. 1.36 Equivalent circuit
(a) During diode conduction
(b) During diode of f
Applying KVL to the circuit of Fig. 1.36(a) we have
v, — [V AV ]-v =0
v =v—-[V,+V], forv.=V +V, (1.64)
Since V, + V, is a constant
Av = Av,
Av,
=> Slope = =1
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Alo from Equation (1.64), whenv, =V,

vo=V [V, + V] (1.65)

For v, < V,+ V,, diode is off. The equivalent circuit is shown in Fig. 1.36(b). From the
equivalent circuit we have

v = iR=0 (1.66)
Av,
Also slope = Ay =0 (1.67)

The transfer characteristics and the output voltage waveforms for different inputs are shown
in Fig. 1.37.

vD
Vol
Slope = 1 " Vi
N Y [Vt Vi)
/ “\ Vo
0F - : t
Vi l
0 Ve + Vi \
(a) (b)
) T P — Y Vip |-------~ .
; \— V;
Y =V Vi) [ Vo = [V Vil |
4 Vo
0 ; : ¢ - t
(c) (d)

Fig. 1.37 (a) Transfer characteristics
(b) (c) and (d) output waveforms sine, square and triangular inputs
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Note: In the clipping circuits, the reference voltage ¥, need not be in series with the diode. The
location of diode and reference voltage depends on the nature of the required output waveform.

€ 1.21 CLIPPING AT TWO INDEPENDENT LEVELS
[DOUBLE ENDED CLIPPER]
In Section 1.20 we saw clipper which clipped at one reference level. Two such clippers can be

combined to obtain clipping at two independent levels. Fig. 1.38 shows clipping circuit which
uses two reference voltages.

D, D,
Vi Vo

VRI T T VR2
_O —

o

Fig. 1.38 Clipping circuit with two reference voltages

Note that both VR1 and VR2 are positive. VR1 forward biases D, and VR2 reverse biases D,. Also
V,>V,.
Ry Ry

Now let us find the voltages on the terminals of D, as shown in Fig. 1.39.

Vi Vi Vi
(0]
Dy Dy Ideal
D, ZX Ideal
= VK =
V R T VRl
(e} (e}

Fig. 1.39 Terminal voltages on D,

From Fig. 1.39, we note that D, conducts for v, < VRl -V,
The equivalent circuit is shown in Fig. 1.40 (a). From the equivalent circuit, we find that

y = VRI_ Ve, forv = VRI_ Ve (1.68)

o
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Slope = e _ g
Ope Av

i

(1.69)

The analysis of the second branch containing D, and VR2 has already been considered in section

1.20. We find that D, conducts for vzV, +V.

The equivalent circuit is shown in Fig. 1.40(c). From the equivalent circuit we find that

v, = VR2 +V,, forv = VR2+ V. (1.70)
Av,
Slope = Av, =0 (1.71)
For ( VR1 V) <y < (VR2 + V), neither D, nor D, conducts.
The equivalent circuit is shown in Fig. 1.40(b). From the equivalent circuit we get
v.o= v, (1.72)
Slope = ﬂ =1 (1.73)
Av,
R R
W~ 2 MWW 2

VR, Vi

I
|

O

Q

(@ (b

+0

1
g .
|

Fig. 1.40 Egquivalent circuit for
(@)v, = Ve~ Ve
(b) VR1 A VR2 *Vy
©@v= V2 Vs



The circuit operation is summarized in Table 1.4.

Table 1.4 Summary of operation of double ended clipper of Fig. 1.38

The transfer characteristic along with output waveform for sinusoidal input is shown in

Fig. 1.41.

Fig. 1.41 Transfer characteristic and output waveform of the double ended clipper of Fig. 1.38

Diode Circuits

Input voltage Diode status | Output voltage | Slope
v, = VR1 -V D on D,off | v = VR1_ Ve 0
Vi Ve Vi<V, | D off D, off y =v I
+V, ! 2 o
v, = VR2 +V, D, off D,on v = VR2 +V, 0

Slope =1

-V, t

Ve, Vi

The output voltage waveforms for other input signals is shown in Fig. 1.42.

81
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Vipboeooo o
Vm ”””””” ¢ " ’,"\\
| SN N
Ve, + VK Ve Ve, + Vi
Ve —Vk — N VR Mk
0 : ; t : : t
7 P S | 2 RVl

Fig. 1.42 Output waveforms for square and triangular input waveforms

¢ 1.22 ANOTHER DOUBLE ENDED CLIPPER

The variation in the double ended clipper results as shown in Fig. 1.43 when the polarity of VR1 is
reversed in the circuit of Fig. 1.38.
Since VRl is negative, the condition for D, to conduct becomes

v, < [V, V]

+%
’
+0

Fig. 1.43 Another double ended clipper

The analysis of this circuit can be carried out in a similar way as explained in the previous
section. The circuit operation is summarized in Table 1.5.

Table 1.5 Summary of operation of doubled ended clipper of Fig. 1.43

Input voltage Diode status Output voltage Slope
v,= [V, + V] D, on D, off v, =V + V] 0
— [V V1 <v, <[V, + V] D, off D, off Vo=, 1
v, = VRZ + VK D] OffD2 on v = [VR2 + VK] 0
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The transfer characteristic along with output for sinusoidal input is shown in Fig. 1.44.

Vo

VRZ + VK

- [VRI + VK]

"Dion D) off

Dy off { D3 off

0

—[VR +Vkl 1t —[Vry+ Vil
Fig. 1.44 Transfer characteristics and output waveform of the double ended clipper of Fig. 1.43

The output voltage waveforms for other inputs are shown in Fig. 1.45.

Vm ———————————— ,
LV Vm ______ — Vi
VR2+VK '/l AN
—, '—\\VRZJFVK

0 t 0 t
voa\ﬁ/*[VRl + V]

. r [V, + Vk] I S N

A S :

Fig. 1.45 Output waveform for square and triangular inputs

If |VR1| = |VR2| then clipping level of the positive peak equals that of negative peak. This
operation is called symmetical clipping and the corresponding circuit is called symmetrical double
ended clipper.
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Example 1.32
For the clipping circuit shown below, determine the transfer characteristic and sketch the output

waveform.

5V Si
Vv
1 +O +
I5V|-->
0 t vi 10kQ v,
A5V beeee \_/
° . o
Solution
First let us find the voltage on diode terminals.
Vi Vi Vi v

5V I j 5V j‘ 43V XZ Ideal

0.7V

Si Ideal Ideal T 43V

0]

Diode conducts for v, = — 4.3 V. The equivalent circuit during diode conduction is shown in
Fig. A.

43V
¢ —
vi i 10kQ Vo 10kQ v,
S o o o . o
Fig. A Fig. B

Writing KVL equation to the circuit of Fig. A.

v, + 4.3V—V0:0
v =v+43V for v =2-43V (A)
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when v, = 15V
v = 15V+43V=193V
Also from Equation (A)
Av = Av
Ay,
=> Slope = Av, =1

For v, <-4.3V, diode is off. The equivalent circuit is shown in Fig. B. From the equivalent
circuit.

v =0 for v <-43V (B)
Av,
Slope = Ay =0

The transfer characteristic and output waveforms are shown below.

Slope =1
/ 15Vr-;
43V
0 t
Vi
—43V 0 —43V

-15V

Example 1.33

For the circuit shown below determine the transfer characteristic and sketech the output
waveform.

Vi 10 kQ

20V

-20V
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Solution

Just prior to the conduction of diode, current through 10 k<2 resistor is zero. Hence v, is available
at the cathode of diode. Let us find the terminal voltages at the diode.

Vi Vi Vi
o

Si Ideal

Z Ideal

5V
I )

43V

|

Diode conducts for v, = 4.3 V. The equivalent circuit is shown in Fig. A.

10 kQ 10 kQ

Fig. A

From the equivalent circuit of Fig. A,

v =43V forv, =43V (A)
Av =0
A
=> Slope = Yo =0
Av,

For v, >4.3 V, diode is off and the equivalent circuit is shown in Fig. B. Writing KVL to the
circuit of Fig. B,

v, ¥ i(10kQ)—v =0
Since i=0
v = v forv,>43V (B)
Av
Slope = - =1

Av,

1
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The transfer characteristic and output waveform are shown below.

VU
Slope =1
20V
Slope =0
| 43V
1 0 s , t
0 43V Vi
g ,
20V I

Example 1.34

For the circuit shown below determine the transfer characteristic and sketch the output
waveform.

5V Ideal

b K

+0

t \Z 10kQ v,

5l
9

Solution

Diode conducts for v, = 5 V. The equivalent circuit during diode conduction is shown in Fig. A.

5V 5V

g——fF—o—o—y

Vi i 10 kQ Vo

+0
+o0

10kQ v,

ol
L
ol
ol

Fig. A Fig. B
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Applying KVL to the circuit of Fig. A, we have
v, = 5V-v =0
=v-5V forv =5V (A)
When v, = -20V
v = -20V-5V=-25V
Also from Equation (A)
Av = Av,

o 1

> Slope = 1

For v, > 5V, diode is off and the equivalent circuit is shown in Fig. B. We find that

v

o

0 forv>5V (B)
=> Slope = 0

The transfer characteristic and the output waveform are shown below.

V()
20V
~—V;
5V b/ ‘
5V A | |
0 i !
Slope =0
-5V
/ Slope = 1
-25V

Example 1.35
For the circuit shown below sketch the output waveform for the input shown.

Si 10 kQ

Vi

10V

10V |-----
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Solution

Diode conducts when v, = 10 V. The equivalent circuit is shown in Fig. A.

0.7V 10 k2 10 kQ

Fig. A Fig. B

Applying KVL to the circuit of Fig. A.

10V - 0.7V—i(20kQ) = 0

93V

i = m = 0.465 mA

i(10kQ) = 4.65V

1%

When v, = — 10V, diode turns off. The equivalent circuit is shown in Fig. B.
v = i(10kQ)=0V

The waveform of v, 1s shown below.

L0 e S 1

465V i,
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Example 1.36

For the circuit shown determine the transfer characteristic and sketch the waveform of V..

Vi

20V —

—10V f-----

Solution

5V Ideal
+ +
Vi 10 kQ Vo
o . o

Diode conducts for v, = — 5 V. The equivalent circuit is shown in Fig. A.

5V

¢y

v, i 10kQ v,

ol
L

+0

ol
ol

Fig. A

10kQ v,

ol

Applying KVL to the Circuit of Fig. A we have

When v, = —-10V,

For v, >~ 35V, diode turns off and the equivalent circuit is shown in Fig. B. Since i = 0.

v()
=> Slope
Also, %

o

+

Fig. B
5V-v =0
v+5V for v=-5V
A
v, _q
Av.

1

-10V+5V=-5V

0 for v,>-5V
0
0 Whenvi=20V

(A)

(B)
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The transfer characteristic and the output waveform are shown below.

VO
20V~ Vi
-5V Slope =0 : :
Vi 0 : i t
0 Y V] N L [
1OV [
Slope =1

Example 1.37

For the circuit shown below determine the transfer characteristic and sketch the output voltage
waveform.

Ideal

20V — Vo l|>|| | o,

0 t 10 kQ

+5V

Solution
Just prior to the diode conduction, no current flows through 10 kQ resistor. Hence + 5 V is
applied on the cathode terminal and therefore diode conducts for v, = 5'V.

The equivalent circuit is shown in Fig. A.

O—C 9

+0
+0

O O
+ +

10 kQ 10 kQ

o
—
w
<
ol
ol
—
W
<
ol
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Applying KVL to the circuit of Fig. A, we get

v, — v =0
or v =v, for v=5V (A)
> Slope = 1
Also, when v, =20V, v =20V

i

For v, <5V, diode turns off and the equivalent circuit is shown in Fig. B. From the equivalent
circuit we find that

v =5V, forv, <35V (B)
> Slope = 0
Also when v, = -5V, v =5V

The transfer characteristic and output waveform are shown below.

VO
Slope =1
Slope =0 5V / 20V
: —V,
0 SV i 5V .
0 : : t
' V1V
—5V|--mmm--- [
Example 1.38
For the circuit shown below sketch the output voltage waveform.
10 kQ SV
It ¥ “ %
8V |-~
0 t Vi Si Vo
—8V }------- v

ol
L
O]
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Solution

Diode conducts for v, = 5.7 V and the equivalent circuit is shown in Fig. A.

10 kQ 5V

+0O

Vi i = 0.7V v,

—oO o——e
ol

ol
ol

Fig. A Fig. B

From the circuit of Fig. A,
v =07V for v =57V (A)

For v, < 5.7V, diode turns off. The equivalent circuit is shown in Fig. B. Applying KVL to
the circuit of Fig. B we have

v, — i(10kQ)-5V-v =0
Since i=0

v =v-5V for v <57V (B)
When v, = -8V

v = -8V-5V=-13V

The output voltage waveform is shown below.

P f
VA RS S P
P//’ \\\ //
_________________
57V 3
S

-13V
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Example 1.39

For the circuit shown sketch the waveforms of i R and V. Assume Si diodes.

Vi

10V |----

0 \/
1OV [---eeeeeee

Solution

10 kQ

The analysis of this circuit is given in section 1.22. Comparing the given circuit with that of

Fig. 1.43, we have

R
~V, =

10kQ 7, =53V
~73V = ¥, =73V

Using table 1.5, the circuit operation can be summarized as follows.

Input voltage Diode status QOutput voltage Slope
v=-8V D, on D, off v =-8V 0

-83V<y<6V D, off D, off V.=V 1
v, 26V D, off D, on v=6V 0

The equivalent circuits under different conditions of v, and the transfer characteristic are shown

below.

ol

vt Lo
I

A. Equivalent circut for
Vi <-8V

10 kQ

T T

O

B. Equivalent circut for
-8V<y;<6V



6V

avd
S|

C. Equivalent circut for
Vi =6V

Calculation of i,

Applying KVL to the closed path in the equivalent circuit of Fig. A, we get

When v=-10V

From the equivalent circuit of Fig. B

Finally applying KVL to the closed path in the circuit of Fig. C.

When v,=10V

Diode Circuits 95
VO
6V oo ISIOpezo
-8V
. ' v
: 0 6V
— ~— Slope =1
----------- -8V
Slope =0
D. Transfer characteristics
v.—10kQ (i,))+8V=0
. v, +8V
Ip Toko for v <-8V (A)
-10V+8V
= TR - 02mA
i, =0, for-8V <v <6V (B)
vV, = IOkQ(iR)*6VZO
. v—-6V
i, = k0 for v 26V ©)
I0V-6V
i, = ———— =04mA
10 kQ

The waveforms of v and i are shown below.
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10 V===, 10 V===,

OV frmmm e IOV b

Example 1.40

Show that for a single diode clipper, a reasonable value of R is the geometric mean of r, and R,

where r, is the dynamic forward resistance and R is the reverse resistance of diode.

Solution
Let us consider the shunt clipper shown in Fig. A.

R

(A) (B)

©

The equivalent circuit during diode conduction is shown in Fig. B. It should be noted that
r, is same as r, . Since we have considered the incremental values, Av, and Av of v, and v,
respectively, V, and V, are not shown. This is because AV, =0 and AV, =0, since V, and V,, are
constant values.
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Applying voltage division rule in the circuit of Fig. B, we get

p
Ay = !
o

. Avi
R+ T

Slope of transfer characteristic is
Dv

4

Dv,

1

Slope =

s
R+rf

For perfect clipping, slope should be zero when the diode conducts.
This requires that

Let r.= (A)
where K is some arbitrary large number.

Fig. C shows the equivalent circuit when the diode is off. The slope of transfer characteristic
when the diode is off is

Slope

R+R
For the slope to be unity when the diode is off , we require that
R <R or R >R
Let R = KR (B)
Multiplying Equations (A) and (B) we get
rer = R?

or R = |r R, ©)

Thus a reasonable value for R would be the geometric mean of diode forward resistance r, and
the reverse resistance R . ‘

Example 1.41

For the diode clipping circuit shown, draw the input and output waveforms for (a) R = 100 Q
(b) R=1k Qand (c) R =10 k Q given that v,= 20 sin w¢ and V,= 10 V. Assume r= 100 Q,
R =oand V, =0. '
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+0
+0

ol

Vo

Vi

Solution:
Forv, >10V, Dis on
Forv <10V, D is off and hence v = v,

The equivalent circuit when D is on is shown in the following figure.

‘%
+0

QI

+—
=~
ol

But i

v

o

v, 1s maximum when v, 1S maximum.

9max

'max

(a) For R=100Q

9max

(b) For R=1kQ v

9max

(¢c) For R=10kQ v

Omax

(vilnax n VR) + VR

R+,

20V, V=10V, r=100Q

__1oow 20V-10V)+10V=15V

1oow+1oow( a ) a
100W 20V-10V)+10V=109V

1000W+100W( a ) e
100 W

20V—-1 +10V=10.1
10000W+100W(OV 0Vv)+lov=101V
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When D is off v =V,
.. In all the three cases

=y =-20V

9 min !'min

The output plots are shown below.

20V
15V
10V

20V

(a) R =100 Q (b) R =1000 Q (©)R=10kQ

Note that clipping is better when R = 10 kQ.

Example 1.42

Sketch the output voltage waveform over the input voltage waveform for the circuit shown, given
that the input varies linearly from 0 to 150 V. Assume ideal diodes.

+6

100kQ R, 200 kQ

VU
25V T T 100 V

Vi

ol
e}

Solution
Ideal diodes imply, 7, =0, R =, V, =0.

Let v, = ov

Then, D is off'and D, is on. The equivalent circuit is shown in Fig. A.
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+0

Applying KVL to the path of i
V.+ Ri+R,i—V,=0
V,- ¥,
R +R,
Voltage at point A
Applying KVL to the second branch
v + iR -V,=0
v, = v=—IiR +V,
- (- MR,
R +R, 2

- (100 V - 25 V)200 kW

= T l00kw+200kwW 100V

v, = 50V

A

This situation (D, off, D, on) continues until v, reaches 50 V, just beyond which D turns on and
D, remains on and v = v, = v . The equivalent circuit is shown below.

D, A D,

100 kQ R,

25V T Vi 100V T %)
> . Y

This situation continues until v, or v, reaches 100 V beyond which point D, turns off. Hence,
D, isonand D,is offand v, = 100 V.




The transfer characteristics and input-output waveforms are shown below:

100 V

50V

Vo

150 v

100 V

1

3

50V

Diode Circuits

The operation of the circuit is summarised in the table given below.

101

Input Output Diode status
v, =50V v =50V D, off, D, on
S0V<v =100V v =v D, on, D, on
v.> 100V v =100V D, on, D, off
Example 1.43
Repeat Example 1.42 for the circuit shown.
3—

O
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Solution
For v <25V, both D and D, are off. Therefore, v =25 V.

For v, just exceeding 25 V, D, turns on and D, remains off. The equivalent circuit under this
condition is shown in Fig. (A).

Applying KVL,

v—i(R+R)-V,=0

vi- W
R +R,

I =

Fig. A

= iR+,

- & (v.—25V)+25V
R+R,

2
= 5 (-25V) %25V

The slope of the transfer characteristic is —. This situation continues until v or v, reaches

100 V, beyond which D, also turns on. Let us use the above equation to calculate the value of v,
whenv =100 V.

2
100V = 3 (v,-25V)+25V

3
v, = TSV X 425V

= 1375V

Thus, when v, reaches 137.5 volts, v, reaches 100 V, beyond which D, begins to conduct.
-~ Forv,>137.5V, D onand D,onand v =100 V.

The equivalent circuit is shown in Fig. (B).



Diode Circuits 103

These results are graphically illustrated in Fig. (C).

Vo
150 + 150 -
125 + 125
100 — 100 1
75 - L 75
50 50
25 : L 25
o—f———+—+—+++—  0“
25 50 75 100 125 1150
P T S S
50 100 : L 150
ff---2 ' b
| S L
B3l D .
t
Fig. €

The circuit operation is summarised in the following table

Input Output Slope Diode status

v, <25V v =25V Z€ero D, off, D, off

W N

2
25V<y<137.5V [ W= 3 (=25 V)T25V | slope = D, off, D, on

v.>137.5V v =100V Zero D, on, D, on
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Example 1.44
The circuit shown is used to square a 10 kHz sinusoidal with a peak amplitude of 50 V. Find V

if it is desired that the output voltage be flat for 90 % of the time. Assume r,= 100 Q

and V,
R = 1020 kQ for the diodes. What is the reasonable value of R ?
R
—/MN— °
D, Si D, Si v,

Vi

=

.35
—
ol

ol

Solution

v,=50sin 6
It is required that the output be flat for 90 % of the time. Now 100 % of the time corresponds
to 360° and hence 90 % of the time corresponds to

360° x 20 _ 324°
100

In otherwords v = v, for 360° — 324° = 36°. This 36° is spread over four time segments as

shown below:
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Observe that the sinusoid becomes flat at 9°. Value of v, at 0=9°1s

v, = 50sin9°=7.82V
VR1 + V=782V and —[ VR2 +V ]1=-17.82V
For symmetrical clipping, Ve, = Vi

VR2:7.82V—0.7V:7.12V

To find the value of R

Consider the equivalent circuit when D, is on and D, is off. Replace D, by r.and D, by R, .

— /MWW 1 2 —N\— °
Av; rr R Ay, = Av; Ry Av,
o . . o o o
R =r[R, = 0.1k 100kQ=0.099 kQ
Slope = o = _f
PC T by T R+R
When either of the diodes conduct, slope should be zero. This requires that,
R >R,
Let R = KR,
r- 2
or R
Now let us consider the equivalent circuit when both diodes are off.
R R
—NMM— t ° —— N\ °
A Vi R” R" A Vo = AV, RZ AvO
o . o o o

R,=R||R = == =50kQ

Slope = =

105

(A)
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When both the diodes are off, slope should be unity. This requiers that

R, > R
Let R, = KR
R
or K== B
R B)
Combining Equations (A) and (B)
5 = &
R, R
which gives R = JR,XR
= /50 kQ x 0.099 kQ
= 2.22kQ

Example 1.45

Plot the transfer characteristic of the circuit shown assuming ideal diodes and write the transfer
characteristic equations. Sketch v if' v, = 40 sin wt.

Solution
For v <0, both D, and D, are off. Therefore, v, = 0.
Forv, =0, D, is on, D, is off and the equivalent circuit is shown in Fig. (A).

Fig. A Fig. B
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Since the diodes are ideal, = 0,R =oand V, =0.

K _%
T MTRAR T2
v 1
Zo = — A
=3 (A)

This situation continues until v reaches 10 V beyond which D, begins to conduct. Let us now
compute v, when v reaches 10 V. From Equation (A)

i

V.

1

2v,=2%x10V=20V

For v = 20 volts, D, begins to conduct and .. v = 10 V. The equivalent circuit is shown in
Fig. (B).

forv, <0

The transfer equations are, v = for0=v, <20V

SNl @

V forv, =20V

The transfer characteristic is shown in Fig. (C) and the output waveform is shown in Fig. (D)
for v, = 40 sin wt.

401,

/
30 - K \\‘ -~ Vl'
20T )

)

10 175

10 Vemmmmm e ‘
' l -10 + | ,'I

20 L \

! v; =30+

0
~—Dyoff — | ~— Dyon — |<— Djon —» _40 1
Dy off D, off D,on

..............................

Fig. € Fig. D
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Example 1.46

Plot the transfer characteristic for the circuit shown and write the transfer characteristic equations.

Sketch v, if v, = 40 sin wt. Assume V.= 1 V for the diodes.

1 kQ
- :
+ +
D, D,
Vi Vo
1 kQ 1kQ
o . . )

Solution
Forv.= —1V, D, ison, D, is off and the equivalent circuit is shown in Fig. (A).

1kQ 1kQ
—WW- T 2 —WW- 2
1Y Vi 1Y Vk
D2 Dl
1kQ 1kQ
o 5 ° 5
Fig. A Fig. B

Applying KVL to the circuit of Fig. A.
v—i(1kQ)+V, -i(1kQ)=0

v, +Vy
1= 2kQ
Also v +V, —i(1kQ) =0
v, = =V +i(1kQ)
1 kQ
=0 g
1
Vo = 5 (vi_VK)

(A)
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For v, = 1V, D, is off, D, is on and the equivalent circuit is shown Fig. (B).

1%

o

But i =

We get v

o

For -1V <v <1V,both D and D,

v

o

= V +i(1kQ)
v, =V
2 kQ

1
= 5 )
are off. Therefore,

=y

i

The transfer characteristic equations are

.. From Equation (A),

omin

.. From Equation (B),

omax

1
E(vl.—lV) forv,<-1V

= 31V for -1V <y, <1V

1

1
E(vl.+1V) forv, 21V

v, -1H=1(40-1)=-205V
2

1
Vot D=7 (40+1)=205V

The transfer characteristic and waveform of v are shown below.

Ve,V

Slope = 1 1
l ~— Slope = 5

! Vi,V
+1

1
Slope = 5

109

B)

©

A0V 1o,
— Y
205V 4-om
p —
1V |feemmmmmmme Yoo
0

-1V

-205V

—40V
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Example 1.47
Repeat example 1.46 taking ¥, = 0 V for the diodes.
Solution
Since V= 0V, from Equations (A), (B) and (C) of example 1.46, we find that
1
v = — v forally,
Since v, = 40sinwt V
We get v = 20sinwt V forallv,

The transfer characteristic and waveform of v are shown below.

4OVE -
/ v; = 40 sin wt
v ,'I “‘
° 20V"7"’” \
20V / «;7 v, =20 sin wt
\ t
0
A ™ ‘ 20V

4OV | tes?

Example 1.48
Assuming an ideal diode in the circuit given below, draw the the output voltage waveform for the

input signal given.

Vi
2kQ

e

+0
+0

+2V b o

Vo

1 kQ

ol

ol

2 VA
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Solution
For v, = 0, diode conducts. The equivalent circuit is shown in Fig. A.

2 kQ 2 kQ
L
Vi V()
1 kQ
o o o
Fig. A Fig. B
= (1kQ) = L
T2 kQ kO 3
_ 1
vomax - 3 Vimax
vimax = 2V
1
Vo = 3@ V)=0.67V.

For v, <0, diode turns off. The equivalent circuit is shown in Fig. B.
From the equivalent circuit we find that v =v..
The transfer characteristic and the output waveform are shown below.

Vo

o\

// e~
< S\op +2V L

P N
(4}
B

Example 1.49

For the circuit shown below sketch the transfer characteristic and output waveform. Assume ideal
diodes.
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Vi D,
vl e i °
R
i V, Vo
b 2R
i ! 5 "] 5
Solution

When v =0, D, isoff and D, is on. The equivalent circuit is shown below. This situation continues
aslongas v < V.

+0
+0

2R

Vr
- 1

o

From the equivalent circuit

v =V, for v. <V,

D, conducts when v, exceeds Ve Under this condition, v o=V,

o

{VR for 0<v, <V,

v, for v, =V,

1

The transfer characteristics and output waveform are shown below.
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Example 1.50

Sketch and explain the circuit of a double ended clipper using Si diodes which limits the output
between £ 10 V.

Solution:
The operation of double ended clipper which limits both positive and negative peaks is given in
section 1.22.

Since clipping is symmetrical, VR1 = VR2

VRZ +V,
=> V

Ry

0V and [V, +V,]=-10V
V=93V

Example 1.51

Sketch and explain the circuit of a double ended clipper using Si diodes which limits the output
between 5 V and § V.

Solution

The operation of double ended clipper which limits the output between two positive levels is
given in section 1.21.

VRI_ V.=35V
=> VR1 =5V+V =57V and
V. +V, =

8V = ¥, =73V

€ 1.23 CLAMPING CIRCUITS

Clamping circuits are used to add dc level to the input signal. Clamping circuits are also called dc
inserters or dc restorers. Clamping circuit uses diode, resistor and capacitor.

€ 1.24 NEGATIVE CLAMPER

Figure 1.46 shows the circuit of negative clamper.

Vi

v, c
O I / O
+ I\ T
0 t
T T v R 2
S /) —
o ° ° o

Fig. 1.46 Negative clamper
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The input is a square wave which swings between =V with a period T'= l The input can
also be any other periodic waveform such as sine, triangular etc. f

During the positive half cycle of v,, the diode conducts and charges the capacitor. The charging
time constant is

7.=rC (1.74)

. . . . T .
Since the diode forward resistance is very small (r,=0)7< B and hence the capacitor
gets charged quickly to the peak value V of the input signal v.. The equivalent circuit during

diode conduction is shown in Fig. 1.47(a).

Ve Ve
o |( ‘ o o + (= 5
+ +I\= + + I\ ¥
C C
Vi == VK R Vo V; R Vo
© . o 5 . . 5
(a) (b)
Fig. 1.47 Equivalent circuit
(a) When diode is on
(b) When diode is of f
Writing KVL equation to the circuit of Fig. 1.47(a), we have
v—v-V,=0
v, = vV, (1.75)
When v =V
v, =V, = Vi (1.76)

Note that the left plate of the capacitor is positive since the charging current enters that plate.
During the negative half cycle of v, the diode turns off. Now the capacitor discharges into R.
The discharge time constant is

t=RC (1.77)

The capacitor should not loose much of charge during discharge. To meet this requirement, the
values of R and C are selected such that

5t > % (1.78)
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5RC > g (1.79)

The value of five times the time constant (5 RC) is made much greater than half period
(T/2) of the periodic input signal.

The equivalent circuit during capacitor discharge is shown in Fig. 1.47(b). Writing KVL
equation to the circuit of Fig. 1.47(b) we have

v-v-v =0
Vo= V=V, (1.80)
Since v, =V -V,
= vV =V (1.81)

Observe from Equation (1.81) that, the circuit adds a dc level of — [V — ¥, ] to the input signal v,.
The output voltage levels corresponding to different input voltage levels are listed in Table 1.6.

Table 1.6 Output voltage levels of negative clamper

Output voltage level

Input voltage level v, Practical diode Ideal diode
v =v—|V -V v=v-V

O o [Vm - VK ] - Vm

m VK O
-V =2V +V, -2V,
The output voltage waveform is shown in Fig. 1.48.
Vo Vo
Vk
0 7/2 T ! 0 7/2 T !
— 2V + V[ 2V fmmee-
(a) (b)

Fig. 1.48 Output voltage waveform
(a) With practical diode
(b) With ideal diode
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Since the circuit adds negative dc level, it is called negative clamper. The circuit is also called
positive peak clamper since the positive peak of the applied signal is clamped at 0 V as shown in
Fig. 1.48(b). Also from Fig. 1.48 we observe that

peak-to-peak input voltage = peak-to-peak output voltage =2V

Therefore in a clamper circuit

peak-to-peak output voltage is equal to peak-to-peak input voltage.

¢ 1.25 POSITIVE CLAMPER

Figure 1.49 shows the circuit of positive clamper which is obtained by simply reversing the diode
in the negative clamper circuit of Fig. 1.46.

Vi

v C
" \| o o
o ) °
0 t
T/2 T Vi R Vo
27 T B B
O L 4 O

Fig. 1.49 Positive clamper

In this circuit the diode conducts during the negative half cycle of v, and charges the capacitor
to the peak value V , with right plate positive. Performing the analysis as outlined in the previous
section, it can be shown that the circuit of Fig. 1.49 adds a dc voltage of approximately V' to the
input signal. The output voltage levels are listed in Table 1.7.

Table 1.7 Output voltage levels of positive clamper

Output voltage level
Input voltage level v, Practical diode Ideal diode
v =v.+[V -V v=v+V
O Vm - VK m
m 2I/m - VK 2 Vm
-V -V, 0
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The output voltage waveform is shown in Fig. 1.50.

Vi
2V, —
2V,— Vi —
0 T/2 T p 0 t
T E— T/2 T

Fig. 1.50 Output voltage waveform
(a) With practical diode
(b) With ideal diode

Since the circuit adds positive dc level to the input signal, it is called positive clamper. The
circuitis also called negative peak clamper, since the negative peak of the applied signal is clamped
at 0 V as shown in Fig. 1.50. Once again we observe from Fig. 1.50 that, the peak-to-peak output
voltage equals the peak-to-peak input voltage.

If clamping is desired at a voltage other than zero, a reference voltage ¥, must be included in
series with diode. Such circuits are considered later in numerical examples.

Example 1.52

Design a suitable circuit represented by the box shown below which has input and output
waveforms as indicated.

Vi Vo

20V + o + 30V —
Circuit
0 r o, using Vo 0 ;

Silicon
diode 10V |-- I—I
-20V |~ -

Solution

Comparing the waveforms of v and v , we find that, v can be obtained by shifting up v, by
10 V. To do so, a positive dc voltage must be added to v,. Hence we have to design a positive
clamper circuit.
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Let us sketch the output of positive clamper circuit of Fig. 1.49 for the given input voltage.
(Refer Table 1.7)

v, =20V V. =07V

m

vO
393V
0 > 1
-07V [------- —

But the desired output voltage has a positive peak of 30 V. Therefore, the waveform shown
above has to be shifted down by 9.3 V. This can be done by using an additional dc source V,,
whose value is given by

393V+V, =30V
V,=-93V

R

This dc voltage should be placed in series with the diode. The required clamper circuit is
shown below.

a

+0

~1L—
>

+0

93V

=

Example 1.53
Repeat Example 1.52 using ideal diode.

V. =20V V,=0.

m

The output of positive clamper is shown below.
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Vo

40V —

ov » 1

Since the required positive peak is 30 V,

4OV+V, =30V
V.= -10V
The clamper circuit is shown below.
C
) ?
Vi R Vo

ol

Example 1.54

Design a suitable circuit represented by the box shown below which has the input and output
waveforms as indicated.

Vi VO
o— ———o0
10V + . +
Circuit 2.7V
0 — using Vo 0 t

silicon
diode

—10V |- _ -

o— ——o0

-173V
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Solution

Comparing the waveforms of v, and v , we find that, v can be obtained by shifting down v by 7.3 V.
To do so, a negative dc voltage must be added to v,. Hence we have to design a negative clamper.
The output of negative clamper of Fig. 1.46 for the given input is shown below. (Refer Table 1.6).

V. =10V V,=07V

~193V|----

The desired output voltage has a positive peak of 2.7 V. Therefore the waveform shown above
has to be shifted up by 2 V. This can be done by using an additional dc source V, given by

0.7V+V, =27V
V.=2V
This dc voltage should be placed in series with the diode. The required clamper circuit is
shown below.

+o
=
+0

2V

ol

Example 1.55
Repeat Example 1.54 using ideal diode.

Solution
Vm =10V VK: 0

The output of negative clamper is shown below.
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A

~20V t----

Since the required positive peak is 2.7 V, the waveform shown should be shifted up by 2.7 V.
Therefore a dc source of voltage 2.7 V must be placed in series with the diode as shown below.

C

|(
It 2
V; R Vo

2.7V
S i B

Example 1.56

For the circuit shown below find and plot the waveform of v for the input indicated.

Vi

1 uF
) ’ o
12V _ s
0 t Si R
Vi 100 kQ Yo
6V
24V T G T . 5
f=1kHz
Solution

Step 1: To find the capacitor voltage when the diode is conducting.

Diode conducts when v, = — 24 V. The equivalent circuit is shown in Fig. A.
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¢ 293V
o \| o o —\|+ . o
+ -1+ l + + /1 I +
Ve C
0.7V
Vi i I R v Vi v,
6V l
T T 6V
(A) (B)

Applying KVL to the current path in the circuit of Fig. A we have
v.+v +07V-6V = 0
v, = v +53V
When v, = - 24V, the capacitor charges to
v, = —(-24V)+53V=293V
Note that the right plate of capacitor is positive.
Step 2: To find the output voltage levels when the diode is off

When v, =12V, the diode is off. The equivalent circuit is shown in Fig. B.

KVL equation to the circuit of Fig. B is
v,+293V-v =0
v, +293V

v

o

(A)

(B)

Observe from Equation (B) that, the circuit adds a dc level of 29.3 V to the input signal v, .

Let us find the output levels corresponding to the two input levels using Equation (B).

12V+293V=413V
—-24V+293V=53V

o

Whenv =12V, %
When v, =-24V, v

o

The output waveform is shown below.

Vo

413V f-----

53V
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Peak-to-peak input voltage = 12V —-(—-24V)=36V
Peak-to-peak output voltage = 41.3V-53V=36V

Note that peak-to-peak output voltage = peak-to-peak input voltage.

Example 1.57
Repeat example 1.56 assuming ideal diode.
Solution
For ideal diode, V,, =0
From Equation (A),
v. = -v+t6V
When v =-24V
v, = —(24V)+6V=30V
From Equation (B),
v = v+30V
Whenv, =12V, v = 12V+30V=42V
When v, =—-24V, v = =24V+30V=6V

The output waveform is shown below.

Vo

42V -----

6V

Once again we note that

Output peak-to-peak = input peak-to-peak =36 V

Example 1.58

For the circuit shown find and plot the output waveform for the input indicated. Also sketch the
output waveform assuming ideal diode.
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Q

(=]
(=]
<
I
|
J
+0
—_

Si

-100V

ol

t Vi i
T 20V

+0

Ol

Solution
Step 1 : To find capacitor voltage when diode is conducting

Diode conducts during the positive half cycle of v,. The equivalent circuit is shown in

Fig. A.

+o

R Vo Vi

ol

* O

ol

C
(=,
I\ l
VC
0.7V
Vi i I
_[ 20V
(A)

Applying KVL to the current path in the circuit of Fig. A.
v—v, — 07V-20V=0
v, = v.-207V
When v, =100V, the capacitor charges to
v, = 100V-20.7V=793V

Step 2 : To find the output voltage levels when the diode is off

Diode turns off during the negative half cycle of v. The equivalent circuit is shown in Fig. B.

KVL equation to the circuit of Fig. B is
v—=793V-v =0

(A)
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v =v—-793V (B)
When v, =100V, v, = 100V-793V=20.7V
When v, =-100V, v, = -100V-793V=-1793V
Output Waveform with Ideal Diode
From Equation (A),
v, = v-20V
When v, =100V, v, = 100V-20V=380V
From Equation (B) v = v-80V
When v,=100V, v, = 100V-80V=20V
When v =-100V, v = -100V-80V=-180V

The output waveforms are shown below.

20.7V

0 /\ > 0

~793V g0V

-1793V

-180V

Output waveform with Si diode Output waveform with ideal diode

Note that in each case

output peak-to-peak = input peak-to-peak =200 V
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Example 1.59

For the circuit shown below
(a) Calculate 5 ©
(b) Compare 5 t with half period (77/2) of the applied signal
(c) Sketch the output waveform

Vi

C
|(
BV ¢ I\ ¢
0.1 uF
Si
0 1 Vi R Vo
56 kQ
T
—15V fennneea- ° y °
f=1kHz
Solution

(a)T=RC=(56 kQ) (0.1 uF) = 5.6 ms
51=5(5.6mS) =28 mS

(b) f=1kHz T= :

S
T —1 1 T 0.5
= = =3 — = U.
T ms 5 ms
5t 28 ms _ 56
Z 0.5 ms
2
éT u T
5t =564 = S5Tt> —
&2 2

Due to this large time constant the discharge of the capacitor is very minimal when the diode
is off.

(¢) To find and plot v,

Step 1: To find the capacitor voltage when the diode is conducting
Diode conducts when v, = 15 V. The equivalent circuit is shown in Fig. A.
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Ve 193V
+ (- + |(= ‘
? AN % $ AN l <
0.7V
Vi i R Vo Vi R Vo
=5V -I
5V
o o o T o
(A) (B)

Applying KVL to the current path in the circuit of Fig. A, we have
v—=v =07V+5V 0
v+43V

v

When v, = 15V, the capacitor charges to
v, = 15V+43V=193V

Step 2: To find output voltage levels when the diode is off
Diode turns off when v, = — 15 V. The equivalent circuit is shown in Fig. B.
KVL equation to the circuit of Fig. B is

vi—19.3 V-y, = 0

v, =v—193V
When v =15V, v = 15V-193V = -43V
When v=-15V, v = -15V-193V = -343V
The output waveform is shown below.
Vi
0 t
—43V —
~343V bo-mee-

Note that, output peak-to-peak = input peak-to-peak =30 V
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(& Exercise Problems 0202022/

1.1

1.2

1.3

14

1.5

A full-wave bridge rectifier using silicon diodes is supplying a resistive load of 1 k€. It
is supplied from an ac source of 100 V at 50 Hz. Calculate

(a) DC output voltage

(b) DC load current

The input to a clipping circuit is a sine wave of peak value 25 V. Design the component

values such that the output should have its positive peak clipped at 15 V and negative
peak at— 18 V.

Design the values of R and C for a clamping circuit for which the input signal is a square
wave of frequency 1 kHz.

Design a clamping circuit to obtain an output with positive peak at 20 V and negative
peak at — 10 V. The input is a square wave of £ 15 V at 1 kHz. Assume silicon diode.

A shunt clipper employs a diode which has 7= 100 € and R = 100 k€2. Calculate the
reasonable value of R. '



Chapter 2

TRANSISTOR BIASING

Biasing a bipolar junction transistor essentially means establishing the desired value of collector-
emitter voltage V., and the collector current /, to ensure that the amplifier will have the proper
gain and input impedance with undistorted output voltage swing. These values of V. and /. are
together known as the quiescent operating point or Q-point.

Now, one of the basic problems with the transistor amplifier is establishing and maintaining
proper values of quiescent ¥, and /. in the circuit. A quiescent voltage or current refers to the
values under dc conditions in the absence of any ac input signal. The quiescent value of voltages
and currents are maintained by using configurations that assure stability against variations in
temperature. Variations in temperature affects several critical transistor parameters such as reverse
saturation current /_,, base-emitter voltage in the active region V,, and current gain f3.

This chapter analyses various bias configurations and techniques for maintaining the quiescent
operating point stable against variations in temperature. The concepts are introduced with a
generous number of illustrative examples and in-depth analysis of different configurations.

€ 2.1 THE OPERATING POINT

The transistor needs to be operated in an appropriate region of its characteristics depending on
the application of the circuit in which it is being used. The dc currents and voltages in the circuit
are established by using a resistive network along with a dc power supply. This process is called
biasing.

Let us recollect the common-emitter output characteristics of an n-p-n transistor. The common
emitter configuration and its output characteristics are shown in Fig. 2.1.

The three regions of operation of the transistor are termed as active region, cut-off region and
saturation region.

The region in the characteristics shown in Fig. 2.1(b) above /, = 0 mA and to the right of a few
tenths of volts of ¥, is the active region. It is the region where you observe an increase in the
collector current with increase in base current. The base-emitter junction is forward biased while
the base-collector junction is reverse biased in this region.

The region where the base-emitter junction is reverse biased below 0.1 V for germanium and
0V for silicon is the cut-off region. In this region, the emitter current is zero and the transistor is
non-conducting. In this region the base-emitter junction as well as the base-collector junction is
reverse biased.
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Iz=0/3 mA

70

60 p— L 0.25mA
< | —
Eﬂ 50 2 mA
S
g 0.15/mA
o 40
= L —TT
= 30
8 [ | [ 1——0.TmA
2 [
= 20
3 5= (.05mA

10

Ig=( mA

0 2 4 6 8 10 12 14

Collector-emitter voltage, Vg, V

(b)

Fig. 2.1 The common-emitter configuration and its output characteristics

20

15

Saturation

10

I y I
5 0/ 15
CEgat Cutoff

=}

N ——---T-&-
\

Q

o
=]
0
>

Fig. 2.2 Tllustration of operating point
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The region very close to V., = 0 where all the curves appear to merge and fall rapidly to
the origin is called the saturation region. In this region, V', is a few tenths of volts while /. is
considerably large. In the saturation region the base-emitter and the base-collector junctions are
forward biased.

The transistor is required to be biased from cut-off to saturation and vice-versa when it is
being used as a switch. It must be biased in the active region when being used as an amplifier.
The transistor functions linearly when its operation is restricted to the active region. For transistor
amplifiers, we need to establish an operating point on the characteristics to define a region of
operation by fixing the dc current and voltages.

The operating point of a transistor for /. = 10 mA and V', = 8 V is marked as Q in the
characteristics shown in Fig. 2.2.

Since, the operating point is a fixed point on the characteristics, it is also referred to as the
quiescent point or Q-point. The Q-point can be fixed anywhere in the active region bounded as
shown in Fig. 2.2 and as tabulated in Table 2.1.

Table 2.1 Boundaries of the active region

Boundary Limiting factor
Left bound Saturation region
Top Bound 1.
Bottom bound Cut-off region
Right bound s

P is the maximum power dissipation which the device can withstand.

C max

4 2.2 DCLOADLINE

As in the case of a diode, a line called the dc load line can be drawn on the characteristics of
the transistor also, which represents the applied load. The intersection of the load line with the
characteristics will determine the operating point. Let us now see how to draw the dc load line.
Consider the collector circuit of a biased transistor shown along with its characteristics in
Fig. 2.3.
The KVL Equation for the collector circuit is

VCC - ICRC+ VCE (21)

The ¥, axis intercept can be found by letting /.= 0 in Equation (2.1).

" V., = V. and the intercept is at (¥,

. 0). The I axis intercept can be found by letting
V.. = 0in Equation (2.1).

C?
VCC o

®
‘07 -
R- o

Re &

The load line is plotted by joining these two intercepts as shown in Fig. 2.3(b).

VCC . .
1. = — and the intercept is at
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Vee
Ic, mA
L1 0, Yec| 40+ I
Rc Rc
30+
- 20 2
I o 101 s
B
t t t —N =0 Vep, V
lIE 0 2 4 6 8 10
— (VCC7 0)
(a) (b)

Fig. 2.3 Biased transistor along with its characteristics showing the dc load line

The equation for the dc load line in the slope intercept from can be written from Equation (2.1) as

- a Loy e 2.2
= ¢ 5Vt .
c & R.G R, (22)

@ 106 . &, : . . .
where the slope is § R while the intercept is sﬁ;. The intersection of this load line with
c c 9

the output characteristics would result in a number of possible operating points. However, the
operating point is chosen around the middle of the load line to provide an equal swing of /. and
V. about the point. This would ensure that the transistor remains in the active region during its
entire operation and not stray temporarily into the cut-off or saturation regions. The coordinates

. . o & V.0
of an optimum operating point is therefore —<< —<<
& 2 "2R.%

€ 2.3 REASONS FOR INSTABILITY OF THE OPERATING POINT

Having selected and biased the transistor at a desired operating point, the effect of temperature on
various device parameters can cause this operating point to drift.

Letus now look at the effects of temperature on transistor parameters. The reasons for instability
of the operating point may be listed as

e Variation of leakage current, / ,, with temperature
e  Variation of current gain, 8 with temperature and

e Variation of base-emitter voltage, V,, with temperature.
The sensitivity of these parameters to temperature variations can be stated as follows:
I, the reverse saturation current doubles for every 10°C increase in temperature
V. decreases in magnitude by 2.5 mV for every °C rise in temperature. Generally at room
temperature ¥, is 0.7 V for silicon transistors and 0.2 V for germanium transistors.
e [increases with rise in temperature.
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Any of these factors or all of these factors could cause the operating point to drift from the
desired location as fixed by the selected values V, and /.. in the output characteristics. Typical
variations of these parameters at different temperatures for a silicon transistor are shown in

Table 2.2.

Table 2.2 Typical variations of I, , V. and § with temperature

Temperature I, Ve p
—-65°C 0.0002nA | 0.85V 20
25°C 0.1 nA 0.65V 50
100° C 20 nA 048V 80
175°C 3300 nA 03V 120

We know that the collector current for the common emitter configuration is given by
I.=BL+B+1)1,

As [, increases with temperature, / . also increases resulting in a further increase in temperature
which in turn increases 3. This further increases /.. and the resulting cumulative effect causes the
operating point to drift into the saturation region.

(2.3)

€ 2.4 STABILITY FACTORS

Transistor circuits must be designed to provide a certain extent of temperature stability so that
changes in temperature result in minimal changes in operating point. The maintenance of the
operating point at the desired value is specified by stability factors, which represents the extent of
change of operating point due to variation in temperature.

A stability factor, can be defined for each of the parameters that affect bias stability as
follows:

I
S(I.,) = Ve at constant  and V.
co
D/
o SUe) = D7 (2.4)
@ DICO B, Vi constant
DI
Similarly, S(V,,) = DVC 2.5)
BE | I, f constant
DI
and S(B) = D—g (2.6)
Ico, Ve constant

Observe from these equations that, for circuits with low stability factors, change in collector

current A/ is small when [, V.

and f changes with temperature. Hence circuits with low

stability factors are relatively stable and insensitive to variations in temperature.
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Total Change in Collector Current
From Equations (2.4) to (2.6) we can write an expression for the total change in the collector
current as

au qa W

Al = —S Al +—5 AV, + —SA 2.7

C q]ICO co q]VBE BE ﬂlg ﬁ ( )

or AI. = S(I.)AL,+S(V,)AV, +S(B)AS (2.8)

Lower stability factors therefore imply lower variations in the collector current.

€ 2.5 FIXED-BIAS CIRCUIT

There are several circuit configurations through which the transistor current and voltage can
be adjusted in order to fix the operating point. Fixed-bias, emitter-bias or self-bias and voltage
divider bias are some common schemes. In this section, the fixed bias circuit is presented.
Figure 2.4 shows a typical fixed-bias circuit.

°Vee

Fig. 2.4 Fixed-bias circuit

The dc equivalent circuit can be written by replacing the capacitors with open circuits (since
capacitors block dc) as shown in Fig. 2.5.

Ip Ic
+

™ Vce
Ve ] —

1 Ig

Fig. 2.5 DC equivalent circuit of the fixed-bias circuit
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Writing Kirchhoff’s voltage law equation to the base-emitter circuit, we get,
Ve = LR, +V,,

cc
— VCC B VBE

R

B
Now let us look at the collector-emitter circuit. The magnitudes of the collector current and
base current neglecting /., are related by

I.= B, (2.10)

where [ is the dc current gain in common-emitter configuration. Observe from Equation (2.9),
that 7, is decided by R, while /. is decided by 8. Thus, R . has no role in the value of /. when the
transistor is the active region. However, the value of /. determines the value of V.

Writing Kirchhofffs voltage law equation to the collector-emitter circuit of Fig. 2.5, we get
Ve = I.R. ¥V, (2.11)

cc

or Ve = Voo—I.R, (2.12)

or IB

(2.9)

Transistor in Saturation
Figure 2.6 shows the transistor operating in the saturation region.

Vee

Tc(sar)

VeE(sat)

Fig. 2.6 Transistor in saturation

From Equation (2.11), the collector current in saturation, / ., is given by

> 7 C(sat)
Lo = VCCR—CVCEM (2.13)
But Vg gy = 0
Lo = % (2.14)

Note that in the saturation region / is solely decided by R ...
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Example 2.1
For the fixed-bias circuit shown, assuming ¥, = 0.7 V and 8 = 60 find

(a) Quiescent values of base and collector currents
(b) Quiescent value of V',

(¢) Base-ground and collector-ground voltages

(d) Base-collector voltage

(e) Quiescent values of /.and V, for 8 =110

* o110V

2kQ
220 kQ 10 uF

10 puF H
o)

Solution

Treating the coupling capacitors as open circuits, let us mark the various currents and voltages in
the circuit.

°10V

220kQ

(a) Quiescent values of base and collector currents
Ve = Vge  10V- 0.7V

;] = BE = —————— = 4227 uA
BO R, 220kW TH
I, = B 1,,= 60 x 4227 uA=2.54 mA

(b) Quiescent value of V.

Ve = I.R.*V,

cc

Vero = Vee=1op Re=10—(2.54 mA)(2 kQ)=4.92V

CEQ
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(c) Base and collector voltages with respect to ground

V,=V,=07V

B
V.=V,=492V

C

(d) Base-collector voltage

Ve = V= V.=07V-492V=-422V

BC
() WhenB =110
is not affected by change in f3.
I, = 4227 uA Jas obtained in part (a)]
I, = ﬂ]BQI 110 x 42.27 pA = 4.65 mA
Vero = Vee=1eg Re=10V = (4.65mA x2kQ)=0.7V

CEQ

Ly

Let us now tabulate the Quiescent point for f = 60 and 8 = 110

B I I Z

BO co CEQ

60 | 4227pA | 254mA | 492V
110 | 4227pA | 465mA | 0.7V

The Q points are indicated on the dc load line in the following figure.

Ic

V.
—€C€ _5mA ¢

Rc
4.65mA F----> 0(f=110)

2.54mA [-----

| v,
0.7V 492V Vee=10V CE

Observe that, when 8 changes from 60 to 110, the Q point shifts from the middle of the active
region to near saturation. Therefore fixed bias circuit has very poor stability of the operating
point. The reason for this is that, there is no change in the value of the base current.
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Example 2.2
For the fixed-bias circuit shown, determine

(a) Collector current, /.

(b) Collector resistance, R
(c) Base resistance, R,

@ v

CE

Assume =80 and V,,=0.7 V.

» o 12V

6V

Solution

(a) Collector current
I.= B1,=(80)(40 pA)=32mA

(b) Collector resistance

Given V.= 6V
VCE = VC=6V
V.-V 12V -6V
R = &% = =1.875kQ
¢ 1 3.2mA

c

(c) Base resistance

Ve Ve 12V - 07V

R, = I, 20 uA =282.5kQ
(d) VCE
V.. = Voltage from collector to emitter
=V.=6V.
Example 2.3

For the circuit shown, find
(@ 1, (®) V. () B (d) R,
Assume V. =0.7 V.
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72V

Solution
1,=20 pnA [E=4mA V=72V
VBE:0.7V RC:2.2 kQ

We are required to find /.and V...

(a) I+1, =1,
I. = I,—I,=4mA-0.02mA=3.98 mA

(b) VCC = IC RC + VCE

= 3.98MAX22kQ)+72V

= 15956 V
Let Vo = 16V

I, 398mA

© P =1 “o0ma ¥

V-V, 16V-07V
@ Ry = I,  002mA 765 kQ2

Example 2.4

(a) For the fixed-bias circuit, R, = 50 kQ, R.= 500 Q, V.= 10 V. Find the coordinates of the
operating point. Draw the dc load line and locate the operating point on the dc load line.
Assume silicon transistor with 8 =50 and V,, = 0.7 V.

(b) Find the new operating point if the transistor is replaced by a similar transistor with
B =100. Comment on the stability of the circuit.

Solution

@ ;- VCC—VBEZIOV—OJV
B R, 50 kW

,BIBI 50 x 0.186 mA = 9.3 mA

=0.186 mA

~
I
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Writing KVL equation for the the collector circuit,
VCC = IC RC+ VCE
= Ve 1R
I0V-(93mAx05kQ)=535V

CE

Therefore the operating point is at (V,, ) = (5.35V, 9.3 mA)
Let 0, = (535V,9.3mA)
The current axis intercept of the load line is

Ve 10V

- _20mA
R. 05kw M

and the voltage axis intercept is V.= 10 V. The load line is plotted by joining (0 V, 20 mA)
and (10 V, 0 mA) as shown below:

]C! mA
25T

20+~ (0V,20mA)

15
10 b2 0,(5.35V,9.3 mA)
i (10 V, 0 mA)
% — % x i Vep V
0 2 4 6 8 10 12

The QO-point is nearly at the center of the load line.

(b) Now, let us locate the new position of the operating point when a transistor with 8 = 100 is
used.
The base current is obviously not affected and remains at /, = 0.186 mA.

1. B 1,=100 x 0.186 mA =18.6 mA

and V. = Vee—I.R.=10V - (18.6 mA) (0.5kQ) = 0.7 V

CE

The Q-point now shifts to O, = (0.7 'V, 18.6 mA).
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[C, mA
25 7T

(0V, 20 mA)
0, 0.7V, 18.6 mA)

20 7

15 T

(10 V, 0 mA)
: % x Ve V
0 2 4 6 8 10 12

10 4 0 0,(535V,9.3 mA)

The O-point has moved into the saturation region. In general, fixed-bias circuits do not provide
stability against variation in f3.

€ 2.6 LOAD LINE ANALYSIS OF THE FIXED-BIAS CIRCUIT

We know that the load line is constructed on the output characteristics joining (0, V,../ R .) and

(V> 0). The effect of variation in /, on the Q-point is shown in Fig 2.7.
IC, mA
Vece I
Re | Bs
134
9 I, Ip,>1Ip > 1p,
O I,
0 I,
1,
~ 5By
y Vep, V
0 Vee E

Fig. 2.7 Effect of variation in base current on Q-point

If the value of /, is increased by decreasing the value of base resistance R, the O-point moves
up the load line gradually towards saturation.

Now, if V.. 1s kept constant and if collector resistance R . is increased, keeping base current /,
fixed, the O-point moves to the left into saturation as shown in Fig. 2.8.
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IC’I‘IlA

Vee |

RCl

Vee

R, 5 Rey> Rey > Re
1

Vee LV 05 &) Ig

: -

0 Vee

3

Ver V

Fig. 2.8 Effect of variation in collector resistance on Q-point

If we now keep R fixed while decreasing V., the O-point once again moves towards the left
into saturation as shown in Fig. 2.9.

Ic, mA

A
Vee, 4
Rc
Vee,
Re ]| Vee,> Veey, > Veey

1
VCC3 | Q3 Q2 Ql B
Re
Y AN AN - VgV
0 Vee, Vee, Vee,

Fig. 2.9 Effect of Variation in V¢cc on Q-point

€ 2.7 EMITTER-BIAS CIRCUIT

The addition of an emitter resistance improves the stability of the fixed-bias circuit. Such a
configuration known as an emitter-bias or self-bias circuit is shown in Fig. 2.10.




Fig. 2.10 Emitter-bias circuit

Let us proceed with the analysis of this circuit.

Base-emitter Circuit
The base-emitter dc circuit is shown in Fig. 2.11.

Rp

—_— [B VBE —

I

Fig. 2.11 Base-emitter dc circuit of emitter-bias circuit

Applying Kirchoff’s voltage law to the base-emitter circuit, we have

V :IBRB+VBE+[ERE

cc

[E = IC+[B
Using I, = I, we have

IE = ﬁIB+IB

I =B+,

Transistor Biasing
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(2.15)

(2.16)
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Substituting for /, in Equation (2.15),

VCC - IBRB+VBE+(IB+1)[BRE
Vccf VBE - ]B [RB+(ﬁ+ I)RE]
Vee - V,
or [ = — (2.17)

B R, +(B+DR,

Stability of the Q-point

Now, let us examine how this circuit stabilizes the operating point. Let us assume for reasons such
as increase in temperature, the collector current, /. increases. This results in an increase in the
emitter current, /,. From Equation (2.15)

VCC_ VBE = ]B RB_IE RE (2.18)

The left hand side of Equation (2.18) is a constant. An increase in /, increases /, R, and to

maintain constant (V.- V,,), the term 7, R, must decrease; R, being constant, /, reduces. This in
turn reduces /. (I, = 31,), there by stabilizing /..

With R, = 0, Equation (2.17) reduces to Equation (2.9) as expected. From Equation (2.17) it is
clear that the equivalent resistance at the base is

Ry, = R+ (B+ 1R, (2.19)

Be:

Thus, the resistance R, in the emitter circuit gets reflected as (8 + 1) R, in the base circuit.
Resistance R, provides a negative feedback to the circuit which minimizes drift in the operating
point in comparison with the fixed-bias circuit.

Collector-emitter Circuit
The collector-emitter dc circuit is shown in Fig. 2.12.

l

Rc Ie
- = Vee

Vee

Rg llE

Fig. 2.12 Collector-emitter dc circuit of emitter-bias circuit



Applying Kirchoff’s voltage law, we have,

VCC - [CRC T VCE +IER

E
Substituting 7, ~ 1 .,

Ve = VeemIe (Rc * RE)
Let us now get the nomenclature clear:

Let V. = Voltage from collector to ground

V., = Voltage from base to ground and

V. = Voltage from emitter to ground

V. = Voltage across R,

[T

oo

V.= Collector-emitter voltage + Voltage from emitter to ground

VC - VCE T VE
Substituting for (V. + I, R,) from Equation (2.20)
Vo = Vee— 1. R,

C

V, = Base-emitter voltage + voltage from emitter to ground

VB = VBE+VE

- VBE + IE RE

Substituting for (V,,. + 1, R,) from Equation (2.15)

VB = VCC B IB RB
Saturation Level
When the transistor is in saturation
VCE = VCE (sat) ~ 0 V
and 1. = Ic(m)

Substituting this condition in Equation (2.20) and taking /, = I . we have

Vo=

cC IC (sat)

VCC
IC sat
60 R.+R,

[R.*+R,]
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(2.20)

2.21)

(2.22)

(2.23)

(2.24)

(2.25)
(2.26)

(2.27)

(2.28)
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Example 2.5
For the emitter-bias circuit shown using silicon transistor with ¥, = 0.7 V and p =60, find,

(a) Base current and collector current
®) Ve
(c) Collector, emitter and base voltages to ground
(@ 7

BC
(e) Estimate /.and V', for = 110.

20V

Solution
(a) Base current and collector current

For dc analysis we can treat capacitors as open circuit

20V

470 kQ
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From Equation (2.17)

;- Vcc' I/BE _ 20vV- 07V
B R, +(B+DR, 470 kW + (61" 1kW)

I. =B 1,=60x3634uA=2.18 mA

=36.34 pA

(b) Ve,
From Equation (2.21)
VCE - VCC o IC (RC + RE)
=20V -2.18 mA [2 kQ + 1 kQ]
=13.46V
(c) Collector, emitter and base voltages to ground
From Equation (2.24)
Ve =V 1.R.=20V - (2.18 mA x2kQ) = 15.64 V
From Equation (2.23)
V,=V.-V,=15.64V-1346 V=218V
From Equation (2.25)
Ve, =Vt V,=0T7V+2I8V=283V
(d) Ve

V,. = Voltage from base to collector

= Voltage from base to ground — Voltage from collector to ground
=V,~-V.=288V-1564V=-1276 V
V., 1s negative as expected.
;o Vee = Ve 20V-07V
© 5 Ry+(B+DR, 470 kW +[110+1]1kW
I.=p1,=110x33.22 pA=3.65mA
VCE - VCC - IC (Rc + RE)

=20V -3.65mA[2kQ + 1 kQ]
=9.05V

=3322 pA

Let us now tabulate the quiescent currents and voltage for = 60 and = 110.

B IBQ ICQ VCEQ
60 36.34 pA 2.18 mA 1346V
110 33.22 pA 3.65 mA 9.05V
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Observe that the effect of the negative feedback through the inclusion of the emitter resistance
has been to reduce the base current inspite of f§ being nearly doubled. The operating point remains
very much in the active region. Compare this with the results obtained in Example 2.1(e).

Example 2.6
For the emitter-bias circuit shown using silicon transistor with ¥, = 0.7 V and = 100, find

(a) Quiescent values of base current, collector current and collector to emitter voltage.
(b) Voltage at collector, base and emitter with respect to ground.

20V
2.4 kQ
510 kQ
1.5 kQ
Solution
(@ I,,I.and V ,
] = Vee = Vir
5 R, +(1+p)R
B E
20V- 0.7V

= 510 KW+ (10115 kw) 2018 1A

I, = BI,=(100)(29.18 uA) =2.92 mA
VCE - Vccflc [RC+RE]

= 20V-(2.92mA) (24 kQ+1.5kQ)=8.61V
Vo= Vo= I.R.=20V—(2.92mA) (2.4 kQ) =13V
Ve=LR.=[I,+1.]R,

= [29.18 A +2.92 mA] [1.5kQ] =4.42V
V,= V,+V,=07V+442V=512V
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Example 2.7

For the circuit shown, using silicon transistor with V', = 0.7 V and § = 80 find

(a) All resistance values (b) V ,and V,

12V

7.6V

24V

Solution
Given V.=7.6V,V, =24V, [.=2mA
(a) Circuit resistances

o o Ve Ve 12V-76V

=22kQ
¢ I, 2 mA

Since, the emitter and the collector currents are approximately equal,

I, ~1.= 2 mA
v, 24V
R, = -5 =— =12kQ
I, 2mA
IC = ﬂ[B
I 2
I, = —=——=0025mA
B 80
Writing KVL equation to the base-emitter circuit,
Vee = LR, ¥V, +V,
LR, =V, -V, ,-V,=12V-07V-24V=89V
89V
R, = 89V _ =356 kQ

B 7. 0.025mA

B
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(b) V= Vo= V,=7.6V-24V=52V
and V,= Vy+V,=07V+24V=31V

Example 2.8

The circuit shown below uses silicon transistor with V,;=0.7 V. Calculate

(a) ﬁ (b) VcC (C) RB (d) VC (e) IC(sat)

Solution
(a) p
Given the voltage across the emitter resistance, we can obtain the emitter current as
I = Ye = 21V =3.09 mA
E R, 680W

The emitter current is approximately equal to collector current.

I, = 3.09mA
N 5 I.  3.09mA 154.5
ow = — =—"""=154.
I, 20 pA
(b) Vee
From the KVL equation for the collector emitter circuit, we have
VCC - ICRC T VCE T VE
= B.09MAx27kQ)+73V+21V=1774V
(©) R,

Writing the KVL equation for the base-emitter circuit

VCC = IBRB + VBE + VE
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R = VCC' VBE' VE
B IB
1774 V-07V-21V
= 0 A = 747 kQ
d) V.
V.=V, +V,=13V+21V=94V
(e) IC(sat)

Ve 17.74 V

;o _ 5248 mA
C (sat) RC +RE 2.7 kW+680 W

4 2.8 VOLTAGE DIVIDER BIAS OR UNIVERSAL BIAS CIRCUIT

In both the fixed-bias and the emitter-bias circuits, the quiescent values of /. and V', i.e., the
quiescent point is a function of dc current gain B of the transistor. We know that this current
gain f is sensitive to temperature and its value keeps varying. A biasing circuit independent or less
dependant on f such as the voltage-divider bias circuit is therefore desirable. A voltage divider
bias circuit is shown in Fig. 2.13.

Ry

1

Fig. 2.13 Voltage divider bias or universal bias circuit

The voltage divider bias circuit can be analysed in two methods. First one is the exact method
and the second one is the approximate method. Let us analyse the circuit using each of these
methods.
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Vee Vee

v -
Rz cc

Fig. 2.14 Base circuit of voltage divider bias circuit

2.8.1 Exact Analysis

The input side of the circuit of Fig. 2.13 is redrawn in Fig. 2.14 for the dc analysis.
The Thevenin equivalent of the circuit comprising of V.., R, and R, of Fig. 2.14 is drawn in

C 9
Fig. 2.15(a).
R, Ry
B B
W
VCC = R2 = VTh —
R N
= (a)
R, B
Ry
1N o
= Ry, L N
(b) ©)

Fig. 2.15 (a) Thevenin equivalent
(b) Determination of R,
(c) Determination of V.,



Transistor Biasing 153

The Thevenin equivalent of the circuit to the left of B and N in Fig. 2.14 can be written by
computing the Thevenin resistance and Thevenin voltage as seen between B and N.

To find the Thevenin resistance R ,, V.. is reduced to zero in the circuit of Fig. 2.15(a). The
resulting circuit is shown in Fig. 2.15(b).

From Fig. 2.15(b), Thevenin resistance is

Ry = R IR,
RR
R — 1 2
or m " R +R,

and from Fig. 2.15(c), Thevenin voltage is
R
Vv =V, —2%
mo T R +R,
The circuit of Fig. 2.14 is redrawn in Fig. 2.16 after substituting the Thevenin equivalent
between B and N.

I

Fig. 2.16 Base circuit with Thevenin equivalent

Applying Kirchhoff’s voltage law to the base-emitter circuit in Fig. 2.16, we get

V, =R, 1,+V, +IR, (2.29)
Now I.+1, =1, (2.30)
and I.=pB1,
Substituting in Equation (2.30)
Bly+1, = 1,
or I, = (B+1)1, (2.31)
Equation (2.29) now becomes
Vy = R, L,+V, +(B+1) R,
V=V = [R, +(B+ DRI,
I, = Ve (2.32)

B R, +(B+DR;
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The collector circuit of Fig. 2.13 is shown in Fig 2.17.

Fig. 2.17 Collector circuit of voltage divider bias

Applying KVL to the collector circuit of Fig. 2.17,

V

cc
Using 1.

Equation (2.33) thus become

Further from Fig. 2.17,

OJY WY Q‘ Q‘ Tﬁv fﬂw

12

IR AV TR,
1

E

Vcc - IC(RC + RE)

Voltage across R,

IE RE

Collector to ground voltage
VCE + VE

Base to ground voltage

VBE + VE

(2.33)
(2.34)

(2.35)

(2.36)

(2.37)

(2.38)

In this circuit also negative feedback is provided through the emitter resistance. As a result
I and V,, become almost independent of j. For this reason voltage divider bias is also called as

beta independent circuit.

Transistor Saturation
When the transisitor is in saturation
VCE
and 1,

ov

CE(sat)

IC (sat)



Transistor Biasing 155

Substuiting this condition in Equation (2.33) and taking /, = I ., we get

VCC - IC (sat)
VCC

low = R +R (2.39)

[R.+R,]

Note that Equation (2.39) is same as that obtained for emitter bias circuit in Equation (2.28).

2.8.2 Approximate Analysis

We know that, the resistance R, in the emitter circuit gets reflected as (1 + ) R, in the base circuit.
Therefore the circuit between base and ground of Fig. 2.14 can be replaced by an equivalent
resistance. R, = (1 + ) R, as shown in Fig. 2.18.

Fig. 2.18 Input circuit for approximate analysis

For the circuit of Fig. 2.18 using KCL we can write

I =1L+1I, (2.40)
R = (1+B)R, = BR,, since f>1
|4
I, = 2 and 12=£
i RZ
if R =pR, =10R, (2.41)

then 7, = 0.1 1, hence I, can be neglected in Equation (2.40). As a result we get
I, =1,

Applying KVL to the circuit of Fig. 2.18 we get
Ve = IR, + LR, =L [R +R,]

cC
Iz — VCC
R +R,
Now VB = Isz
or Vv, = Yecks (2.42)

5 R +R,
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Observe that expression for V), is identical to that of V,

But V,=V.+V,
. V.=V, ~V, (2.43)
The emitter current /, is given by
I, = L (2.44)
RE
and I. =1, (2.45)

From the KVL equation of collector - emitter circuit

V= Ve—I.R.—IR

CE

Using I, =1

C E

Vo, = Vee—I.[R+R,] (2.46)

CE

E

Example 2.9

(a) Find the quiescent base current, collector current and V. for the circuit shown using silicon
transistor with V, = 0.7 V and f = 80.

(b) Determine the values of collector, emitter and base voltages with respect to ground.

(c) Repeat (a) for f = 150.

(d) Draw the dc load line and locate the Q points corresponding to f = 80 and S = 150.

16 V

[

62 kQ

9.1 kQ

Solution
Let us draw the dc circuit with all voltages and currents marked.
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RR,  62kW’ 9.1kW

R, = =7.94 kQ
(@ ™ R 4R, 62 kW49.1kW
B R, 9.1 kW s
Vo = Ve Rar, 1OV sawrorw 2V
The base current can now be obtained from
;] = Ven = Ve
BO
Ry +(B+DR,
B 205V-0.7V 9142 yA
7.94 KW+(80+1)0.68 kW M
I, = BI,=80x21.42 pA=1.71 mA
VCEQ = Ve 1e (Rc + RE)
= 16 V-1.71 mA[3.9kQ +0.68 kQ]=8.17V
(b) Collector to ground voltage is
Vo=V~ I.R. = 16 V-(1.7TTmA*x3.9kQ)=933V
Emitter to ground voltage is
V.=I,R, ~ I.R =171 mAx0.68kQ=1.16V

and the base to ground voltage is

V=V, +V, = 07V+1.16V=186V
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(c) Now for B =150

I VTh i VBE
)
R, +(B+DR;
) 205V-07V___
= 794 KW+(150+1)0.68 kw 122K
Iy = Bl,,=150 % 122 yA= 183 mA

~
Il

Vcc - Ic (Rc + RE)
16 V-1.83 mA (3.9kQ+0.68kQ)=7.62V

CEQ

Let us now tabulate the quiescent currents and voltage for f = 80 and £ = 150.

B I I Z

BO o CEQ
80 |21.42 uA | 1.71 mA 8.17V
150 122 pA [ 1.83mA | 7.62V

Observe that even on nearly doubling current gain /8, I, reduces by almost half while /,
and Vero margn.lally'change indicating good stability of the operating p01pt: Com.pare.thls' with
the results obtained in Examples 2.1 and 2.6. In the case of the voltage divider bias circuit, the
base current drastically reduces to keep the increase in collector current, due to increase in /5 at a
minimum.

(d) DC load line

; - Ve 16 V
C (sa) R.+R, 3.9 kW+0.68 kW

=349 mA

Ic(mA)

3.49

VCE (VOltS)
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Example 2.10

For the voltage divider bias configuration shown below.

(a) Find /.and V., using exact analysis.

(b) Find /.and V., using approximate analysis.

(c) Find 7. ..

(d) Compare the results obtained (a) and (b) and comment.

Assume silicon transistor with f = 150.

T

Solution
(a) Exact Analysis

RR, _ (40kW)(4 kW)

R_ = = 3.63 kQ
T R +R, 40kW+4 kW
Vee R 2 4K
Vo o= _cc 2 M =182V
Th R +R, 40 kW+4 kW
] = VTh - VBE
P R, +(1+ PR,
1.82V- 0.7V
= = 4.86 A

3.63 kW+(151)(1.5 kW)
I. = B1,=(150) (4.86 uA)=0.729 mA
VCE = Vcc _[c [RC + RE]

= 20V-0.729 mA[10kQ+1.5kQ]=11.62V
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(b) Approximate Analysis

AR, = (150) (1.5 kQ) =225 kQ
10R, = (10) (4 kQ) =40 kQ
Note that R, >10 R,
Hence we can use approximate analysis
VCC RZ
V, = R+R, =182V (sameasV, )

V,=V,~-V,=18V-07V=112V

= L LBV ma
FTOR, 15kw oM

1. = [,=0.746 mA
Vg = Ve I.[R.+ R,]
= 20V-0.746 mA[10kQ+ 1.5kQ]=11.42V

Ve 20V
R.+R, 10 kW+1.5kW

(©) Lo = =1.74 mA

(d) The results of exact and approximate analysis are compared in the following table

Parameter Exact Approximate
analysis analysis
1. 0.729 mA 0.746 mA
o 11.62 V 1142V

Observe that there is only a slight difference in the values since the condition g R, = 10 R, is
satisfied.

Example 2.11

For the circuit shown in the figure below using silicon transistor with ¥, = 0.7 V. Find

(a) Collector current
(b) Emitter and base voltages with respect to ground

(c) Value of resistance R,.



Vi
Solution
(a) Vee = IR ATV,
Ve -V, 18V-12V
I, = = =1.27 mA
c R, 47 kW fm
(b) V,= LR, =~I.R =(127mA)(12kQ)=152V
V,=V,+V.=07V+152V=222V
() Vee = LR T LR,
KCL at node V, yields I = 1,+1,
Neglecting /,, we get I, = I,
Now from Equation (A) we have
v,
R +R = —%
12
But V, = IR,
;- Vv, 222V 0.39 mA
> R sekw ™
From Equation (B) we have
18 .
R +R, 039 mA =46.15kQ
R

Transistor Biasing

12V

= 46.15kQ2 R, =46.15 kQ — 5.6 kQ = 40.55 kQ

161

(A)

B)
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Example 2.12

For the voltage divider bias configuration shown below determine
(@) I.andV,

(b) V.and V.,

(c) Vyand R,

Assume silicon transistor with £ = 80.

10V

Solution
(@) I.and V,
I.= p1,=(80)(40pA)=32mA
I, = I,+1.=40 uA+3.2 mA=3.24mA
V,=I.R,=(324mA)(1kQ)=324V
(b) V.and V.,
Vie = I.R.+V,=(32mA)2kQ)+10V=164V
=V.-V,=10V-32V=6.76V
(c) Vyand R,
V,=V,+V,=07V+324V=394V
Ve = IR +V,
Ve - V,

Rl _ CCI B (A)

1
I =1, +1
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L = Q—3'94V—0394 A
>~ R T 10kw ™

2
40 nA + 0.394 mA = 0.434 mA

Now I, =
From Equation (A)
g - 164V-39V o0
! 0.434 mA ’
Example 2.13

For the voltage-divider configuration shown below, using the approximate analysis calculate

(@) V,
(b) I,and [,
(c) Vyand V.,

Assume silicon transistor with f = 110.

33 kQ

8.6 kQ

Solution

(110) (1.2 kQ) = 132 kQ
(10) (8.6 kQ) = 86 kQ

PR,
10 R,

Since B R,> 10 R,, we can use approximate analysis
(@) ¥,

y_y = YecR  20V)(8.6KW)
BT R+R, 33kW+8.6kW

=413V
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(b) I,and /.
Vy=V,+1.R =V, +[l+B]LR,

Yy Yy ABV-0TV
Iy = [+gR, ~ (111 (12 kw) 2> 7O HA

B1,=(110) (25.75 uA) = 2.83 mA

~
Il

(c) Vyand V.,

~
|

- IERE
I = IB+IC=25.75 UA +2.83 mA =2.85 mA

V, = (285mA) (12kQ)=3.42V
VCC = ICRC + VCE + VE

VCC_[CRC_ VE
20V—-(2.83mA)(3.9kQ)-3.42V =554V

€ 2.9 COLLECTOR FEEDBACK BIAS

The collector feedback bias circuit is realized by introducing feedback path from the collector
to base as shown in Fig. 2.19. The operating point of this circuit is less sensitive to variations in
temperature and f when compared to the fixed-bias and emitter-bias circuits.

Vee
ke 1(1C+13)
Rp I?z
VW I\ ° Vo

Fig. 2.19 Collector feedback bias circuit
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Expressions for I, and I
The dc circuit is shown in Fig. 2.20.

Vee
R
¢ luc +Ip)
Rp
P

7 +
B

+ VCE

VaE -

Fig. 2.20 DC circuit

Writing the Kirchhoft’s voltage law equation for the base-emitter circuit, we get

Vie = U ¥ L)R.F LR, +V, + 1R, (2.47)
Now I.+1, = 1. since [, <1,
and 1. =1,
". Equation (2.47) becomes
VCC = ICRC +IBRB + VBE +1CRE

Substituting /. = g1,
VCC = ﬁIBRC+[BRB+ VBE+ﬁIBRE
[B RB+ﬁ(RC +RE) IB + VBE
Vc 3 VBE
I, = 2.48
R, +B(R+R,) (249

On comparision with Equation (2.17), it is clear that in the collector feedback circuit besides
R, collector resistance R, . also gets reflected in the base circuit.
Collector current,

cc

le = B,
Vee =V,
g = P Vor) (2.49)

c R, +B(R.+R;)
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If p islarge, then B[R.+ R, ] > R,

R, *B[R.+R,] = B[R.+R,]
Now Equation (2.49) reduces to
1o~ e Vo (2.50)
R.+R,

Observe that the collector current becomes independent of  under these conditions and hence
is independent of variations in .

Expression for V.
Applying KVL to the collector-emitter circuit of Fig. 2.20 we get

Vie = R+ 1]+ V TR, (2.51)
As in the computation of base current,
I.+1, =1. and [ =1,
VCC = IC RC * VCE * IC RE

Vg = Vee=1.(R.+R,) (2.52)
which is the same as Equation (2.35) derived for the voltage-divider bias circuit.

Transistor Saturation

When the transistor is in saturation, V., @y =~ 0. From Equation (2.52), the collector current at
saturation is given by

— VCC
Ioy = RAR (2.53)
Observe that /. is same as that of emitter bias and voltage divider bias circuits given in

Equations (2.28) and (2 39) respectively.

Example 2.14

The following circuit values are given for the collector feedback bias circuit of Fig. 2.19.
Voe=12V R.=47kQ R,=220kQ R, =1KkQ. Assuming silicon transistor

(a) Find the operating point for the circuit shown using silicon transistor with £ = 90.
(b) Find the operating point for f = 150.

Solution
(a) When =90

Vee- Vg 12V-07V
I = = =15.42 pA
5 R, +B(R.+R,) 220 kW+90(4.7 kKW +1 kW)

I, = B1,=90x1542 uA =139 mA

C
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VCE = Vcc_]c (RC+RE)
= 12V-139mAx (4.7kQ+1kQ)=4.08V
(b) For =150
Vee = Vi 12V-07V

1= = =10.51 pA
5 R, +B(R.+R,) 220 kW+150(4.7 kW +1 kW) 051

I.= B1,=150x10.51 pA=1.58 mA
Ver = Ve 1e (Rc +Ry)
12V -1.58 mA (4.7 kQ +1 kQ) =3V
Let us now tabulate the results for f =90 and S = 150.

B I I v

BO (&) CEQ
90 [ 1542 pA | 1.39mA | 4.08V
150 | 10.51 pA [ I.58 mA | 3V

Observe that a large change in f causes a small shift in the operating point well within the
active region.

Example 2.15

For the circuit shown below, determine

(a) Iyand I, (b) Vand V, (c) V,and .

(sat)

Assume silicon transistor with 3 = 100.

30V

1.5 kQ



168 Analog Electronic Circuits

Solution
Let us write the dc circuit by open circuiting all capacitors.

30V

470 kQ

Ip

From the circuit

=
Il

470 kQ + 220 kQ = 690 kQ
(a) Iyand [,

N 7 30V-07V C0run
5 R, +P(R.+R,) 690 kW+100[62 kW+1.5kw] M

I = B1,=(100)(20.07 uA)=2.01 mA

C

(b) V,,and V,

~
Il

Vie=1.[R.+ R,] [ Neglecting 1, ]
30V-2.0l mA[6.2kQ+1.5kQ]=14.52V
Vo= Vi—1.R. =30V (2.0l mA) (6.2k2)=17.54V

CE

(c) V,and I,

" (sat)

~
I

IR, =~1I.R,=(2.01 mA)(1.5kQ)=3.02V
; w 30 V
Ce o RO#R, 62 kW+1.5kW

=3.89 mA
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Example 2.16

For the circuit shown determine the range of possible values for V. Assume silicon transistor
with £ = 200.

15V
5kQ
150 kQ R
Ve
1 MQ
39kQ
Solution:
Let R, = 150kQ+R
R varies between 0 and 1 MQ.
When R=0Q, R, = 150 kQ
V.-V, 15V-07V
1= o = =7.4 uA
B R, +BR.+R,) 150 kW+200(5 kW +3.9 kW)
IC = ,BIB =(200) (7.4 uA)=1.48 mA
Vc = Vcc_ [Ic + [B] Rc
= 15V-[148mA+74uA]5kQ=7.56V
When R=1MQ, R, = 150kQ+1MQ=1.15MQ
15V-07V
I = =4.88 LA

5 1.15 MW+200(5 kW +3.9 kW)
B 1,=(200) (4.88 wA) = 0.976 mA
V.= 15V-[0.976 mA +4.88 HA] 5kQ =10V

~
Il

V. changes from 7.56 V to 10 V when R is varied from 0 to 1 MQ.
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Example 2.17

For the circuit shown below determine
(a) V,and I,

(b) V.and I,

(c) I,V and j

20V

Solution
(a) V,and I,
VB = I/BE+ VE
V,=V,-V,=4V-07V=33V
Ve 33V

J = = ="
ERy 1kQ

=3.3mA
(b) V,and I,

V - (IC+IB)RC+ VC
Vo= V=1, R.=20V—-(3.3mA) (2.7kQ)=11.09V
Vo=V, 1109V -4V

=% oo - 1817mA
(¢) 1.,V . and B
IC = IE—IB=3.3 mA — 18.17 hA=3.28 mA

Vep = Vo=V, =11.09V-33V=779V
[, 328mA

B = 1 ~Ts17pa 1805
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Example 2.18
For the circuit shown below calculate
(a) 1 o and Vero
(b) V,and V,
(¢c) V.and V.
Assume silicon transistor with § = 150.

18V

3.9kQ
620 kQ

Solution
The given circuit is nothing but collector feedback circuit with R, =0 €.
(a) I, and Vero

Vee =V 18V-0.7V
ly= R, +B[R-+R,]  620kQ+(150)(3.9 kQ
1. = B1,=(150) (1435 uA) =2.15 mA

C

Ve = Vee= U+ LI R,

CE

— 18V —[2.15mA+ 14.35 uA] [3.9 kQ] =9.55 V

= 1435 uA
) w

(b) V, and V,
V,=I1LR =(1)0)=0V
V,=V,+tV.=V, =07V

(c) V.and V,.

V.=V, +V,=V,=955V

Vie = V,=V.=07V-955V=-885V

Example 2.19
For the circuit shown below calculate

(a) I,and I, (b) Band V',
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20V
4.7 kQ
620 kQ
A% 09V
Solution
Given V.= 9V
Since R, =0 Q
V.=0V
V.=V,=9V
and V,=V,=07V

(@) 1, and I,

Ve=Vs, 9V-07V

I, = X S0k - 1338uA
Ve =V  20V-9V
1. = R~ 47kO =2.34mA
(b) B and V,
L 2MmA
b= I, 1338uA "
V= V.=9V

Example 2.20

For the circuit shown below determine
(@) 1, and I,

(b) V, and V,

() V. and V,

Assume silicon transistor with 8 = 150.
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18V

Solution
(a) I, and I
Applying KVL to base-emitter circuit, we get

—1,(10kQ)—V, —I_(15kQ)+12V=0 (A)
I, = (1+B)I,=1511,

Using this relation in Equation (A) we have

12V-V,,

1,(10kQ) + 151 1, (15 kQ)

L Bv-ov.
5T l0kQ+(5)(skQ) 0

1. = B1,=(150) (4.96 pA) = 0.744 mA
(b) V, and V,
Vy—(-12V)
Iy = 15 kQ
> V., =1,(5kQ)-12V
I = I +1.=4.96 uA+0.744 mA = 0.748 mA
Now V, = (0.748 mA) (15kQ) - 12V =-0.78 V
V,=V,+V,=07V-078V=-008V



174 Analog Electronic Circuits
(c) V.and V_,

V.= V-1I.R.
18 V — (0.744 mA) (10 kQ) = 10.56 V
Vo, = V.= V,=1056 V—(~0.78 V)= 11.34 V

CE

Example 2.21
For the circuit shown below determine

(@) I,,1. and I,
(b) V, and V,
(c) V.and V.,

Assume silicon transistor with 8 = 100.

Solution
(@ 1,,1. and I,

B’ °C

Applying KVL to base emitter circuit we have
—1,(220kQ) -V, —1,(22kR2)+20V =0 (A)
I, = (1+B)1,=1011,
Solving for /, from Equation (A), we obtain

L 0V-07V o
5T 220kQ+(101)22kQ)  OTH

B 1,=(100) (43.64 UA) = 4.36 mA
I,+1.=43.64 UA + 436 mA=4.4mA

~ O~
Il Il
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(b) ¥V, and V,

- Ve—(-20V)
E22KkQ
= V.= 1,22kQ)-20V

(44 mA) (22kQ)-20V=-1032V
=V, +V,=07V-1032V=-9.62V

~
Il

Alternatively

~
Il

, = —1,(220k€2) =—(43.64 uA) (220kQ)=-9.6 V
(c) V.and V.,
Since the collector terminal is grounded
V.=0V
Ve = V.=V,=0V-(-1032V)=1032V

CE

Example 2.22

For the circuit shown determine

(@) I,,1. and I,

(b) V, and V,
(c) V.and V.,

Assume silicon transistor with 8 = 100.

10V

390 kQ
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Solution
(@) 1,, I.and I,

Applying KVL to base-emitter circuit, we have

10 V-1, (390 kQ) -

Using /,=(1+B)1, =1011,, we have

V,—1,(22kQ)+8V=0

1,[390 kQ + (101) 22 kQ)] = 17.3V

I, =
1. =
I, =
(b) V, and V,
I, =
= V, =
V, =
Alternatively
I, =
> Vv o=

(c) V.and V',
Since the collector terminal is grounded

%

C

V

CE

6122k

173V
=28.25 uA

B I,=(100) (28.25 uA) =2.82 mA
101 7, = (101) (28.25 wA) = 2.85 mA

V,—(-8V)
2.2kO
1,(22kQ)-8V
(2.85mA) (22kQ)-8V=-1.73V
V,+tV,=07V-173V=-103V

10V-V,
390 kQ
10 V -1, (390 k)

10 V- (28.25 pA) (390 kQ) = — 1.02 V

0oV
V.-V, =0V—(-173V)=173V

Example 2.23
For the circuit shown below determine

(@ I,,1.and I,

(b) V, and V,
(c) V.and V,,

Assume silicon transistor with = 60.
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v
: \| B
Vi) Iy
100 kQ M
- Vip=—10V

Solution

For dc analysis, all capacitors can be treated as open circuits.
(@ 1,,1. and I,

Applying KVL to base-emitter circuit, we have
—1,(100kQ) -V, +10V=0

, o loveorv o
5~ 100k M

I. = B1,=(60) (93 uA) =558 mA

I, = I, +1.=93 uA+5.58 mA =5.67 mA

(b) V,and V,

Since emitter terminal is connected to V.,

V,=V,=—10V

V, ="V, +tV,=07V-10V=-93V
Alternatively, V, = —1,(100 kQ)=—(93 uA) (100 kQ)=-93V
(c) Voand V.,
;- ovV-Vr,
¢ 1.2 kQ

Y
[

[.(12kQ)= (558 mA) (1.2 kQ) = 6.69 V
V.=V, =6.69V—(~10V)=16.69 V

CE

177
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Example 2.24
For the circuit shown below determine

(@ 1,,1. and I,
(b) V, and V,
(c) V. and V.,
@ Ve

Assume silicon transistor with a = 0.98.

C1 CZ
Y . Y
Vi i \&- / ks
1.5kQ 2.7kQ
5V 12V
T

Solution
In the given circuit, the transistor is in CB configuration.
o 0.98

= — = =49,
P a " 1o098

Let us rewrite the given circuit in the convenient form as shown below.

-5V
Ig
1.5 kQ T
VE — N VCE + i ) VC
Vee 3 Ves I
Iy T 2.7kQ

12V
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(@) 1,,1. and I,

B’>7C
Applying KVL to base-emitter circuit, we have

—V, [ (15kQ)+5V=0

o= 2YT0TV e a

£ 15k o0

L L _286mA
s 14 50 oM
I = BI,=(49) (572 uA) = 2.8 mA

(b) V, and V,
Since the base terminal is grounded

V,=0V
;- Ve—=(-5V)
E15kQ

V,=1,(15kQ)-5V
= 286 mA) (1.5kQ)-5V=-0.71V
It should be noted that, V, =V,
(©) V. and Ve

, 12V-V,
c27kQ
= V.= 12V-1.(27kQ)

= 12V-(2.8mA) 2.7kQ)=4.44V
V= V.~V =444V (=071 V)=5.15V
(d) VCB
Vy = V.=V, =444V -0V =444V

179

Example 2.25

For the circuit shown below calculate
(@ 1,,1. and I,

(b) ¥V, and V,

() V. and V,

(d) V., and 1. (ea)

(e) Draw the dc load line and indicate the Q point.

Assume silicon transistor with = 110.
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VCC =24V

T
3.3kQ
10 kQ % c,
el H Vo
vo)|

3.3kQ
2.2kQ

1_

Vip = —24V

Solution
First let us obtain the Thevenin equivalent of the voltage divider network.

Voo =24V 10 kQ
WWH- ° B
10 kQ
3.3kQ
Vee == 24V
B = e I Vn
Vee 24V
3.3kQ T
o ‘ o N
L
VEE =-24V
Fig. A Voltage divider network Fig. B Circuit to find V.,

Applying KVL to the circuit of Fig. B we have

24V -I[10kQ +33kQ]+24V=0
48V

1 = 13.3—kW:3'61 mA

also, vV, -1(3.3kQ)+24 V=0
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~
Il

133kQ)-24V
(3.61 mA) (3.3kQ)-24V=—12V

Th

Negative sign implies that, base terminal is negative with respect to ground.

10 kQ

MWW ° B

I 3.3kQ

o N

Fig. C Circuit to find R,

From the circuit of Fig. C.
R = 10kQ| 3.3kQ=2.48kQ

Th

The given circuit is redrawn in Fig. D with Thevenin equivalent inserted.

24V

3.3kQ

Fig. D
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(@) I,,1. and I,

B’ °C

Applying KVL to the base emitter circuit of Fig. D we have
~12V-1,(248kQ) -V, 1. (22kQ)+24V=0
Butl,=(1+p)1,=1111,.
Using this in Equation (A), we have

I,[248kQ+(111) 22kQ) =12V -V,
12V-07V

2.48 kQ+(111)(2.2 kQ)

I. = B1,=(110) (45.8 nA) =5.03 mA

I, = I, +1.=45.8 uA+5.03 mA=5.07 mA

-

=458 uA

(b) V, and V,

;oo Ven (-24V)
£ 2.2kQ
= V,=1,22kQ)-24V

= (5.07mA) (2.2k)-24V=-1284V
V,=V,+V,=07V-1284V=-12.14V
Alternatively, from the circuit of Fig. B
V,=V,=V,=—12V
(c) V.and V',

;o BV-K
¢ 33kQ
- V.= 24V-1.(33kQ)

= 24V - (5.03mA) (3.3kQ)=74V
V,= V.-V, =74V—[-1284V]=2024V

CE

(d) V., and [

C (sat)
Vg = V.—V,=74V-(-12.14V)=19.54V

CB

Applying KVL to collector circuit of Fig. D we have
24V —-1.33kQ)-V,,—1.(22kQ)+24V=0
When transistor is in saturation

=0V

VC E (sat)

(A)

(B)
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taking /, ~ I . we have

1 = 8V =8.72 mA
€ (san 33kQ+2.2kQ '
(e) DC load line
When transistor is at cut-off, /.~ 0
From Equation (B) we have
VCE (cut-off) - 48 V
Ic(mA)
IC (sat)
8.72
5.03 o
VCE (cut-off)
0 VCE (VO]tS)

20.24 48

Example 2.26

Determine R . and R, for a fixed bias configuration using the following data
Vee =12V 1,=25mA
Vo= 6V B =80

Solution

Calculation of R,
From the KVL equation of collector emitter circuit we have

VCC - ]C Rc + VCE
Vee = Veg 12V-6V

R T T Tasma A
Calculation of R,

Ve =V,

R _ CcC BE

B IB

[ = fe _Z3MmA 4 osiA

5° 880 <o
12V-07V

R = ————— =361.6kQ

5 3125 uA
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Example 2.27

Using the transistor output characteristics of Fig. (a), find the values of V., R, and R for the

fixed bias configuration of Fig. (b).

Vee
1, C (mA)

A

3¢
0 Igp=30 uA L
1 BO
o Ver (Vol
0 e ce (Volts)
(a) (b)
Solution

From the characteristics of Fig. (a) we get the following data

Vee=15V I,=1,=30pA I =8mA
|4

L. =<

(sat) RC

RC _ VCC

]C(sat)

_ BV o
B 8mA"'75

From the KVL equation of base-emitter circuit, we have

VCC - IB RB T VBE

R = Vcc — VBE
B

B

20V-07V
30 pA

643.33 kQ
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Example 2.28
For the circuit shown below determine the values of R and R...

Solution
Given
l,=1.=25mA V., =V, =10V
Calculation of R,
VB = VBE + VE
V.= 1R =I.R =(25mA)(1kQ)=25V
V,=07V+25V=32V
VCC RZ
But Ve, ="V,= R+R,
20 V)(22 kQ
32V = —( )( )
R +22kQ
R +22kQ = 137.5kQ
R = 115.5kQ
Calculation of R,
Ve =V,
[C _ cc C
RC
-V
- R = Vee Ve (A)
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Vo= V,+V,=10V+25V=125V
Now from Equation (A)
20V-125V

c 2.5 mA ke2

Example 2.29

For the emitter bias circuit shown below find the values of R, R, and R, using the following
specifications.

— ——o30V
1. ) 10 mA
1
. R
ICQ 2 IC (sat) RB ¢
V.=20V

Assume silicon transistor with § = 100.

Rg
Solution -
Calculation of R,
1
ICQ = [C = EIC (sat) = 5 mA
Ve =V, 30V-20V
R = —F = =2kQ
¢ 1. 5 mA
Calculation of R,
] — VCC
C (sat) RC +RE
Vee 30V
R.+R, = ——= =3 kQ
Ic(sat) 10 mA
R, = 3kQ-R.= 1kQ
Calculation of R,
Ve =V,
I _ cc BE A
B Ry+(1+P)R, )
I. S5mA
I, = — =—"—"=50uA

5~ B 100
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Using this value in Equation (A) we have,

oun . 0V-07V
WA T R+ (101)(1kQ)
R, +101kQ = 586 kQ
R. = 586kQ— 101 kQ = 485 kQ

B

Example 2.30

Design an emitter stabilized network shown using the following data

1
I,= =1

co 2 € (san
VCEQ = %VCC RB
V=120V
Ip = 10mA
B =120
R.= 4R,

Solution
1 1
Io = Iy = S le = 5 (10mA) =5 mA
L AR
Y T
I I
Vero = Ver =5 Vo= 3 Q0V) =10V

Calculation of R_and R,
From the KVL equation of collector-emitter circuit we have

VCC = [C RC + VCE + [E RE
Given R, =4 R, and taking /.~ [, we have
V. = I.[5R,]

c VCE
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Voe=Vez 20V=10V

Calculation of R,

R = TS T Tsmay 009
R.= 4R,=1.6kQ
I = VCC_VBE
5 Ry+(1+pB)R;
Megun o 20V-07V
POHA T R, 12104 kQ)
R+ A84KQ = oo 46327k
5o ©4l66pA T

R, = 463.27 kQ —48.4 kQ =414.87 kQ

B

4 2.10 DESIGN RULE

To design the values of biasing circuit elements R , R, and R, the following thumb rules are
normally used.

In emitter stabilized and voltage divider configurations the emitter to ground voltage V,
is taken equal to one-tenth of the dc supply voltage V..

. 1
ie., V, = 10 Vee (2.54)
R, is calculated using the relation
v, v
R .= — =+ 2.55
T T ST (2.55)

This rule ensures that, R, will neither be too large nor be too small. Too large value of R,
reduces the swing of ¥, (i.e., output voltage swing) and too small value of R, degrades
the stability of Q point.

In voltage divider configuration, the resistors R, and R, are calculated assuming that the
current through R, and R, is at least 10 times greater than the base current. This leads to
the condition

2

1
R, < 15 BR, (2.56)

R, is calculated from the relation

VCC R2
VB = VTh: R] +R2

(2.57)

Design of biasing networks is considered in the following examples.
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Example 2.31
Design the values of R, R, and R for the emitter-stabilized bias circuit shown below. Assume

silicon transistor with 8 = 140.

22V
Rc
Rp
+
10V
Solution
Given
ICQ =1, =2mA
VCEQ= V=10V B =140

There are three unknowns, R,, R, and R .. But we have only the following two equations.

VCC — VBE

[ = e A

B R, +(1+p)R, (A)

VCC - ICRC+ VCE+ IERE (B)
V

To start with the design, we assume V. Typically V, is taken equal to one-tenth of V...

Vee _ 22V _
v, = 0 = 10 =22V
VE = IEREz[CRE

V. 22V
R = £ ="—=11kQ
£ I. 2mA

2 mA

I = ]—C=—=14.28uA
B B 140
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From Equation (A)
1426 uA = 22V-0.7V
R, +(141)(1.1 kQ)
R, +155.1kQ = 1493.68 kQ
R, = 133 MQ
From Equation (B)
R - Vee —II/ZE -V, _ 22V ;Om\; 22V _49KO
Example 2.32

Determine the values of R ., R,, R and R, for the current-gain stabilized (Beta-independent)
circuit with /.= 10 mA, V., =12V and V.= 24 V. Assume silicon transistor with 8 __ = 100.

(min)
Solution
Current-gain stabilized (Beta-independent) circuit is nothing but voltage divider bias circuit.
Given
I, =1.=10mA V_ =V, =12V ﬁ(min)=/3’=100

co CEQ
Calculation of R,

v
Let Vv, = ﬁ
24V
V, = 10 =24V
R, = Ve Ve 24V =240 Q
£ I, I, 10mA
Calculation of R,
J = Vcc _Vc
c R,
VCC VC
=> RC = I
Vo= V,tV,=12V+24V=14.4V
R - AV-l44V oo
¢ 10 mA
Calculation R and R,
VCC R2
s T R+R, (A)

V,=V,+V,=07V+24V=31V
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In Equation (A), we have two unknowns R, and R,.
Let us assume that the current through R, and R, is 10 times more than /. This implies that

r < PR
2 10
2 < (100)(240 Q)
2 10
R, = 2.4kQ
Let R, = 2.4kQ
From Equation (A)
24 V)(2.4 kQ
3.1V = ( X )
R +2.4kQ
R +24kQ = 18.58 kQ
R = 16.18 kQ

1

€ 2.11 CIRCUITS WITH PNP TRANSISTORS

So for we have analysed biasing configurations using npn transistors. Now let us consider the
circuits with pnp transistor.

2.11.1 Emitter-stabilized Configuration using pnp Transistor
Figure 2.21 shows emitter-stabilized configuration with pnp transistor.

-Vee

Fig. 2.21 Emitter-stabilized configuration using pnp fransistor
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It is necessary to make the following observations regarding the current directions and voltage
polarities employed for pnp transistor in contrast with those of npn transistor.

e  Thedirections of /., I .and I, in pnp transistor are exactly opposite to that of npn transistor.
Since the correct directions of currents are taken in Fig. 2.21, numerical values of these
currents will be positive.

e  Thepolaritiesof V., V,,, V.., V, etc are retained as in the case of npn transistor. Since the
actual polarities are the other way, numerical values of these voltages will be negative.

e  pnp transistor requires negative dc supply — V. in the collector circuit.

Circuit Analysis
Applying KVL to base-emitter circuit, we have

_IERE+ VBE_[BRB+ VCC:O
Using /,= (1 +f3) I,, we obtain

VCC + VBE
Iy = R, +(1+B)R, (2.58)
It should be note that, V.. is positive and V,, is — 0.7 V for pnp silicon transistor. This results
in positive value for /.
Applying KVL to collector, emitter circuit we have

_IERE+ VCE_ICRC+ VCC:O

V== Vee TI.R.FI.R, (2.59)
Since the direction of 7, is reversed but the polarity of ¥, is retained
V.= -I.R, (2.60)
As in case of npn transistor
V,=V,+V, (2.61)
=V, TV, (2.62)
and Vg = Vo=V, (2.63)

Example 2.33
For the emitter-stabilized bias configuration shown below determine

(@) 1,,1. and I,
(b) V, and V,

() V, and V,
(d) V., and [

C (sat)

Assume silicon transistor with § = 75.
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-16 V

Solution

The circuit uses pnp silicon transistor

. v, =-07V
also Ve =-16V = V. =16V

(@) I,,1. and I,

I = Vee Vg

R, +(1+B)R,
16 V-0.7V
T w0k (re)(ika)  SOHA
I = BI,=(75)(28.02 pA)=2.1 mA

I, = 1.+1,=21mA+28.02uA=2.12mA
(b) V, and V,

V,=-I.R,=-(212mA)(1kQ)=-2.12V
V=V, ,+V,=-07V-212V=-282V
)V, and V,

Vi = Vet I R.+1R,
= - 16 V+ (2.1 mA) (2kQ)+ (2.12 mA) (1 kQ)

= ~9.68V
V.= V,+V,=-968V-212V=—118V
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(d) V., and [

C (sat)

y

CB

Vee 16 V
I = =
€0 R.+R,  2kQ+1kQ

=533 mA

V.—V,=—118V—(-2.82V)=—898V

Example 2.34
For the voltage divider configuration shown below calculate
(@ I,, 1., and I,

B’ Cﬁ
(b) V, and V,
(c) V., and V,

(d) V., and [

C (sat)

Assume silicon transistor with g = 110.

20V

50 kQ

10 kQ

Solution
Ve =-20V > V =20V
. = — 0.7V  (pnp Si transistor)
(@ 1,,1.,and I,
Vo, +V,
= Th BE

5 R, +(1+B)R,

Ve R (20 V)(10 k)
™ R+R, 50kQ+10kQ
R, = R/ R,=50kQ| 10kQ=28.33kQ

Th

=333V

(A)
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L 3BV-0IV
5T 833kQ+(111)(1.2kQ) ~ °°H
= B1,=(110) (18.58 pA) = 2.04 mA

I, = I.+1,=2.05mA

(b) V,and V,
V,=-I,R,=—(2.05mA) (1.2kQ)=-2.46V
Ve =V tV,==07V-246V=-3.16V
(c) Vand V,
Vg = Ve T IR TR,
= —20V+(2.04 mA) (2.7kQ) + (2.05 mA) (1.2 kQ)
= —-12.03V
V.=V, ,+V,=-1203V-246V=-1449V
(d) VCB and [C (sat)
Vg = V.—V,==1449V - (-3.16 V) =-11.33 V
s Vee _ 20V
¢ (sa0 R.+R, 27kQ+12kQ

=5.13 mA

€ 2.12 TRANSISTOR SWITCHING NETWORKS

When biased in the middle of active region, transistor works as a faith full amplifier. So far we
have studied biasing configurations which biases the transistor in the active region. When operated
between cut-off and saturation, transistor works as a switch or an inverter. Such a switching circuit
is useful in computers and control applications

Fig. 2.22(a) shows the transistor switch and the output characteristics of the transistor is shown
in Fig. 2.22(b).

Vee
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Io(mA)

]C(sat) R 136 = Ip max
- Ip

VCEsa[ =0V [CEO = 0 mA
(b)
Fig. 2.22 (a) Transistor switch (b) Output characteristics

Applying KVL to the base-emitter circuit, we have

Vi - IBRB+VBE
V,-V,
IB _ 1R BE
B

For the collector, emitter circuit

4 - ICRC * VCE

cc
Ic _ Vcc - VCE
RC
The output voltage is
VC = VCE

Now let us consider the following cases.

Case (i) : When V.=V

Vee (V)

(2.64)

(2.65)

(2.66)

This high input voltage will turn on the transistor. Let us assume that, R, is properly selected so
as to produce heavy base current which drives the transistor in to saturation.

In saturation, Vep = Vg (sat)
and 1. .=1

C C (sat)

For silicon transistor V. . is typically 0.1 V- 0.3 V.

CE (sat
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From Equation (2.65), the collector current at saturation is given by

Vee = VCE(sat)
To = — &R (2.67)

and from Equation (2.66), the output voltage is

VC - VCE (sat) (268)
From Equation (2.64), the base current is
V=V
I = 2.69)
T TR (

Just before saturation, the transistor is in the active region. The base current in the active
region just before saturation is approximately given by

1

C(sat)
B(max) ﬁd
C

Some times 3, is also denoted by 4, .
To ensure saturation, the level of /, given by Equation (2.69) must be greater than 7, _ given
in Equation (2.70).

(2.70)

I
ie., [ > - 2.71)
ﬁdc
Typically 7, is taken equal to 120—-150% of 7,  ~to ensure saturation.
The resistance between collector and emitter terminals, at saturation is
VCE(sat)
(sat) = I (272)
C(sat)
Under ideal conditions, VCE(SM) =0V
From Equation (2.67),
VCC
Loy = R, (2.73)
From Equation (2.66),
V.=0V (2.74)
and from Equation (2.72)
R =0Q (2.75)

(sat)

Note that, when transistor operates in saturation, there exists a short circuit between collector
and emitter terminals.
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Figure 2.23 shows the representation of saturated transistor.

ol

I(san

+ C
N Rign=0Q
VCE(sat) = /) ‘. (sat) 0

Fig. 2.23 Representation of saturated transistor

Case (ii) : When V. =0

When V=0, 1,=0, only leakage current / ., flows from collector to emitter and the transistor is
driven into cut-off.

I.= 1, (2.76)

I, 1s in the order of few microamperes.

From Equation (2.65), the output voltage is
V.=V = Vee— 1o R 2.77)

CE(cut-off) CEO = C

The resistance between collector and emitter terminals, at cut-off is

Veg (cut-off)

Rewar = 77 (2.78)
Under ideal conditions, /., = 0.
Now from Equation (2.77),
VC - VCE(cut»oﬁ) = VCC (279)
and from Equation (2.78),
VCC
Riom = o0 oo QQ (2.80)

Observe that, there exists an open circuit between collector and emitter terminals when the
transistor operates in the cut-off region.

The representation of transistor when operates in the cut-off region is shown in Fig. 2.24.
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cll

Icko
+ c

, o
Vek(eutotf) = s eutoff) = o0 Q

_ :

Fig. 2.24 Representation of fransistor when operating at cut-off

Summary

A high input voltage drives the transistor into saturation. When in saturation, the transistor
— Vee
Conducts heavy collector current, / =
sat) RC

A low input voltage (0 V) drives the transistor into cut-off. When at cut-off the transistor

Has low voltage between collector and emitter terminals

V.=1T =0V

C CE(sat)

Has zero resistance (short circuit) from collector to emitter
Acts as a closed switch

Does not conduct, /.= 1, = 0

has high voltage between collector and emitter terminals
Ve=V,e=V,

E C

has infinite resistance (open circuit) from collector to emitter
acts as an opened switch

199

Observe that a high input voltage results in low output voltage and vice-versa. Hence the
transistor switch is nothing but an inverter.

Example 2.35

Figure given below shows the transistor switch

(a) Check whether the circuit works properly
(b) Determine the output voltage levels at cut-off and saturation

(c) Calculate R and R

(cut-off)

Take V, = 0.7V Vepg = 015V

CE(sat)

I,,=10pA B, =h, =125
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5V
0.82 kQ
Vi
Ve
68 kQ
5Vi--- v,
ov
t
Solution
Vee = Vg 5V-0.15V
(a) Loy = CCR—CE(“) = T 0k 591 mA
. .
I 5.9 mA
(sat) .
1 = = =472 uA
B(max) ﬁdc 125 M
When V= 5V, the actual base current is
B V=V B 5V-0.7V 3
I, = R = T 63 KkO = 63.23mA

B
Observe that, /,> 1, . Hence the circuit works properly.

(b) When V=5V

Ve = Vg™ 0.15V
When V=0V
VC = VCE(cut»off) = VCC —1 CEO RC
= 5V-(10uA) (0.82kQ)=5V
- Very 015V
(c) Ry = T = SomA ~ 23420 (ow)
VCE(cul—off) .
Ry = I =10 A =500 kQ (very high)
Example 2.36

For the transistor inverter shown below, determine the values of R, and R,.. Take /. = 12 mA
and &, = 200.
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12V
Re
Vi Ve Ve
Rp
Vi
12V¢-- 12V
0V 0 V_| r
t t
Solution
Calculation of R,
It Vee = VCE(sat)
C(sat) Rc
From the output waveform, V', -0V
v, 12V
R, = ——= =1kQ
¢ L) 12 mA
Calculation of R,
B L) ~2mA
IB(max) - ﬂdc - 200 - 60 MA
Let I, = 150 % of [ - [ To ensure saturation ]
= (1.5) (60 pnA) =90 pA
V.-V,
R _ i BE
B IB
12V-07V
90 uA
= 125.55kQ

Example 2.37

Design the transistor inverter shown below with a saturation current of 10 mA. Take /, equal to
120 % of / For the transistor used 8, =100 and V,, = 0.7 V.

B(max) *
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6V
v, fe Ve
Vo
R
o Vi B . J_L
oV , 02V
Solution
Calculation of R,.
_ VCC - VCE(sat)
IC(Sat) B RC
From the output voltage waveform, V, =02V
o Vee Vepey  6V-02V 500

¢ Ty 10 mA

Calculation of R,
;o e _t0mA
B(max) ﬁdc o100 u
Given I, = 120%of I,
= (1.2) (100 nA) = 120 pA
R ViV 6V-07V 441610
5 I,  120pA

Example 2.38
For the transistor switch shown below

VBE =0.7 \], V. = 03\/9 ICEO =5 MA and hFE =125

CE (sat)

(a) Calculate /. and

(sat) B (max)
(b) Find 7, and check whether the transistor goes to saturation when V=8 V

(¢) Determine R(sal) and R(Cm_off)

(d) Sketch the output voltage waveform.
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8V
960
Vi
Ve
95 kQ
8V--- v,
ov
t
Solution
(a) IC (sat) and IB (max)
VCC - VCE(sal) 8 V - 03 V
Ic(m) = R—C =7 9600 =8.02 mA
;o Tey — 8.02 mA 16 LA
B (max) ﬁdc 125 : u
(b) I, when V=8V
o= Bl BVOTV eciua
5T R, 95 kQ Sl
Since [, > 1, (mas)? the transistor definitely goes to saturation when ¥, =8 V.
(C) R(sat) and R(cut-off)
VCE(sat) 03V
0 T,  S02mA 374 Q
R VCE(cut-off) _ 8 V _ 1 6 MQ
(cutoffy ICEO 5 UA B

(d) Output Voltage
The output voltage switches between V., -and V. as shown below.

Ve

. ﬂ
0.3V

203
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€ 2.13 TRANSISTOR SWITCHING TIMES

Transistors which are designed to operate at high speed between cut-off and saturation are called
switching transistors. Figure 2.25 shows the timing characteristics of switching transistor.

Transistor “on” Transistor “off”

Ic

Ic(saty) - - - ‘
e

Fig. 2.25 Transistor switching times

At ¢ = 0 the transistor switch is turned on by applying a high voltage at the input. The collector
current does not rise immediately to 7. . Instead it takes a finite turn on time 7 to reach the
steady state value of /.

(sat)”
(sat)”

(o=t (2.81)

t,= delay time

¢ = rise time
Delay time is the time taken by the collector current to rise from zero to 10% of /.. .
Rise time is the time taken by the collector current to rise from 10% to 90% of 7. .

Att = ¢, the switch is turned off by reducing the input voltage to zero. The transistor does not
turn-off immediately. Instead, it takes a finite time ¢_; to turn-off.
g = 1,11, (2.82)

off
t = storage time
1= fall time

Due to stored charges in the base, the collector current remains at /. over the interval 7 and
later it starts decreasing towards zero.

The time taken by the collector current to decrease from 90% to 10% of /,  during turn-off
is called the fall time.
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Switching transistors are designed with small values of z and 7 . in order to operate at higher
speeds.

For general purpose transistor 2N4123 the following switching times are available on data
sheet at /.= 10 mA.

i = 120 ns
t, = 25 ns
t = 13 ns
tf = 12ns

t =t +t,= 13ns+25ns=38ns
toff=tx+tf = 120ns+ 12ns=132 ns

where as for the switching transistor BSV52L the data sheet provides:
t =12ns and ¢ =18ns

Note that switching transistors have very small values of z _and ¢ ..

€ 2.14 BIAS STABILISATION

The collector current in a transistor is sensitive to each of the following parameters

* [ doubles for every 10 °C rise in temperature.

* V. decreases about 2.5 mV per degree celcius increase in temperature

* [ increases with increase in temperature

The three stability factors S(/,,), S(B) and S(V,,) which have been already defined Section
2.4, indicates how /. changes when / , 8 and ¥, changes with temperature. Biasing networks

should be designed with low stability factors inorder to obtain higher degree of stability of the
operating point. Now let us study the bias stability of various bias configurations.

¢ 2.15 GENERAL EXPRESSION FOR STABILITY FACTOR S(/_,)

The expression for collector current in terms of # and /_, is given by

I.= (+p) I, +B1, (2.83)

The stability factors S(/.,) is defined as

oI,
SUeo) = 5 I (2.84)

B, Vg constant
Differentiating Equation (2.83) partially with respect to /., treating § constant, we get

o,

ol
L= (g S +B 5

oI,
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ol ol
1+ co _ 1— B
46 5 P
ol - 1+
S(I.,) = = 2.85
( CO) aIco l—ﬂ% ( )
al,.

Stability factor (/) against variation in /., for any configuration can be found by computing
ol,
ol

Recall that, lower the stability factors, the lower is the variation of / . with respect to /., # and
V.- An observation of Equation (2.85) shows that for S(/ ) to be small

ol
1-8=2 >1+
ﬁal B

0 ol
or 4 <x-1 = |-
oI

> 1

This implies that the variation of 8TB must be negative as well as substantial.
C

An increase in collector current due to any reason should result in a decrease in the base
current.

€ 2.16 STABILITY FACTORS FOR FIXED-BIAS CIRCUIT

The three stability factors to be determined are S(/,), S(V,,) and S(f). Other nomenclatures for
these stability factors are shown in Table 2.3.

Table 2.3 Other nomenclatures for stability factors

Stability factors
S(1.,) S(Vye) S(p)
S S’ S”
SICO SVBE S’S
Stability Factor S(1,)

s1y= e (2.86)

co’ — 5]00 '
From Equation (2.9)
Vee =V,

I _ ccC BE
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But VCC > VB .

Vcc c 1.
I, =~ — which is constant
B

The analysis of the fixed-bias circuit can be found in Section 2.5.
Differentiating with respect to /.,

Ay _
ol.
Substituting in Equation (2.85)

SUy,) = 1+ (2.87)

S(1,,,) is very large because f3 is usually very large, say, typically that 8 = 100 for a transistor.

Al .
Equation (2.87) implies that S(/,,,) = 101. This means that € =101 or AI.=101 Al,,. This

co
implies that / . changes by nearly hundred times the change in / ,,, indicating very poor stability of

the operating point. This basically happens because in this configuration /, is independent of /..

Stability Factor S(V )
ol
S(V,,) = =5 (2.88)
OV
From Equation (2.9)
Ve = LR, +V,, (2.89)
e = Ve LR, (2.90)
I
But I, = =<
B
Substituting in Equation (2.90)
V., =V - Le R (2.91)
BE cc 18 B .

Differentiating with respect to 7, _, keeping 8 constant, we get

R, oI,

B

1 =0--%
ﬁ aI/BE

(2.92)

From Equation (2.88) and Equation (2.92)

S(Vyp) = — Rﬁ (2.93)

B
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The negative sign implies that if V/,, decreases, due to, say an increase in temperature, /., will

B :
the ratio —— needs to be kept low either
B

increase. In order to minimize variation of /. with V,,

by the choice of a large R, or by using transistor with small 3.

Stability Factor S(B)
ol
Sp) = =
B) B
Since the variation of 7, with 8 cannot be obtained in analytical form, S(f) is computed as
S _ A 2.94
B = 35 (2.94)
From Equation (2.91)
B
1. = R_B [Vee= V] (2.95)
Let/. =1 and B=p  at temperature 7} and
I.=1, and p= ﬁ2 at temperature 7,
B
I = R—l (Vo= V) (2.96)
B
1. = & V.-V 2.97
C2_RB(CC_ BE) (2.97)
Dividing Equation (2.97) by Equation (2.96)
I B,
L 2 2.98
I, B, ( )
Subtracting 1 on both sides,
e [ _ B
I, B,
]cz _Icl _ ﬁz _ﬁl
IC] ﬁl
Ale _ AP
Icl ﬁl
Al I
SB) = —% =7" 2.99
®=- 353 (2.99)

From Equation (2.99) it is clear that to keep S() low, the 8 of the transistor must be large.
This is in contrast to S(/,,) and S( ¥, ) which require small values of 8 to remain low.
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€ 2.17 STABILITY FACTORS FOR EMITTER-BIAS CIRCUIT

Let us now obtain expression S(1,,), S(V,,) and S(f) for the emitter-bias circuit.

Stability Factor S(1_,))
Refer Fig 2.11
From Equation (2.85), we have

S(1,,) = b (2.100)

A
ol
From Equation (2.15)
V = IBRB + VBE + IERE
But 1 I, +1.

Voo = LR, +V, + IR, +I.R, (2.101)

cc

Differentiating Equation (2.101) with respect to /. keeping V,, constant, we get

0= %R +%R +R—a]—BR +R)+R
ol. ® o. * * 8IC( PR TR,
ol, R,
- = - 2.102
ol. R, +R, ( )
Substituting Equation (2.102) in Equation (2.100)
1+ 1+
S(1.,) = Tz = 2
R, + R, R, +R;
_ (B+1)(R: +Ry) _ (B+1D(R; +R,)
R, +R, + BR, (B+1)R, +R,
(ﬁ+1)[1+§BJ
S(I.,) = —R; (2.103)
B+)+-=
RE
Design Considerations
Ry
If R, < (1+p)

or (1+B)R, > R,
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From Equation (2.103), we get
R
1+8)1+-2

S(L.) =~ 1+
(leo) 18

R
or S(,,) = 1+—=

E

R
The smallest achievable value of S(/,) is therefore 1 under the condition R_B < 1.
E

Variation of S(1,.,,) of emitter bias circuit with R
R E
For =+ < 1,8(1 o) = 1 as shown in the previous section.

E

R
For R_B > (1+ ), from Equation (2.103) we have

E
(1+ﬁ)[1+§3}

S(1,) = R—E =(1+p4)

Np

RE
R R R
For 1 < £ < (1+ S(I.) = 1+ 28 28
or R (1+p4) (L) R, "R,

E

R
Figure 2.26 shows the variation of (/) with R_B .

E

SUco)
Stability factor
B+1
R
S=841(for =£ > p+1
p (ror 12> 1)
\ ;
SER_B(for1<—B<ﬁ+l)
RE RE
)
| Rp

| !
\1 B+1 R

Szl(forR—B<1)
Rg

R
Fig. 2.26 Variation of S(I,,) with R—B
E
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(ii) Stability Factor S(V ;)

By definition
.
S(V,) = —ﬂVBE
From Equation (2.101)
VCC = IBRB+ VBE + [BRE + ]CRE
Substuiting 7, %C
1 1
Ve = —R,+V, +—< R +IR
ﬁ B BE ﬂ E CE
'R, R
= —B+—E+RE} I.+V,
BB
'R, +R, + R,
- T I+ Vi
"R, +(1+B)R,
Vee = |7 |l Ve (2.104)

Differentiating Equation (2.104) with respect to /., keeping 8 constant, we get
R, +(1+B)R, i

B ol
ol, y
S(V,,) = v, = RB+(1+ﬁ)RE (2.105)
Design Considerations
If (1+B)R, >R,
From Equation (2.105) we have
- B
) = W)z,
Forlarge 8, (1+8) = f
-1
S(Vy,) = R_

E
Note that S(V,,) can be made small by increasing the value of R,.

(iii) Stability Factor S(B)
By definition
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But to find S(f) we use
Al

C

SB) = 55

From Equation (2.104)

R, +(1+ )R,
VCC - |: ﬂ IC+ VBE
Vee =V,
I — CcC BE ﬁ

c Ry, +(1+p)R,

Let/.=1I. and B =B, at temperature T, and /=1 ¢, and B= ,82 at temperature 7.

Substituting in Equation (2.106) we obtain
[ = VCC - VBE ﬁ
A Ry+(+B)R; !
;] = Vcc — VBE
& Ry+(1+8,)R;
Dividing Equation (2.108) by Equation (2.107)

I _ Ry+(Bi+DR; B,

B,

Icl RB+(ﬂ2+1)RE ﬁl
R
1+6,+-2
[Cz 1 RE &

I R
G 1+,62+R—B By

E

Subtracting 1 from both sides of Equation (2.109)

] 1+ﬁ1+&
%) -1 = —RE&_I
Icl 1+132+& ﬂl
RE
R R
1+8,+- 2|8, -|1+6,+-2
- [ oot |o,-(1m, 52
1 R
c] b1, )
R R
AIC - ﬂz"'ﬁlﬁz"'iﬂz_ﬁl_ﬂ]ﬁz_iﬁl
7 =

G &
o)

(2.106)

(2.107)

(2.108)

(2.109)
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(BB g (00 (ﬂz—ﬁl)[nﬁjj

Al
I, R - R
‘ /31(1+ﬂ2+sz ﬁ1[1+ﬁ2+R§j
N I [HII:BJ
S(B) = AE = ER (2.110)
[
RE
Design Considerations
(1+p,) =B,

From Equation (2.110) we have

1. 1+& 1. 1+&
1 RE 1 RE

S(B) = ~
ﬁl[ﬁﬁ’ﬂ ﬁlﬁz[n ﬁR;;}
For large f3, ﬁ; <1
Lh e oy
PRy

1, R 1,
SPB) = —— [1+—B} = —51.)
IBIﬁ2 RE ﬁlﬁl 0
Thus S(B) can be minimized by selecting a transistor with large S as well as by keeping

R
=B «1.

R
4 2.18 STABILITY FACTORS FOR VOLTAGE DIVIDER BIAS CIRCUIT

Let us proceed on the same lines as in the case of other configurations.
Refer Fig. 2.16.

(1) Stability Factor S(1,,))
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From Equation (2.29)

VTh = RTh ]B + VBE + [ERE
But L= 1.+1
V, = R,I,+V, +I.R +ILR, .111)

Differentiating the above equation partially with respect to /., keeping V,, constant, we get

al,

0= (RE+RTh) E +R,
oy R
ol R, +R,,
Substituting in the expression for S(/ ), we get
1+ 1+
S(L.,)= = (R, +R,)
«© 1+IBL RE+RTh +ﬂRE £ "
R, + Ry,
R, +R
1) = B+1) e 2.112
1+h
— RE
S(1.,) = (B+1) —— (2.113)
(B+1)+-
RE

Design Considerations
Consider the denominator of Equation (2.112). Generally (8 +1)R,> R,

(B+DR, R,
The smallest achievable value of S(/_.,) is therefore 1 under the condition R, < R,.

(ii) Stability Factor S(V,,.)

Hence, S(L,.,) =

By definition
ol
SV, = v,
From Equation (2.111)
VTh - RThIB T VBE+ ]CRE +IBRE
. . ]C
Substituting I, = E
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V (RTh‘i’R_‘i'RJI +
Th ﬁ
B (RTh+R +ﬁR
= L—JI +V
(R, +(B+1)R,))
Vv, = L 3 J I.+V,, (2.114)

Differentiating partially with respect to V,, keeping 8 constant

o - Ry, +(B+1)R, oI, .

ﬁ aI/YBE
- p
S(Vie) = VBE RTh +(B+1)R,

(2.115)

Design Considerations
Again from Equation (2.115)
If +1)R, >R,

O
Sw) = i),
Forlarge f, f+1=p

V) = =2

Thus, S(V,,) can be made small by increasing the value of emitter resistance R,.

(iii) Stability Factor S(B)

By definition
Al
SB) = ap
From Equation (2.114)
(R, +(B+1)R,)
Vth - k ﬁ )[C * VBE
&R, +(B+DR; OI oy

g ﬂ ] c th BE

J = (VTh - VBE )ﬁ
© Ry +(+P)R;
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Let/. =1, and B =B, at temperature 7, and
Let/. =1 and 3 = f3, at temperature T,

(VTh - VBE )ﬂl

= ————— 2.11
a " R +(+p)R, (2.116)
Vo -V,
and I, = M (2.117)
2 R, +(1+B,)R,
Dividing Equation (2.117) by Equation (2.116)
IL _ RTh+(1+ﬂ1)RE l & (2 118)
Ic1 RTh +(1 +ﬂ2)RE ﬁl
Subtracting 1 from both sides of Equation (2.118)
Icz 1 = RTh+(1+ﬁ1)RE . &_ 1
ICl Ry +(1+B,)R, B,
Dic  [Ry+(1+B)R.] By [Ry +(1+B,)R;] B,
IC| [RTh + (1 +ﬁ2 )RE] ﬂl
— RTh ﬁz +ﬁ2RE +ﬁ1ﬁ2RE - RTh ﬁl_ IBIRE - ﬂ1ﬁ2RE
[Ry, +(1+B,)R:] B,
_ RTh (ﬂz _181)+ RE (ﬂZ_ﬁl)
[RTh + (1 +ﬁ2 )RE]ﬁl
DI, Ig Ry, + R,
= % 5 1.2 .p 2.119
D Bi Ry +(1+B,)R, ( )
I, &i +ﬁ3
S(B) = DI, "¢ R (2.120)
DB B aﬁ+ﬁ +ﬁ§ |
'§ 2 R, &
Design Considerations
From Equation (2.120)
R, 0O
I+
&) “& RB
S = "
S R o]
+1) 1+

Now B,+1 =pf
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S(B) = ; " (2.121)
®
IB ﬁ 1+ Th N
: zg ﬁZRE
For large f3 F_ <1
132 RE
RTh
1+ =1
By R,
From Equation (2.121)
I. @ R,0 I
SB) = —d+2 = —98(1
Ly Ay R
Thus, S(B) can be minimized by selecting a transistor with large 8 as well as by keeping
2«1
R
€ 2.19 STABILITY FACTORS FOR COLLECTOR FEEDBACK BIAS

CIRCUIT

Let us proceed on the same lines as in the case of other configurations. Refer Fig. 2.19.
(i) Stability factor S(1.,))
4B
|\
1- 3 —£
P '

B

SUy) =

From Equation (2.47)
VCC = (IC + IB) RC + IBRB + VBE + IERE
= (U . +1)R. +LR +V, +(U,+1)R,

Vie = R.+HR) I+ (R +R, +R)YI[,+V,, (2.122)
Differentiating Equation (2.122) partially with respect to 7.,
1,
0=(®R.+R)+R.+R_+R)—
C E C E B ﬂ]c
u, R.+R,
9.,  R.+R,+R,
1+
Now S(1.,,) = - b "
l_ﬂae-(Rc +R,) O

&R.+R. +R, &
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(B+1)(R. +R; +R,)

S(1.,) =
(eo R, +(1+B)(R. +R,)
(ﬁ+1)§ P °
S(L,) = RCR+ R0
(+p)+
R. +R,
(ii) Stability Factor S(V ;)
By definition S(V,.) = M
BE 1'|VBE

From Equation (2.122)

Vee = ReHRY I+ (R AR AR L+ TV,

cc

V

cc

1
R.+R)I.+(R.+R,+R) EC +V,,

Differentiating Equation (2.125) partially with respect to /.

R.+R,+R
0= (RC+RE)+( e ¥ B)+qWBE
B e
_ ﬁ(RC +RE)+(RC +RE +RB)+ﬂVBE
B 97
wu. - B
- B
S(V,) =

(B+D(Rc +R;) + R,
(ii) Stability Factor S(B)

DI,
Dp

By definition S(B)

From Equation (2.125)

I = ﬂ(VC - VBE)
© Ry +(1+B) (R +R;)

Let I.=1. and B =B, at temperature 7', and
1,=1. and B = B, at temperature T,

J = ﬁl(VCC_ VBE)
A Ry +(I+B)(R. +R,)

(2.123)

(2.124)

(2.125)

(2.126)

(2.127)
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— ﬁ2(VCC 3 VBE) (2 128)

2 Ry +(1+B,)(R. +R,)

Dividing Equation (2.128) by Equation (2.127), we get
I

G Ry +(I+B)R+Ry) . By (2.129)

I Ry +(1+B,)(R.+R;) B

Subtracting 1 from both sides of Equation (2.129)

IC RB +(1 +ﬁ1)(Rc +RE) . ﬂz
—-1 = —=-1
I Ry +(L+B,) (R +R;) B,
Dle  [Ry+(U+B)(Re +RP] B, - [Ry +(1+B,)(Re +R)] B,
ICl B [RB +(1 +ﬁ2)(Rc +RE)] ﬂl
_ RBﬁ2+(1 +ﬁ1)ﬂ2(Rc +Ry)- RBﬂl +:31(1 +ﬁ2)(Rc +Ry)
B [R, +(1+B,)(R. +R,)] B,
B RB (ﬁz_ﬁ1)+(Rc+RE)(ﬁz_ﬁ1)
T [Ry+(1+B)(R + R B,
ch _ [RB+(RC+RE)] (ﬁz'ﬁl)
Ie  [Ry+ 4B (R +R)] B,
sp)y = e __la [R; + (R +R,)] @.130)

DB B[R, +(1+B,)(R. +R,)]

Example 2.39
For the circuit shown below derive the expressions for S(/,,,), S(V,,) and S(8).
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Solution

The given circuit is nothing but the collector feedback configuration with R, =0 Q.
The required results can be obtained by substituting R, = 0 Q in the results of section 2.19.
From Equation (2.124)

é R,U
(1+f)el+ "

e c U
S(Ico) = R,

1+p) +R—

C

From Equation (2.126)

-k
o) = R+ (+PIR,
From Equation (2.130)
]cl [RB +RC]
B[R, +(1+B,)R]

S(B) =

Example 2.40

Calculate the stability factor S(/.,) and the change in /. from 25° C to 100°C for the transistor
whichhas/ ,(25°C)=0.1nAand/,(100° C)=20nA, for the following emitter bias arrangements.
Take f =50.

R, Ry
— =100 b) — =0.1
O ®)

E E

Also calculate ICQ at 100° C for each case ifICQ at 25° Cis 2 mA.

Solution
For the emitter bias configuration

1+&
— RE
SUep) = (+f) ——
146)+—=%
(1+5) R,
R
(a) —£ =100
RE
(51)(1+100)
I,) = ~—Z——=>=3411
Seo) 514100 °
Al = S(I.,)Al,
Al = I.,(100°C)-1,,(25°C)

20nA-0.1nA=19.9nA
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Al = (34.11) (19.9nA)
= 0.67 A
o = I.,at100°C
I. = 1.,at25°C=2mA
= IC1 +AI
= 2mA+0.67 uA
=~ 2 mA

b&—Ol
(b) 2= =0.

(51)(1.1)
S(I,) = ——==1.09
(Tco) 51+0.1
Al = S(Ico) A]co
= (1.09) (19.9 nA) = 21.69 nA

IC2 = IC] +AIC
= 2mA+21.69 nA
=~ 2 mA

R
Observe that changes /.. is minimal when —+ <« 1.
E

Example 2.41

Determine the stability factor S(¥,,) and the change in /. from 25° C to 100° C for the transistor
with V. (25° C) = 0.65 V and V, (100° C) = 0.48 V for the following bias arrangements

(a) Fixed bias with R, =270 kQ and § = 120.

(b) Emitter bias with R, =39 kQ, R, = 1.2 kQ and g = 120.

(c) Voltage divider bias with R =39 kQ, R, =10 kQ, R, = 1 kQ and g = 120.

Solution
AV, = V,100°C) -V, (25°C)
= 048V-0.65V=-0.17V
(a) Fixed Bias
R,=270kQ B=120
S(V,.) = - _ .10 =-0.44x10"
Ry 270 kW

Al = S(V,)AV,,
= (- 044 x10%) (= 0.17) = 74.8 A
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(b) Emitter Bias
R,=39kQ R =12kQ f=120.
-B
SWe) = R, +(1+B)R,

- 120 \

= = X |~
39 kW+(121)(1.2 kW) 0.65>10
Al. = S(V,,)AV,.=(=0.65x107) (- 0.17) = 110.5 uA

(c) Voltage Divider Bias
R =39kQ R, =10kQ R =1kQ £=120

-k
SVye) = R, +(1+p)R,
R, = R/||R,=39kQ| 10kQ=7.95kQ
-120 .
= = X |~
S) = 795 kQ+(121)(1 kQ) 09310
Al = S(V,,) AV, = (=093 x103) (- 0.17) = 158.1 pA

Example 2.42

Determine the stability factor S(f) and the change in /. from 25° C to 100° C for the transistor
with £ (25° C) =50 and £ (100° C) = 100 for the following bias arrangement.

(a) Fixed bias with R, = 330 kQ

. . . Ry
(b) Emitter bias with —=15
RE

R
(c) Voltage divider bias with R—”’ =1.5.

E
Also calculate ICQ at the 100° C in each case ifICQ at 25° Ci1s 3 mA.

Solution
B, = B(25°C)=50
B, = p(100°C) =100
AB = B, —B,=50
ICQ (25° C)=3 mA
ICQ(100° O)

1

IC2
(a) Fixed bias
Iﬁ 37107

= = =0.06x 10"
B, 50

S(B)
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AL, = S(B)AB=(0.06 10 (50) =3 mA
I, = I, +Al,=3mA+3mA=6mA

Observe the doubling of /. value when £ is doubled.

(b) Emitter Bias
R
£ =5
RE
R
I |1+=£
C[ RJ (3mA)[1+5] .
() = R, ]~ sofiores] 2010
Bi|1+B,+ %
RE
Al = S(B)AB=(3.39 x 10) (50) = 0.17 mA
IC2 = IC1 +AI.=3mA+0.17mA=3.17mA
(c) Voltage Divider Bias
R
L =15
RE
R
I |1+
C[ ! RJ (3mA)[1+1.5] .
S = R softorsrs] 010
181 1+182+7Th
RE
Al = S(B)AB=(1.46 x10) (50) = 73 uA

I, = I, +AI,=3mA+731A=3.07 mA

&)

Example 2.43

For a voltage divider bias circuit, the following values are given:

R =62kQ R, =9.1kQ R.=39kQ R =680Q 7V, =07V =80 V, =16V
Calculate

(@) S(1,)

(b) S(V,,)

(c) S(B) with B(T,) =80 and 3(T,) = 25% more than B(T,)

(d) Net change in 7, if I, increases from 0.2 to 10 uA, ¥, drops from 0.7 to 0.5 V and  increases
by 25 %.

Solution
(@) S(1.,)

R, +R
(o) = B+ Gyt
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Th

S(1,,)
(b) S(Vy,)

S(V,)

(©) S(B)

S(B)

S(B)

(d) Net change in collector current, A/,

Al

C

Al

co

AV

BE

Ap

RR,  62kW’ 9.1kW
R +R,  62kW+9.1 kW
(80 +1)(0.68 kW+7.94 kW)
(80+1)(0.68 kW) +7.94 kW

=7.94 kQ

=11.08

- B
R, +(B+1)R,
-80

10°3
7.94x10° + (80 +1)680

=1.27x

(VTh - VBE) ﬁl
Ry, +(14B,)R,

R
Vie—2—= (16 V
vl L0

(2.05V-0.7 V)x80
7.94 kQ + (1+80)0.68 kQ

25% more than B, = 1.25 x 80 = 100

[1.71x103]{1+7'94 m}

0.68 kQ .
794 kO =241x10
0.68 kQ

9.1 kW

=2
s awro w0V

=1.71 mA

80{1+100+

10 pA— 0.2 pA=9.8 uA
05V-07V=-02V
B,—B,=100-80=20
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AL, = [11.08][9.8 x 10-6] + [~ 1.27 x 10-] [ 0.2]
+[2.141 x 10°] [20]
= 041 mA
I =1 +AIl.=171mA+041 mA=2.12mA
2 1

Note: Similarly we can calculate the net change in collector current for the other biasing
configurations.

Example 2.44
Find an expression for S(/_,) for the circuit shown below.

Rp

VEE % RC

Solution

The given circuit with actual current directions voltage polarities is redrawn in Fig. A.

Fig. A
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Writing the KVL equation to the base-emitter circuit,

- VBB + IBRB + VBE - VEE + IERE: 0
]BRB + ]ERE = VBB + VEE_ VBE

But I = IB+]C

E
VBB + VEE_ VBE

IB(RB + RE) + [CRE

Differentiating partially with respect to /.

Ay (R,*R) +R,=0
ol.
ol . (Rs +Ry)
1+
S =
Ueo) 1 ﬁae R, 6
&R, +R. 5
_ 1+
SUeo) = R ¥R, 48R,
R, +R,

(1+8)(R, +R,)
" R, +(1+B)R,

(1 +ﬂ)

Q- O:

Sa,) =
(1+B) +

m‘wh;u‘w

Example 2.45

Design a voltage divider bias circuit using a silicon transistor with V. =18 V, I, = 2.3 mA,
V=82V, R.=33kQ, =100 and S(/.) < 5.

Solution

The circuit is shown below.
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18V

| 1c=23mA
R, Re 3.3kQ
+
— /s Vep =82V
e
R, Ry
Given /.= 2.3 mA,
I. 23mA
I = —/—= =0.023 mA
B B 100
I, = 1,+1.=23+0.023=2.32mA
Ve = 07V for a silicon transistor
cE VCC_]C (RC+RE)
VCC - VCE
d po— BV 82V 0096k
an £ T 23mA Ut
R.+R
SI — +1 E Th
U = U Gk, +x,
S(I.,) = 5 implies
(B+1) it <5

(B+1)R; +R,,
(B+1)R,+R,)
101 R,+ 101 R,

9%6R,,

S[(B+1)R,+R
505R,+5R,,
404 R,

]

227
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Let

Multiply and divide by R,

Th

Th

Th

IA

IA

IA

404
R

9 ©
204 0,96k

96
4.04 kQ
4kQ
RTh IB + IERE + VBE
(4 kQ x 0.023 mA) + 0.7 V + (2.32 mA x 0.96 kQ)
3.02V

v, —ta

R +R,

Ve RiR,
R R +R,
Rl RZ

R +R,

v,

cc
RTh

RI

(23.84 kQ)(4 kQ)
23.84 kQ -4 kQ

4.81 kQ
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(& Exercise Problems 70202

2.1

2.2

2.3

2.4

2.5

A npn silicon transistor with ¥, = 0.7 V and 8 = 75 is used in a fixed bias circuit. If
R,=330kQ, R.= 1.5k and V.= 32 V. Find the coordinates of the Q point. Draw the
dc load line and locate the O point on dc load line.

A npn germanium transistor with 7, = 0.3 V and 8 = 90 is used in a fixed bias circuit.
V.e=15V,R.=4.7kQ and R, = 820 kQ. Find the coordinates of the O point and locate
it on the dc load line.

In a fixed bias circuit the coordinates of the Q point which is located at the center of the
dc load line V=5V and / ~=2mA.F ind the values of Voo Res and R,. Assume a silicon
transistor with 8 = 100.

For a voltage divider-bias circuit, V.= 18 V, R, = 50 kQ, R, = 12 kQ, R = 2.2 kQ,
R, =1kQ, ¥V, =0.7Vandf = 125. Find the (a) Coordinates of the O point and locate it
on the dc load line (b) Stability factors S(/,.,) and S(V,,).

Find the values of R, R, and R, for a voltage divider bias-circuit given that V.= 30V,
V=15V, 1.=3mA,R.=33kQ,V, =0.7V,=100and S(/.) < 4.



Chapter 3

TRANSISTOR AT Low FRENQUENCIES

To analyse the ac operation of a transistor amplifier, it is necessary to develope an ac equivalent
circuit for the transistor. This ac equivalent circuit is called the model of the transistor, which
simulates the behavior of the transistor, when an ac signal is present. In order to develop the
linear model small signal operation is assumed. At low frequencies the junction capacitance of
the transistor are not considered due to their high reactance. In this chapter analysis of CE, CB
and CC amplifiers with different biasing schemes has been carried out using the 7, model of the
transistor. The effects of source resistance and load resistance are also considered.

4 3.1 NOTATIONS IN AMPLIFIER ANALYSIS

In an amplifier circuit we come across dc quantities as well as ac quantities. DC voltages and
currents result from the biasing network while ac currents and voltages result from the ac input
given to the amplifier circuit. To keep dc quantities distinct from ac quantities, the following
notations are employed.

DC quantities are represented by upper case letter with uppercase subscripts. For instance:

1,,1.and I, represent dc currents.

B>~ C
Vs Vepr and V., represent de voltages between terminals.

Vs V., and ¥V, represent dc terminal voltages with respect to ground.

Instantaneous values of ac quantities are represented by lower case letter with lower case
subscripts. For instance:

i,, i ,and i represent instantaneous currents.

b? "¢
v, ,V

ce’

o and v, represent instantaneous voltages between terminals.

v,, v, and v represent instantaneous terminal voltages with respect to ground.

RMS values of ac quantities are represented by upper case letter with lower case subscripts.
For instance:

I,, I and I, represent rms currents.

V...V, and V  represent rms voltages between terminals.

V,, V. and V represent rms terminal voltages with respect to ground.
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4 3.2 AC RESISTANCE OF EMITTER BASE DIODE

In order to use the transistor as an amplifying device, it must be biased properly in the active region.
That is the emitter-base junction to be forward biased and collector base junction reverse biased. The
forward biased emitter-base junction behaves exactly like a forward biased p-n junction diode.
The ac resistance of the p-n junction diode is given by
26 mV

= G.1)

where [ is the dc current through the diode at the Q point. In Equation (3.1), 7, is in
milli amperes.
The ac resistance r, of emitter-base diode can be obtained by replacing 7, by /, in Equation (3.1).
26 mV
= T (3.2)

E

I, is the dc emitter current at the Q point and it is in mill amperes.

4 3.3 TWO PORT NETWORK

A two port network as the name implies has two ports: an input port and an output port as shown
in Fig. 3.1. A port consists of two terminals.

1 i [0
07+ ———o0
Vv Two Port *

i Network Vo
o— 3

Fig. 3.1 Two port network

A port network is characterized by the two currents, / and / and the two voltages ¥ and V.

I, is the input current
I is the output current
V. is the input voltage
V' is the output voltage

By convention / and / are assumed to be into the network.

A BIJT has three terminals. It can be modelled as a two port device by making one terminal
common to the input and output ports. This leads to the following three configurations of BJT
amplifier.

(a) Common emitter (C E) amplifier
(b) Common base (CB) amplifier and
(c) Common collector (C C) amplifier
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4 3.4 MODELING OF TRANSISTOR

In order to analyze the ac operation of a transistor amplifier, it is necessary to develop an ac
equivalent circuit for the transistor. This ac equivalent circuit is called the model of the transistor.
The model of the transistor is a combination of circuit elements, properly chosen, the best
approximates the actual behavior of the transistor under specific operating conditions.

In order to obtain linear relation between input and output variables, small signal operation is
assumed in the development of transistor models. Small signal operation means that, the applied
ac input signal causes a small variation in output current and voltages about the O point.

At low frequencies the junction capacitances of the transistor act as open circuits due to
their high reactance. Thus low frequency small signal models do not consider the effect of these
junction capacitances.

At high frequencies the junction capacitances conduct appreciably due to their low reactance,
providing a feedback path from output to input. Thus high frequency small signal models takes in
account the effect of Junction capacitances.

The two most commonly used models of the transistor used in the analysis and design of
transistor amplifiers are:

(a) The hybrid model and
(b) The r, model

In the hybrid model, the transistor is modelled based on what is happening at its terminals
without regard for the physical process taking place inside the transistor. Transistor data sheets
provide the parameters of the hybrid model in their listing, and analysis is simply a matter of
inserting the equivalent circuit with the listed values.

The r, model is the more practical model. The important parameter, 7, of this model is
determined by the actual operating conditions rather than using a data sheet value. The », model
does not include feedback term, which in some cases is important.

It is important to note that the hybrid model and the , model are the small signal low frequency
models. The hybrid 7 model (discussed later in the chapter) is used almost exclusively for high
frequency analysis. The 7, model is infact a reduced version of the hybrid 7 model.

¢ 3.5 THE r MODEL OF TRANSISTOR IN COMMON BASE (CB)
CONFIGURATION

Figure 3.2 shows an npn-transistor in CB configuration represented as a two port network. Since
the base terminal is present both in input and output ports, the configuration is common base. It
is important to note that, in a transistor the directions of /, and /, are same and always opposite to
that of /.. For an npn-transistor /, is out of the transistor as indicated by the arrow on the emitter
terminal and /, and /_ are into the transistor.

I =—1 (3.3)
and I =1 (3.4)
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—Li=-1 ‘710210
E © o C
+ \ _/ +
Vi Vo
Bo o B

Fig. 3.2 npn-transistor in CB configuration

The emitter-base junction is equivalent to a p-n junction diode. Hence at the input, the common
base transistor can be represented by a p-n diode.
In common-base configuration the current gain alpha is given by

[L'
a = I
or I =al 3.5)

Note that the collector current /_ is controlled by the emitter current /. Hence at the output the
common-base transistor can be represented by a controlled current source.

Since [, flows through the collector-base junction, the controlled current source apperars
between the collector and base terminals.

The r, model of npn transistor in CB configuration is shown in Fig. 3.3.

Li=-1 —1,=1
EQ—» i e o COC
+ +
Vi [c:&[e Vu
B o o . oB

Fig. 3.3 r, model of transistor in CB configuration

For ac response, the diode can be replaced by its equivalent ac resistance, 7, . The ac resistance
of emitter-base diode is given in Equation (3.2) as

26mV
ro= (3.6)
e IE

The common-base r, equivalent circuit is obtained by replacing the diode in Fig. 3.3 by its ac
resistance .. This is shown in Fig. 3.4.
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— L=—1, ~—1,=1.
E o o (C
+ +
v, Te I=al, Vo
ot — “1 5
Z; Z,

Fig. 3.4 Common base r, equivalent circuit

From the circuit of Fig. 3.4, let us find the following performance parameters :
* Inputimpedance Z is given by
Z = Vi _ (3.7)
: i r, .
Note that the input impedance is quite low, which is in the order of few tens of ohms.

*  Output impedance Z is o €2, since the output circuit contains an ideal current source.
The output impedance is actually given by the slope of output characteristics. Typically it
is in the range of 1—2 M2 which is quite a high value.

*  With R, connected between the output terminals, the voltage gain is given by

o oR,

4, = 5 == (3.8)

Since 4, 1is positive, V and ¥, are in phase. Also, due to low value of 7, 4, is quite high.
*  With R, connected between the output terminals, the current gain is given by

1

4, = 1—”_=7az71 (3.9)

1

Note that the magnitude of current gain is approximately unity.

¢ 3.6 r MODEL OF PNP TRANSISTOR IN CB CONFIGURATION

Figure 3.5 shows the », model of pnp transistor in CB configuration. Note that for pnp transistor,
1, is into the transistor. Therefore /, and /_ are out of the transistor.

— =1, ~—1I,=—

E © o C
' N/ '
Vi Vo

Bo o B

(@)
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_. =1 ~—Il,=—1
Eo o C
+ +
v, L=al, Vo
B o [—> ﬁ SB
Z; Z,

(b)

Fig. 3.5 r, model of pnp transistor in CB configuration

It can be verified that, all results obtained for CB amplifier using npn transistor can be applied
for this case also. Thus ac analysis of transistor amplifier is independent of the type of transistor
(whether npn or pnp) used in the circuit.

Example 3.1

For the common base configuration of Fig. 3.2, I, =4 mA, a = 0.991. An ac signal of 3 mV is
applied between the base and emitter terminals. If R, = 610 2. Calculate

(@) r, and Z (b) 4,and 4,
(¢) V,Iland (d) Z withr =o0and/, I and/,
Solution
26mv ~ 26mV
(a) ST = amA —05Q
Z =r=65Q
R 0.991)(610Q2
(b) 4 = &R (@ON6100)
v 7, (6.59Q)
A, = —a=-0.991
(c) V.= A4,V.=(93)(3mV)=279 mV
I = d —m—46152 A
P Tz 6sq Tk
I = A,1=-(0.991) (461.52 nA)=—457.36 pA
(d) Z =r=m

[ =—I and I=1

To avoid confusion with signs, let us take only the magnitudes of / , /, and /.
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I = 461.52 pA
I = 457.36 A
Also Ie = ]b-i-lc

I, =1 —1 =461.52 nA—457.36 pA = 4.16 pA

& 3.7 THE r, MODEL OF TRANSISTOR IN COMMON-EMITTER (CE)
CONFIGURATION

Figure 3.6 shows an npn transistor in CE configuration represented as a two port network. The
input terminals are the base and emitter terminals, and the output terminals are the collector and
emitter terminals. Note that the emitter terminal is common between the input and output ports.
The input current is /, and the output current is / .

I =1 (3.10)
and I =1 (3.11)

The emitter-base junction is equivalent to a p-n junction diode. Hence between the emitter and
base terminals, the common-emitter transistor can be modelled as a p-n diode.

- 10 = Ic
°C
+
=7
Bo i~ 1th
+ v,
Vi
Ebs : o E
Fig. 3.6 npn transistor in CE configuration
In common-emitter configuration the current gain Beta is given by
IC
ﬂ - ]b
or I =pB1 (3.12)

Note that the collector current /_ is controlled by the base current /, . Since /_ flows through the
collector-base junction, the controlled current source is connected between the collector and base
terminals. The », model is shown in Fig. 3.7.
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— 1,=1 o
+
[czﬁlb
— Li=1]
Bi v,
Vi
Eo ° gE
Z; Z,

Fig. 3.7 r_ model of transistor in CE Configuration

For ac response, the diode can be replaced by its equivalent ac resistance, r, as shown in
Fig. 3.8.

‘7[():[6 o C
+
]czﬂ]b
— =1
o
+ +
Vo
Vl Vbe Te
- — 1, -
Eo ¢ oF
Z z,

Fig. 3.8 Common emitter r, equivalent circuit

Input Impedance (Z,)
Vv,
Z = I_l (3.13)
Vo= V=Lr=(+p) 7,
~ B r (sincel+f=p) (3.14)

Also I =1
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1
Now Z = B b e
1 Ib
or Z = ﬁrg (3.15)

Note that the input impedance of transistor in CE configuration is 3 times the value of ..
Stated alternatively, a resistive element in the emitter leg is reflected into the input circuit
with a multiplying factor §.

For instance if 7, = 6.5 Q and 8 = 200, the input impedance is

Z=pBr = (200)(6.59Q)=13ke

For the common-emitter configuration, typical values of Z range from a few hundred ohms to
the kilo ohms range, with a maximum of about 6 kQ to 7 k€2.

Output Impedance (Z))

The output impedance is given by the reciprocal of output characteristic. Typically it is in the
range of 40—50 kQ. Z is also denoted by 7.

Voltage Gain ( A,) and Current Gain (A,)

With R, connected between the output terminals, the voltage gain is given by

4 ==+ (3.16)

The negative sign implies that V/ and V; are 180° out of phase. The magnitude of voltage gain is

R
= (3.17)

e

| 4

Also the current gain is A =p (3.18)

I

Observe that due to low value of r, and large value of 8, the voltage and current gains are quite
high.

¢ 3.8 r MODEL OF TRANSISTOR IN CE CONFIGURATION INCLUDING r,

In CE configuration:

(a) Theinputimpedance is measured between the base and emitter terminals. Thus a resistance
p r, is connected between the base and emitter terminals.

(b) The output resistance is measured between the collector and emitter terminals. Thus a
resistance r is connected between the collector and emitter terminals.

(c) The emitter current /, is given by

1

e

Ib + ]c
Ib+ﬁ]b

Note that the contribution of collector current to make emitter current is 3 7.
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Thus a controlled current source of current 3 /, is connected between the collector and emitter
terminals.
Figure 3.9 shows the 7, model of transistor in CE configuration including the effect of 7. .

— I =1 —1
B o i b _ 0 o C
+ +
Vl ﬂre ﬁ]b o Vn
E o 4 o E
Zo

Fig. 3.9 r_model of CE configuration including r,

Note: For common-collector (CC) configuration, the model defined for the CE configuration
of Fig. 3.8 is usually employed instead of defining a separate model for the CC
configuration.

4 3.9 THE HYBRID EQUIVALENT MODEL

Consider the two port network shown in Fig. 3.10. To develope the hybrid equivalent model of
this two port network, let us select /. and V as independent variables and V, and / as dependent
variables.

+ +
Two Port

Vi Vo
Network

o— o

Fig. 3.10 Two port network

We can express V and / in terms of /. and V, as follows:
Vo= fU.7) (3.19)
1= £, 7) (3.20)

Note that we are developing a small signal low frequency model which is a linear model. Thus
we can express V and / as a linear combinations of / and V.

V.=h,L+h,V (3.21)

and L =h,I+h,V (3.22)

o
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The parameters 4,,, h,, h, and h,, are called the hybrid parameters or /-parameters. The
name hybrid is due to the fact that they do not have the same units. Let us now, define these
parameters.

Set ¥ = 0 by short circuiting the output terminals:

From Equation (3.21),

h. = Z (3.23)
! I ily,=0 '
h,, is called the input impedance with output short circuited and has the unit ohms.
From Equation (3.22),
h, = L (3.24)
21 I - :
h,, is the short circuit forward transfer current ratio and has no unit
Set I, = 0 by open circuiting the input:
From Equation (3.21),
h. = K (3.25)
12 Vo o
h12 is the open circuit reverse transfer voltage ratio and has no unit
From Equation (3.22),
h, = I—” (3.26)
22 Vo o :

h,, is the open circuit output admittance and has the unit mhos.
Note that:

h,, has the unit ohms
h,, has the unit mhos
h,, and &, have no units.
Since these parameters dimensionally differ, they are called hybrid parameters. The double
subscript parameter notation can further be reduced to a single subscript notation as follows:
Let i represent 11 denoting input
o represent 22 denoting output
f represent 21 denoting forward transfer

and 7 represent 12 denoting reverse transfer
Equations (3.21) and (3.22) now become
V.="hlI+hV (3.27)

I =hI+hV (3.28)

o
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The circuit model based on Equation (3.27) is shown in Fig. 3.11 and Fig. 3.12 shows
the circuit model of Equation (3.28). Note that Equation (3.27) is a KVL equation and
Equation (3.28) is a KCL equation.

Equation (3.27) has two components:

h, I representing a voltage drop across the impedance /2, and
h.V representing a controlled voltage source.

Equation (3.28) has two components:

h, I, representing a controlled current source and
h, V representing the current through admittance 4, .

O
+

v, h.V, hf I; hy Vo

L g O

Fig. 3.11 Circuit model of V.= h I, +h_ V, Fig. 3.12 Circuit model of I =h, I +h_ V,

Combining these two models, we obtain the hybrid model of the two-port network as shown
in Fig. 3.13.

h.

- Il y —1,
LW :
+ N +
v h. V, hflz h, Vo

QI
ol

Fig. 3.13 Complete hybrid equivalent circuit

3.9.1 Hybrid Parameter Nomenclature for Transistor

In order to specify the hybrid parameters for a given transistor configuration, a second subscript
is used:

e for CE Configuration
b for CB Configuration
and c¢ for CC Configuration

This is illustrated in Table 3.1.
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Table 3.1 Hybrid parameter nomenclature

. Configuration
Hybrid Parameters
CE CB cc
hi hie hib hic
by by, hy by
hr hre hrh hrc
ho hae hab hoc

4 3.10 HYBRID MODEL OF CB CONFIGURATION

The two port network representation of CB configuration is shown in Fig. 3.14.

., ]e ‘7[0

E © o C
' X../ :
Veb Vcb

Bo o B

Fig. 3.14 Two port network representation of CB configuration

Comparing the network of Fig. 3.10 and Fig. 3.14, we can list the equivalent voltages and
currents as given in Table 3.2.

Table 3.2 Equivalent voltages and currents for CB configuration

General two port network CB configuration
4 Vo
1, L,
I/0 Vcb
I I

Equations (3.21) and (3.22) now become

V;b = hib Ie + hrb Vcb (329)

I = h, I +h,V, (3.30)
The hybrid model constructed based on Equations (3.29) and (3.30) is shown in Fig. 3.15.
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+
+
hrb Vcb ¢ ¢hfb ]e hob VCb
o . o ° B

Fig. 3.15 Hybrid model of CB configuration

4 3.11 HYBRID MODEL OF CE CONFIGURATION

The two port network representation of CE configuration is shown in Fig. 3.16.

~—1
C OC
/ +
B o
+ VC@
Vbe
E o o E

Fig. 3.16 Two port network representation of CE configuration

Comparing the network of Fig. 3.10 and Fig. 3.16 we can list the equivalent voltages and
currents as given in Table.3.3.

Table 3.3 Equivalent voltages and currents for CE configuration

Equations (3.21) and (3.22) now become

General two port network | CE Configuration
I/i Vbe
Ii Ib
4 Vee
Io Ic
Vie = e 1, % h, V., (3.31)
I ="h,I,+h,6V, (3.32)

Based on these equations, the hybrid model for the CE configuration can be developed as

shown in Fig. 3.17.
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hie
° c
B oM oc
+
Voo By Vee hiply = hoe Vee
_ | | | -,

Fig. 3.17 Hybrid model of CE configuration

4 3.12 HYBRID MODEL OF CC CONFIGURATION

The two port network representation of CC configuration is shown in Fig. 3.18.

Bo b

=
S
+0

(WA
o

@)
o)
ol

Fig. 3.18 Two port network representation of CC configuration

Comparing the networks of Fig. 3.10 and 3.18 we can list the equivalent voltages and currents
as given in Table 3.4.

Table 3.4 Equivalent voltages and currents for CC configuration

General two port network CC configuration
4 Vie
Il Ib
4 e
Io Ie

Equations (3.21) and (3.22) now become
Vbc hlc [b + hrc Vec (333)

I =h, L+h_V, (3.34)

e

Based on these equations, the hybrid model for the CC configuration can be developed as
shown in Fig. 3.19.
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N hic I
st L A e
+
+
Ve Pre Vee h/'c I hoc Vee
Co . . o C

Fig. 3.19 Hybrid model of CC configuration

Typical values of hybrid parameters for all the three configurations are given in Table 3.5.

Table 3.5 Typical values of h-parameters in CE, CB and CC configurations

Parameter Configuration
CE CB cc
h, 1 kQ 20 Q 1 kQ
h, 2.5x10* 3.0x10* 1
h, 50 -0.98 -50
h, 25 nA/V 0.5 nA/V 25 uA/V
1/h, 40 kQ 2 MQ 40 kQ

4 3.13 VARIATIONS OF h-PARAMETERS

The h-parameters in general vary with changes in temperature, frequency, voltage and current. It is
worthwhile to look at the variation of z-parameters particularly with reference to collector current,
collector voltage and temperature. In order to compare the changes in various parameters with
temperature, voltage and current variations, the 4-parameters are normalized to 1. Figure 3.20 shows
the variation in z-parameters (in CE mode) with collector currentfor/ .= 1mA, V=5V, T=25°Cand
f=1kHz.

The axis are graduated on a logarithmic scale to accommodate wide variations. The operating
point is at ¥, =5 V and /.= 1 mA and hence all the parametric curves intersect at this point.
Observe from Fig. 3.20 that at /.= 0.1 mA, hfe is 50% of its value at /.= 1 mA. Thus, ifhfe s 100
at /.= ImA, it would be 50 at /.= 0.1 mA. At/ =3 mA, hfe is 150% of'its value at /.= 1 mA. If
hfe is 100 at /.= 1 mA, it would be 150 at /.= 3 mA.

Further, observe the variation in £ . The value of /2 increases to nearly 10 times its value at
I.=1mA, while i, increases to nearly 40 times its value at /.= 1 mA. At such values / , may
become large enough in comparison with load resistance to be ignored while approximating the
model. Figure 3.21 shows the variation of s-parameters with collector-emitter voltage.

The variations are plotted with reference to the same operating point as in the previous figure.
Observe that / e and &, do not change much in comparison with and 4 . Note that values of /2,
and £ increase significantly on either sides of the operating point. Further, both with respect to
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changes in collector current as well as collector voltage, variation in / e is minimal when compared
to other parameters.

IC — 1 mA 2
Vee=5v 1
T =25C

f =1kHz 05
0.2

0.1

0.05—

0.02 |-

0.01 | | | | | | |
0.1 02 05 1 2 5 10 20 50 Ic, mA

Fig. 3.20 Variation of CE h-parameters with collector current

(% of Vg = 5V value of each quantity)

3000
2000 [~

1000 |~
700 -

Jo—1ma 900

Vee=5v
7 —asc 300
f =1kHz 200

100

70 —
50 -

30 | |
02 05 1 2 5 10 20 50 100 Ver (V)

Fig. 3.21 Variation of CE h-parameters with collector-emitter voltage
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Figure 3.22 shows the variation of 4-parameters with respect to temperature. Observe that 2,
is least affected by the changes in temperature. However, in general, the values of all parameters
increase with temperature. The value of input impedance /,, varies the most with temperature. The
value of & e drops to half its value at 25°C at a temperature of — 50°C and, at 150°C it increases to
150% of its value at 25°C. All these variations must be taken into consideration when designing
circuits using transistors.

Relative magnitude of parameters
(Freezing H,0) (Boiling H,0)
3.0 hie
hre
2.0 e
IC — 1 mA
Vee=5V L5 - hy,
T =25C P
f =1kHz 1.0 o
hoe /
0.7 = hye
h
05
04 —
Ve | ! | |
0.3 T(°C)

~100 -50 0 25°50 100 150 200

Fig. 3.22 Variation of CE h-parameters with temperature

4 3.14 ADVANTAGES OF h-PARAMETERS

The advantages of s-parameters are :

*  The h-parameters are extremely useful in the analysis and design of circuits using
transistors.

* Ataudio frequencies the s-parameters are real numbers which makes computations easy.
This is essentially true because all capacitances have been treated as open circuits at
low-frequencies.

*  These parameters can be easily determined from the transistor characteristics.

* Since, we started the definition of #-parameters, by considering the transistor as a general
two-port, four-terminal device, the models developed are independent of whether the
transistors are of npn or pnp type.

*  Further, once the A-parameters are graphically obtained for one configuration, the
h-parameters of other configurations can be obtained by a simple conversion.
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4 3.15 APPROXIMATE HYBRID EQUIVALENT CIRCUIT

Consider the hybrid equivalent circuit of Fig. 3.13. For the CE and CB configurations, the
magnitude of /2 and £ is such that the results obtained for the important quantities such as Z, Z.
A, and 4, are only slightly affected if 2 and 4 are not included in the model.

From Table 3.5 we find that

h =25x10% and h,=3.0x10*

Due to very small values of 4 and &, we can take & and & , approximately equal to zero.
Asaresult 2V = 0. Thus the controlled voltage source z V. can be replaced by a short circuit as
shown in Fig. 3.23.

Also from Table 3.5 we find that

l/hoe=40k9 and l/hob=2MQ

In practical situations, these values are quiet large when compared with the parallel load R,
which will be connected between the output terminals. Thus 1/ %, can be replaced by an open
circuit as shown in Fig. 3.23.

— ]i ‘710
o— " | %o)
+ l +
Vi hyl; Vo

] i i

Fig. 3.23 Removing h_and h, from the hybrid equivalent model

Figure 3.24 shows the approximate hybrid equivalent circuit.

I

—_— !

o o)
+ +

I — [O

V,’ hi hj]l V(I

o

O

Fig. 3.24 Approximate hybrid equivalent circuit

The approximate hybrid equivalent circuit for CE configuration is shown in Fig. 3.25.
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— ] ~— 1
Bo b <5 C
+ +
Vie hie /?fe 1 Vee
Eo . . o E

Fig. 3.25 Approximate hybrid equivalent circuit for CE configuration

Figure 3.26 shows the approximate hybrid equivalent circuit for CB configuration.

— —1
Eo I, ‘5 ¢
+
Vo hip gy I, Vew
Bo . o o B

Fig. 3.26 Approximate hybrid equivalent circuit for CB configuration

4 3.16 RELATION BETWEEN THE PARAMETERS OF HYBRID MODEL
AND THE r, MODEL

Figure 3.27 shows the comparison between the approximate hybrid model and the », model of the
transistor in CE configuration.

— 1 — 1 — .
Bo b COC Bo b ‘o C
hie hfe]b , ﬂre ﬂIb
Eo * * o F Eo * o oF

Fig. 3.27 Hybrid model versus r, model for CE configuration

Comparing the two models we obtain the following relations:
h, = Br, (3.35)

and h, = p (3.36)
In Fig. 3.28 the approximate hybrid model and », model of the transistor in CB configuration

are compared.
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— 1, ~— 1 ——1, ~— 1.

Eo— oC Eo— <o (C
hip gy I e aly

Bo * * °B Bo ¢ ¢ °B

Fig. 3.28 Hybrid model versus r, model for CB configuration

Comparing the two models we obtain the following relations:

h o=r (3.37)

ib e

hfb=a

In any transistor (either pnp or npn) / and /_ are in opposite directions. Therefore 4, , which is
the ratio of /_ to /, must have negative sign. But the value of & is given with positive sign. Hence
it is appropriate to write.

hfb = -« (3.38)
Since a = 1, we can write
h/b = -—a=-1 (3.39)

3.16.1 Conversion between Hybrid Parameters

Having obtained the hybrid parameters for one transistor configuration, it is easy to find the
parameters for other transistor configurations by a simple conversion.

Usually the CB and CC parameters are expressed in terms of the popular CE parameters as
given below.

CB Hybrid Parameters in Terms of CE Hybrid Parameters

h
=k 4
hy = T " (3.40)
hiehoe
hy = 14 h, —h, (3.41)
P (3.42)
P14k,
hDC
h, = (3.43)

I+h,
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CC Hybrid Parameters in Terms of CE Hybrid Parameters

hic = hle

hVL' = 1 - hre

he = —(1+h,)
hOE = hﬂe

(3.44)
(3.45)
(3.46)
(3.47)

Example 3.2

1
Given /,=3.2 mA, hfé =150,r = h_ =40 kQ and h , = 0.5 uS, determine

(a) The common-emitter hybrid equivalent circuit
(b) The common-base », model.

Solution

26mV B 26mV
1, 3.2mA

B r,= (150) (8.125 ) =1.22 kQ

(a) ro= =8.125Q

ie

The common-emitter hybrid equivalent circuit is shown below.

. — 1
B 071}7 * ‘oC
+ 1 +
v, hie hely < hy, V.
1.22 kQ 150 1, 40 kQ
Eo . o E
(b) ! ! 2 MQ
y = — = —"—=
° h, 0.5 uS
_hfe —150
h, = ——=—"=-0993=-1

P 14k, 151

The common-base r, model is shown below.

L — 1
Fo— L] * oC

Bo . ° . oB
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4 3.17 HYBRID x MODEL

At high frequencies the effect of junction capacitances of the transistor has to be considered since
they conduct appreciable amount of current due to their low reactance. The high frequency model
of the transistor in CE configuration in which these capacitive effects are taken into consideration
is called the hybrid - model or GIACOLETTO MODEL and is shown in Fig. 3.29.

COC

Fig. 3.29 The hybrid-z model of transistor in CE configuration

Let us discuss the significance of each component in the model shown in Fig. 3.29.

Hybrid 7t Capacitances

In chapter, 1, we have seen that a forward biased p-n junction exhibits diffusion capacitance and
a reverse biased p-n junction exhibits transition capacitance.

In the model of Fig. 3.29, C_ represents the diffusion capacitance of forward-biased
emitter-base junction. This capacitance is an indicative of excess minority carrier storage in the
base. C_1is usually just a few picofarads to a few tens of picofarads.

C, represents the transition capacitance of the reverse biased collector-base junction. C
typically extends from less than 1 pF to a few Picofarads.

C, and C are alternatively represented by C, and C, respectively.

Hybrid 7t Resistances
The internal node B’ is not physically accessible as shown in Fig. 3.30. Node B represents the
external base terminal. The resistance 7, includes the following.

e the base contact resistance
e the base bulk resistance and
* the base spreading resistance.

It is typically a few ohms to tens of ohms.
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%r
rp

Bo— W\

’

[~

u
I

?
|

E

Fig. 3.30 Hybrid z resistances

The resistors 7, and r, are the resistances between the indicated terminals of the transistor
when the transistor is in the active region.

The resistance 7 is identical to 8 r, introduced in the common-emitter » model. The resistance
r, represents the feedback from collector to base. It is very large typically in the mega ohm
range.

r, is the output resistance which appears between the collector and emitter terminals. Typically
it lies in the range of 5 k€ to 40 k€2 and it is determined from the hybrid parameter /.

Hybrid 7 Conductance

The small signal collector current, due to small change in the voltage V_, with the collector
shorted to emitter is accounted by the voltage controlled current source g V. connected between
the collector and emitter terminals.

The subscripts 7t and u is associated with hybrid 7 parameters have the following meaning.

7t : comes from the hybrid 7 terminology.

u : the element with this subscript provides union between collector and base terminals.

Hybrid 7t Parameters in Terms of v, and h Parameters

The following relations can be used to find the parameters of hybrid 7 model using », and the
h parameters.

r. = Br, (3.48)
1

g = (3.49)
1

o= 7 (3.50)

o
=
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e v +r 7
™ u u
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(3.51)

Low Frequency Hybrid Model from Hybrid 7 Model

For low-to-mid frequency analysis, the effect of capacitances C_ and C, can be neglected due to
the very high reactance associatd with each of them.
The resistance 7, is usually so small, it can be replaced by a short-circuit. The resistance r,
usually so large, it can be treated as an open circuit.
The simplified low frequency hybrid 7 model is shown in Fig. 3.31.

Fig. 3.31 Simplified low frequency hybrid = model

— 1 — 1.
Bo—— ° o(C
+
Va I'n 8V Iy
78 & * oFE
rn = ﬁre = hie
r,= 1/h,
Vzr = Ibrn:Ibﬁre

1
gm VJT :r_ (Ibﬁre): ﬂlh =

he £, C2B=hy)

The resulting model is shown in Fig. 3.32 which is same as the low frequency hybrid model

with £ taken equal to zero.

—1

coC

Bo .
hie hfe I L
’ hoe

Fig. 3.32 Low frequency hybrid model with h_, removed

oF

Example 3.3

(a) Sketch the Giacoletto (hybrid 7z) model for a common-emitter transistor given that:

r,=4Q
h =18 us

C,=5pF
=120

C =15 pF
r,=14Q
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(b) If the applied load is 1.2 k€2 and the source resistance is 250 €2, draw the approximate
hybrid 7z model for low and mid frequency range.

Solution
(a) r. = Br,=(120) (14 Q)= 1.68 kQ2
L 0.07140
En w14 '
S S 55.56 kQ

T T h, T 18x107° 77

ho~ = _

e ru e ru - hre

Since & is not given, let us take /2 = 0
r, = % = open circuit.
The hybrid r model is shown below.
Ib rp Cu I,
o AA, ‘ |( ‘ -
B I\ C
4Q 1.5 pF
< c
T ¥,
Ve T ¢ &m Vy
1.68 kQ 5pF 55.56 kQ 0.0714 V.,
E o > < ¢ o F

(b) For low and mid frequency range of operation, the capacitors C and C_can be replaced by
open circuit equivalent due their high reactance. The simplified hybrid 7 model is shown
below.

55.56kQ (] 007147, 1o
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4 3.18 COMMON-EMITTER FIXED-BIAS CONFIGURATION

Figure 3.33 shows the common-emitter amplifier using fixed bias. The ac input signal V' is applied
to the base of transistor through the input coupling capacitor C|. The amplified signal V is taken

at the collector through the output coupling capacitor C,.

Vee
@]

Fig. 3.33 Common-emitter fixed bias configuration

In order to perform the small-signal ac analysis let us obtain the ac equivalent circuit by
reducing the dc source V. to zero and short circuiting the coupling capacitors C, and C, as shown

in Fig. 3.34.

l ,— Vce Connected to ground

C, Short circuited
Vo

Fig. 3.34 AC equivalent circuit

Note that R, appears between base and ground and R between collector and ground. The ac

equivalent circuit is redrawn in Fig. 3.35.
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Z;

Fig. 3.35 AC equivalent circuit redrawn

oV,
I
{ %{C

Note that the emitter terminal is common to input and output circuits. Hence the configuration
is common-emitter. Let us replace the transistor by its common emitter 7, model as shown in

Fig. 3.36.

7

1

Fig. 3.36 ACequivalent circuit with r_ model

3.18.1 Input Impedance (Z))
The input impedance is given by

i I

1

«
=
=
Wt
Qﬁ
F\tN
5 T
a

(3.52)

From the input circuit of Fig. 3.36, we find that, Z is given by the parallel combination of R,

and B r,.

Z[ = RB”ﬂre

(3.53)
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3.18.2 Output Impedance (Z))
To find the output impedance we have to reduce V, to zero.

With ¥,=0,1,=0, I, =0 and therefore 8 I, = 0. Thus we have to open circuit the current
source. The output equivalent circuit under this condition is shown in Fig. 3.37.

e
I .

Fig. 3.37 Circuit to find Z,

Note that Z is given by the parallel combination of 7 and R,
Zo = ro || RC (354)

3.18.3 Voltage Gain (A))
To find the voltage gain let us consider the output equivalent circuit shown in Fig. 3.38.

1l 1

Fig. 3.38 Circuit to find V,
V, =-81Z,
= -BLI[r|IR.] (3.55)
From the input circuit of Fig. 3.36 we have
V.=11[Br,] (3.56)

Now the voltage gain is
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A

IfRBZIOﬁre, RB||ﬁre

Now Equation (3.53) become

For - 10 RC
Under this situation

From Equation (3.54)

From Equation (3.57)

3.18.4 Current Gain (A))
The current gain is defined by

Also 1

i

Using these relations in Equation (3.61) we have

A

v

_ -B L [r, || R.]

14

(From Fig. 3.36)

o RC
i

(3.57)

(3.58)

(3.59)

(3.60)

(3.61)

(3.62)

(3.63)

(3.64)
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Using Equations (3.60) and (3.58) for 4, and Z respectively, we obtain

o= [E] o

4, =p (3.65)

3.18.5 Phase Relationship

The negative sign in the equation for 4, implies that the input signal ¥, and the output signal
V' are 180° out of phase as shown in Fig. 3.39.

V.

1

o \/ t 0] t

Fig. 3.39 180° Phase shift between V.and V,

Example 3.4

For the circuit shown below:
(a) Determine r,
(b) FindZ,Z ,A,and 4, (with r = o Q)
(c) Repeat part (b) taking » = 50 k€2 and compare the results.

o 15V

4.7kQ
10 uF

N

Solution

26 mV

(a) r, =

. (1+p)1,

~
Il
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Vee Ve 15V -0V

I, = R - a0 = 30.43 uA
I, = (101) (30.43 pA) =3.073 mA
_ _26mV_ =8.46Q
LT 3.073mA
(b) Z =R, |IBr,

Br. = (100) (8.46 Q) = 846 Q
7 = 470k || 846 Q = 844.47 Q
Z =r | R.=0Q| 47kQ=47kQ
_hllR _ _4TkQ

4, = 3460 = 555.55
~A4,7Z, —(-555.55)(844.47Q
4, = RV A 47)1((9 ) g0
. :
(¢c) When r = 50kQ

Z_is not affected by 7,
: Z = 844.47Q. (As calculated in part (b))

Z =50kQ|4.7kQ =43kQ

A4 = —43kQ 508.27
roo846Q 0 T
—508.27)(844.47 Q
g = L It 79 413
1 (4.7 kQ)

Note that the values of Z, and A, with finite r are less than that with r =0,

Example 3.5

For the amplifier circuit shown below calculate V.. for a voltage gain of 4, = —200. Take 8 = 90
and » =00 Q

— Ve

4.7kQ

(.

470 kQ
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ALS

r

e

47kQ | » Q
47kQ

-4.7kQ
T

e

23.5Q

26 mV
1

E

26 mV
23.5Q
(1 +ﬁ)[3
I,  1.106mA
1+B 91
VCC _VBE
RB

=1.106 mA

=12.15 uA

263

LR, +V, =(12.15 pA) (470 kQ) + 0.7 V=64V

For the circuit shown below, taking = 100 and r, =60 k€2, calculate

Solution
AV
RC || }"0
-200
re
re
]E
IE
]B
IB
ad VCC
Example 3.6
(@ r,
(©) 4,

(b) Z and Z,
(d) the effect of » =30k on 4,

12V

Vi)l

Z

390 kQ

i 10V
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(a) 1,

(©) 4, =

(e) when r,

10V-V,, 10V-0.7V

390kQ 390 kQ
= (1+8) 1, = (101) (23.85 pA) = 2.4 mA

=23.85 uA

26 mV 26 mV o
I,  24mA 10.83
and RC=4.3kQ

= Br=(100)(10.83 Q) = 1.083 kQ

= R,||r,=43kQ | 60kQ=4.012k Q

Rl o2k
r, 10.83 Q
= 30kQ
= 43KkQ[|30 kQ =3.76 kQ
B ELL VAT
10.83 Q

4 3.19 COMMON EMITTER CONFIGURATION WITH VOLTAGE

DIVIDER BIAS

Figure 3.40 shows CE configuration using voltage divider bias.

° Ve

Z;

Fig. 3.40 CE configuration using voltage divider bias



Transistor at Low Frequencies 265

The ac input signal ¥ is applied to the base of the transistor through the input coupling capacitor
C,. The amplified signal V is taken at the collector through the output coupling capacitor C,. The
emitter bypass capacitor C, is used to prevent the loss of voltage gain due to ac negative feedback
through R, by creating an ac ground at the emitter. C,, C, and C, are so selected that they represent
short circuit even at the lowest frequency of operation.

To perform small signal ac analysis, let us obtain the ac equivalent circuit by reducing V.. to
zero and replacing the capacitors C|, C, and C, by short circuits as shown in Fig. 3.41.

i /— Ve Connected to
— ground
Rc

Ry
C Short
f circuited
Vi o o—o0
B
E
Ry

/— Cg, Short circuited

Rg

Fig. 3.41 AC equivalent circuit

The following observations can be made from Fig. 3.41.

(a) R, appears between base and ground. Thus R, comes in parallel with R, .
(b) R appears between collector and ground
(c) R, isin parallel with a short circuit (0 €2)

RI0Q =0Q

i.e., the equivalent is a short circuit.

The ac equivalent circuit is redrawn in Fig. 3.42.

Note that the emitter terminal is common to input and output circuits. Hence the configuration
is common-emitter.

R R,

Let R = R/||IR= %
1 2
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Fig. 3.42 AC equivalent circuit redrawn

The ac equivalent circuit of Fig. 3.42 is an exact duplicate of the equivalent circuit shown in
Fig. 3.35 for fixed bias configuration. The only exception is that, R, is replaced by R'. Therefore,
the results derived in the previous section can be readily applied to the circuit under consideration.

The results are reproduced here for convenience.

V.
. Z = =R
= TR,
¢ Zo = ro H RC
° _ _roHRC
v
AVZI
° AI = R
C
For r, Z 10 R,
¢ Zo zRC
RC
’ 4, = ="

Negative sign in 4, reveals that, V and V are 180° out of phase.

(3.66)

(3.67)

(3.68)

(3.69)

(3.70)

(3.71)

Example 3.7

For the circuit shown below, taking » = o €2, calculate:
(@ r, (b) Z,
(© 2, (d) 4,and 4,

(e) Repeat part (b) to (d) with » = hi =50 k€2 and compare the results.

ne



(a)

(b)
(©)

(d)

Transistor at Low Frequencies

47 kO l % 62kQ
fo 10 uF

V. o IO\ﬁF |//3:90
\

! /1
>

F 8.2kQ 1.5 kO
Z; I 20 uF

Check for R, = 10 R,

B R, = (90) (1.5 kRQ) =135 kQ
10R, = (10)(8.2kR2) = 82 k2

Since # R, > 10 R, we can use approximate analysis
R,=R = R | R,=47kQ | 82kQ=6.98kQ

V.. R (22V)(8.2kQ
ooy = - . _(22V)( )=3.268V
57 m T R+R, 47kQ+8.2kQ

VTh - VBE+ VE = VE - VTh_ VBE
3268 V-0.7V=2.568V
Ve 2568V
TRy 15kQ

26mV B 26mV
e I,  1.712mA

~
Il

=1.712 mA

=15.18 Q

r|R.=(® Q)||R.=R.=62KkQ

o~ LR R 62k
o 15180

e

—408.43

267

R'||Br,=(6.98KkQ) | (90) (15.18 Q)= 1.152 k
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4,7 (- 408.43)(1.19kQ)

4T TR T G2k) Y
(e) When r, = 50kQ
Check forr, = 10 R
10R,. = (10) (6.2 kQ) =62 kQ

Since r, < 62 k€2, we have to use exact analysis.

Z = 1.152k€ (same as before)
Z = 50kQ[62kQ=552kQ
4, = 2222 66
Y1518 T
(—363.64)(1.152 kQ)
4, =- =67.56
(6.2 kQ)

There is a considerable difference in the values of Z,4, and 4 s since the condition r.z10R,
1S not satisfied.

Example 3.8
For the circuit shown below determine V. if 4, =— 160 and », = 100 kQ. Take =100

82 kQ

Solution




Transistor at Low Frequencies 269

100 kQ || 3.3 kQ
—-160 = —
,
r, = 19.96 Q
26mV 26mV
ro= => [.=
e IE E re
;o 26mV 3 mA
T 19960 0™
V, = Vgt 1.R,=0.7V+(1.3mA)(1kQ)=2V
Vo= Vcch > V7 :VTh(R1+R2)
Th R1+R2 cc R2
(2 V)(82kQ+5.6 kQ)
V. = =312V
ce 5.6 kQ

€ 3.20 COMMON-EMITTER CONFIGURATION USING EMITTER-BIAS
WITH UNBYPASSED R,

Figure 3.43 shows CE configuration using emitter-bias. Note that the emitter resistor R, is
unbypassed.

Vee

Fig. 3.43 CE configuration with emitter bias

The ac equivalent circuit is drawn by reducing V.. to zero and replacing C, and C, by short
circuit equivalent as shown in Fig. 3.44.
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Fig. 3.44 AC equivalent circuit

Let us replace the transistor by its common-emitter 7, model as shown in Fig. 3.45. To simplify
the analysis, 7 is not included in the model.

— 1
(e, . :
+

Vi RB% ””””””” ; I{ Re Vo
?
[g
] ]
Z; =

Z, Z,

+0

O

Fig. 3.45 AC equivalent circuit using r, model

Input Impedance (Z,)
Applying KVL to the input circuit of Fig. 3.45 we have

V.=1p8r+LR, (3.72)
using I = (1+pB)1,

V.=1Br+(1+B) R,
The input impedance looking into the network to the right of R, (i.e., excluding R,) is
b

V.
Z = 1—’:/3re+(1+ﬁ)RE (3.73)

Since f>> 1, (1+8) =B
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zZ, = B r+ B R,
or Z = B(r,+R,) (3.74)
Usually r, < R,.
Now Equation (3.74) can be further reduced to
Z = R, (3.75)
Input Impedance (Z,)

Z takes the effect of R, into account. It is given by the parallel combination of R, and Z, as shown
in Fig. 3.46.

Fig. 3.46 Determining Z,

N~

=R, || Z, (3.76)

Output Impedance (Z))

To find Z , we have to set V, to zero. With V=0, /, = 0 and therefore p I, = 0. Thus the controlled
current source can be replaced by an open circuit as shown in Fig. 3.47.

Fig. 3.47 Circuit to find Z,

From Fig. 3.47 we find that Z is given by the parallel combination of R. and % ohms
(open circuit).



272 Analog Electronic Circuits

Voltage Gain (A,)

From Equation (3.73),

Using, Z, = B(r,+R,) we have

Taking, r,+ R, = r, we get

A

4

(3.77)

(3.78)

(3.79)

(3.80)

Note that 4, is # independent. As a result the voltage gain is independent of transistor, which

1s a desirable feature.

Current Gain (A))
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4, =- (3.81)

Effect of Unbypassed R,

Following are the effects of unbypassed R, on the performance parameters of the amplifier.
*  The input impedance increases by f R,
*  Voltage gain decreases

*  Voltage gain is independent of 3. Thus voltage gain is independent of the transistor and

it depends only on the external components R and R,. It means that voltage gain is
stabilized.

The reason for these results is that, there is an ac negative feedback through R,.

Phase Relationship
The negative sign in equation for 4, reveals that V, and V are 180° out of phase.

¢ 3.21 CE EMITTER BIAS CONFIGURATION WITH BYPASSED R,

Figure 3.48 shows CE emitter bias configuration with R, bypassed by an emitter bypass
capacitor C,.

Vee

Fig. 3.48 CE emitter bias configuration with bypassed R,

The ac equivalent circuit is shown in Fig. 3.49. Note that this ac equivalent circuit is an exact
replica of that shown in Fig. 3.34, written for CE fixed bias configuration. Hence all the results
derived in section 3.18 for CE fixed bias configuration can be readily applied to this circuit.
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Fig. 3.49 AC equivalent circuit

Example 3.9

For the circuit shown below calculate
(@ r, (b) Z,
() Z, (d) 4,
(e) 4,

Take =120 and r =40 kQ
o 20V

Solution

( ) J = Vcc_ VBE

: 57 Ry + (14B) R,
20V-0.7V

~ 10kQ + (121)(0.6kQ) 007 A

I, = (1+ B)I,=(121) (35.57 pA) = 4.3 mA
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26 mV 26mV

ro= = =6.04 Q
¢ Iy 4.3 mA
(b) Z = B(R,+r)=120 (600 Q+6.04 Q)=72.72 kQ
Now Z = Z,||R,=72.72kQ | 470 kQ = 62.98 kQ

(c) Z =R.=2kQ

R 120) (2 kQ
(d) AVz_ﬂ C :_( )( ):_3'3

Z, (72.72 kQ)

4,7, ~3.3)(62.98 kQ

(e) A, =-— B33 )=1o3.92.

R. 2kQ

Note : If R, is bypassed by C,

* r,remain unchanged since C, does not affect dc conditions.

* In the calculations of Z,, Z , 4, and 4,, we have to substitute R, = 0 Q, since R, will be
shorted out by C, .

€ 3.22 COMMON-EMITTER CONFIGURATION USING VOLTAGE
DIVIDER BIAS WITH UNBYPASSED R_

Figure 3.50 shows common-emitter configuration using voltage divider bias with unbypassed
R,. The ac equivalent circuit is shown in Fig. 3.51. Note that this ac equivalent circuit is exactly
identical to that given in Fig. 3.44 with R, equal to the parallel combination of R and R,. Hence
the analysis given in section 3.20 can be readily applied to this circuit.

Vee
(@]

Fig. 3.50 CE Voltage divider configuration with un bypassed R;
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oV,
— [i I/
Vi o \
1,
[ = ke
Ry|IR
T 1l Ry % Ry
Zi = = = Z,
Fig. 3.51 AC equivalent circuit
Example 3.10
For the circuit shown below calculate
(@ r,Z and Z (b) 4, and 4,

Take =210 and r = 50 kQ.

Solution
Using approximate analysis for voltage divider bias (since 8 R, > 10 R,) we get

I, = 1324 mA

26mV  26mV
I,  1324mA

(a) r = =19.64 Q.



Transistor at Low Frequencies 277

RB:RTh = R’
= R, || R, =90 kQ || 10 kQ =9 kQ

Z, = B(r,+R,)=210(19.64 Q + 0.68 kQ) = 146.92 kQ
Z = 7| R,=146.92kQ || 9 kQ = 8.48 kQ
Z=R.=22kQ
®) 4~ R 2.2kQ s
r+R,  19.64Q+0.68 kQ
PR 2/ (-3.14) (848 kQ) _
! R, (2.2kQ)

4 3.23 VOLTAGE DIVIDER BIAS AND EMITTER BIAS
CONFIGURATIONS WITH PARTLY BYPASSED R,

Figure 3.52 shows emitter-bias configuration with partly bypassed R,. The voltage divider bias
configuration with partly bypassed R, is shown in Fig. 3.53.

For dc operation, C, acts as an open circuit. Hence the emitter resistance for dc analysis
(i.e., for the calculation of 7,) is R, = REl + REz.

For ac operation, RE2 is shorted out by C,. Hence for ac analysis (i.e., to calculate Z , 4, etc)
the emitter resistance is, R, = REI.

Vee
o

Fig. 3.52 Emitter-bias configuration with partly bypassed R;
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For both the circuits, analysis given in section 3.20 can be used. It is important to note that, for
voltage divider configuration we have to take

R,=R, = R'=R,|R,

. o Vee
1=k
Rl % ]o Cz
e
—
\[L

Vie /1
G
R, Z,
RE2 —_CE
’ 1

Fig. 3.53 Voltage divider-bias configuration with partly bypassed R.

4 3.24 EMITTER-FOLLOWER CONFIGURATION

Figure 3.54 shows the circuit of emitter-follower configuration.

+ ° Vee
Rp
C
—_— ]i
o | B
Vi ]
Cl CZ
) S A
I,
RE T
Z;
= Z,

Fig. 3.54 Emitter-follower configuration
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The input signal V, is applied to the base of transistor through the input coupling capacitor C,.
The output signal V is taken at the emitter through the output coupling capacitor C,.

Let us draw the ac equivalent circuit by reducing V. to zero and replacing the capacitors C,
and C, by their short circuit equivalents as shown in Fig. 3.55.

Observe that the collector terminal is common to input and output circuits. Hence the

configuration is common collector. The ac input voltage ¥ is the sum of ac base-emitter voltage
V,, and ac output voltage V.

ie. V.=V +V

Neglecting V, we can write

V=1V (3.82)
The output voltage (emitter voltage) follows the input voltage (base voltage). Hence the name

emitter follower.
From Equation (3.82) we have

v,
4,= 7 =1 (3.83)

C

—>°N

ol

Z; = Z

0

Fig. 3.55 AC equivalent circuit

Let us replace the transistor in the circuit of Fig. 3.55 by its », model as shown in Fig. 3.56.
Note that 7 is not considered for simplicity.
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Fig. 3.56 AC equivalent circuit with r, model

Input Impedance (Z,)
Applying KVL to the input circuit we have

V.=1Br,+LR,

i

Using I =(1+ )1, we have

V=1, Br+(+ PR,
V.
Now zZ, = Z:ﬁre+(1+ﬂ)RE
Vi
Z,= =R 2

Since (1 + ) = 8, Equation (3.84) becomes
Zh = ﬂ( re + RE)

Taking r,+ R, = R,, we can write

Z, = BR,
Output Impedance (Z))
Consider Z = % > [ = Y
b, b Z,
. I,
Using I, = .y we have
1, 4
1+p  Z,
(+B)7,
I, =

(3.84)

(3.85)

(3.86)

(3.87)
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Substituting for Z, from Equation (3.84) we have

(+A)V.
= (3.88)
© Br+(+P)R,
(1+p) =p
Br+(1+B)R, = B(r,+R,)
Using these relations in Equation (3.88) we have
BV,
I = ——t—
ﬁ (re + RE)
V=11, % Ry)
or V.=Ir+I R, (3.89)
Equation (3.89) is KVL equation and its circuit representation is shown in Fig. 3.57.
From Fig. 3.57 we note that /, R, gives the output voltage V.
Fig. 3.57 Circuit representation of Equation (3.89)
To find Z let us set V; to zero. The resulting circuit is shown in Fig. 3.58.
Fig. 3.58 Circuit to find Z,
Since r, and R, are in parallel we have
n Ry
Z =r]|R (3.90)
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Taking r, + R, = R,, we get

7 =~ 1, Re
o RE
or Z =, (3.91)
Voltage Gain (A,))
Applying voltage division rule to the circuit of Fig. 3.57 we have
R
V= ——=1
o ]/.e _|__RE i
N R 3.92
ow v V: - re +RE ( . )
Usually R, >r, .. R, tr, =R,
v,
A, = 71 =1 (3.93)
or Vo=,
Note that the output voltage follows the input voltage as stated earlier.
Current Gain (A,)
I/0 :IGRE:710RE [".16’:710]
J V,
o RE
V.
Also I = —
1 Zi
1
Now A, = =
[i
A ] 4
R |z
N LA RS
Vil [Re
A = 4 Z, (3.94)
1 RE :

Phase Relationship
The positive sign for 4, in Equation (3.93) reveals that J and V, are in phase.

Note : 7 has no significant effect on ac analysis.



Transistor at Low Frequencies 283

3.24.1 Important Characteristics of Emitter Follower

Based on the results obtained, we can list the following important characteristics of emitter
follower.

*  The input impedance is high.

*  The output impedance is low.

*  The voltage gain is approximately unity.

*  The input and output voltages are in phase.
*  The current gain is high.

Since emitter follower presents a high impedance at the input and a low impedance at the
output it is used for impedance matching purposes. It is used as a buffer between the voltage
source of high source impedance and a low impedance load.

€ 3.25 EMITTER FOLLOWER USING VOLTAGE DIVIDER BIAS

Figure 3.59 shows an emitter follower using voltage divider bias. The ac analysis given in
section 3.24 can also be used for this circuit, simply by replacing R, by R, || R,.

Vee

R

VL
Vi o]
Cl CZ
o
I
R 0
2 RE T W
z B = z,

Fig. 3.59 Emitter follower using voltage divider bias

4 3.26 EMITTER FOLLOWER USING COLLECTOR RESISTOR

Figure 3.60 shows the circuit of emitter follower using collector resistor R .. The presence of
R, affects only the dc operation of the circuit. Since R, . is not reflected into the base or emitter
equivalent networks the ac analysis given in section 3.24 can be applied to this circuit simply by
replacing R, by R, || R,. It is important to note that since the addition of R . does not affect /,., the
value of , remains unchanged. Only V., will get affected.
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Fig. 3.60 Emitter follower using collector resistor

Example 3.11
For the emitter follower shown below calculate

(@ r, (b) Z and Z, (c) 4, and 4,
Take =100 and r = o.

12V
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Solution
VCC — VBE
] =
@ 5 Ry +(1+p)R,
- 12V-07V 02 un
T 220kQ+(101)33kQ) M
I, = (1+ B)1,=(101) (20.42 pA) = 2.062 mA
_26mv_ 26mv_
T 1, T 2062mA 7
(b) Z, = Pr,v(1+ )R,
= (100) (12.61 Q) + (101) (3.3 kQ) = 334.56 kQ
Z = R,||Z,=220kQ| 334.56 kQ = 132.72 kQ
Z =R, ||r,=33kQ[12.61 Q=12.56Q
4 R, 3.3kQ 0,99
©) VT OR+r, 33kQ+1261Q
Y 4,7, (0.99)(132.72kQ)
LR (3.3kQ) -
Example 3.12

For the circuit shown below calculate
(@) r (b) Z and Z (c) 4, and 4,
Take =100 and r =50 kQ
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Solution
(a) Using exact analysis for voltage divider bias circuit (since R, <10 R,) we get

I, = 123 mA
L 26mV _ 26mV 0
e I, 1.23mA
(b) Z, = B(r,+R)=100(21.13 Q +1.2kQ) = 122.11 kQ
Z =R, Z,
R, = 100kQ || 15 kQ =13.04 kQ
Z = 13.04kQ [ 122.11 kQ = 11.78 kQ
Z =R, ||r=12kQ|21.13Q=20.76 Q
(c) A = Ry 1.2 kO =0.983

YT R +R, 2113 Q+12kQ

_ A7 (0.983)(11.78 kQ)
! R; (12 kQ)

I
|

=-9.65

€ 3.27 COMMON-BASE CONFIGURATION

Figure 3.61 shows the circuit of common-base configuration.

—1 —1, E c —1
O O
: \:../ :
I
’ & =0
i B v,
T Ver T Vee
P 15
Z; Z,

Fig. 3.61 Common-base configuration

The ac equivalent circuit is drawn in Fig. 3.62 by replacing the transistor with its , equivalent
model. The output impedance 7, of the transistor in CB configuration is typically in the mega ohm
range. Hence it is ignored in parallel with R_..
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+
+ 0

al,

P N | )| 13

Z Zo

o

oo Re

Fig. 3.62 AC equivalent circuit with r, model

Input Impedance (Z,)

From the ac equivalent circuit of Fig. 3.62 we find that Z is given by the parallel combination of
R_andr .
E e

=R, (3.95)
Since r, <R,

Z =r, (3.96)
Output Impedance (Z))

To find Z , we have to set V= 0. with V=0, /, = 0 and therefore o/, = 0. Thus the current source
should be replaced by its open circuit equivalent as shown in Fig. 3.63.

C

Fig. 3.63 Circuit to find Z,

From the circuit of Fig. 3.63 we find that

Z =R, (3.97)
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Voltage Gain (A,)
Refer the circuit of Fig. 3.62

Now

Current Gain (A,)

Since r, < R, we can take [ = [,

L=-1 =—ol

Since o = 1,

Phase Relationship

V, = —1,R.
:_(_IC)RC
=ICRC

Vi :[ere

]C
= =<r
o
_

AV— 7,
= [LR.]+

o R,
A4, = P
R
AV ~ ¢
r

c

4 = &_ ol
! 1, 1,

A1=—0c

A =-1

I

(o 1=-1)

(L=al)

(Since o = 1)

(3.98)

(3.99)

(3.100)
(3.101)

The positive sign for A, reveals that, the input voltage V; and the output voltage ¥ are in phase.

Effect of r,

For the CB configuration, the output resistance » =1/h,, is typically in the megohm range and
much larger than the parallel resistance R .. Hence we can take

4 3.28 IMPORTANT CHARACTERISTICS OF CB CONFIGURATION

roHRC zRC

Following are the important characteristics of CB configuration.

e  Very low input impedance.

Zi :RE”rezre
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e  High voltage gain.

RC .
A, =—>1 [Since r, < R.]

e  Approximately unity current gain.
e  High output impedance, since 7 is typically in the megohm range.
e Input and output voltages are in phase.

4 3.29 APPLICATIONS OF CB CONFIGURATION

Due to its low input impedance CB amplifier overloads most signal sources. Thus CB
amplifier is not used at low frequencies. It is mainly used for high frequency applications
(above 10 MHz) where low source impedances are common.

A common base-circuit is also used to couple a low impedance current source to a high
impedance load. This application is called impedance matching.

Example 3.13
For the common—base configuration shown below calculate
(@ r, (b) Z and Z, (c) 4, and 4,
Take 8 =499 and r = 1 MQ.
6V ~10V
6.8 kQ Il 4.7kQ

Z; Z,
Solution
a = i = (0.998
1+
@ ] Ve =V 6V -0.7V 0.779 mA
a = = =0. m
E R, 6.8 kQ)

26mV _ 26mV

= =33.38Q
¢ I, 0.779mA
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(b) Z, = R,|r=68kQ|3338Q=3321Q
Z = R.=47kQ
a R. (0.998)(4.7 kQ)
4, =—%= =140.52
(c) - 33380
A, = —a=-0.998.

4 3.30 COLLECTOR FEEDBACK CONFIGURATION

Figure 3.64 shows the circuit of collector feedback configuration. Note that feedback is given
from collector to base through R, to increase the stability of the system.

Fig. 3.64 Collector feedback configuration

The ac equivalent circuit is drawn by reducing V. to zero and replacing C, and C, by their
short circuit equivalents as shown in Fig. 3.65. Note that the configuration is common-emitter
since the emitter terminal is present in both input and output circuits.

Fig. 3.65 AC equivalent circuit
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Let us replace the transistor by its 7, equivalent model as shown in Fig. 3.66. Note that in the
r, model, the output resistance 7, of the transistor is not included, for simplicity.

I Rr
— 4 B C
: W .
l I'~— 1,
I

ol
N —

|||7 t
N

Fig. 3.66 AC Equivalent circuit with r_ model

Input Impedance (Z,)
V.=1 pBr, (3.102)

Applying KCL at the base node we have

L =1+1I' (3.103)
v,V

I, _ 0 i

RF

o

I'=t_—+t (3.104)
RF RF

V. =—IR, (3.105)

Applying KCL at the collector node we have

[ = BL+1I'
Usually gl >1
Thus I = Bl

Using this relation in Equation (3.105) we have

Vo :_ﬁIbRC
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Substituting for /, from Equation (3.102)

: R
vV =-p Vg =y e
o Bre C i re
Substituting this relation in Equation (3.104) we have
I = _ l Re _L
LR, Ry
1 C
I' =-—|1+— 1|V
Ry o]
Let us substitute this relation in Equation (3.103)
1 R
I =1 —-— [1+—5|V
b i RF + re i
A R
L — ]._L 1-|-—C v
Br, "Ry A
R
v=1pr- Pl iifely
1 1 e RF },.e 1
R
A BN (RS
l RF re 1 e
|4 T,
Now Zi=7’ = pr. 2
Cog Py ke
Ry v
C RC
Usually, R.>r, = 1+—=—
re e
Hence Z = ﬁﬁ”eR
1+ 5=
RF
— re
or Z = R
J— + L
B R
Output Impedance (Z))

(3.106)

(3.107)

(3.108)

To find Z , let us set ;= 0. With ¥, = 0, I, = 0 and hence 8 7, = 0. The circuit to find Z is shown

in Fig. 3.67.
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Rp

e

V,=0 %ﬁ’”e BI,=0 Re = %RF %RC

Fig. 3.67 Circuit fo find Z;

Z_is given by the parallel combination of R, and R .

Z = R,|IR. (3.109)
Voltage Gain (A,)
Refer the circuit of Fig. 3.66
I =pBL+1" = Bl Since g1, > 1I'
Vo - _IoRC:_ ﬁIbRc
V.=1 pBr, (From Equation (3.102))
A — & — ﬂlb RC
vV 1, Br,
RC
A, =~ Z (3.110)
Current Gain (A,)
Ve_IR = [=D
o o~ C o RC
V=127 1= A
i i = i Zi
I,, _V()/Rc
Now 4, = —l - vz
_ hz
V, R
Zi
A, = *AVR—C (3.111)
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Phase Relationship
The negative sign for 4, in Equation (3.110) implies a 180° phase shift between V and V.

Note : If an emitter resistance R, which is unbypassed and included in the circuit of Fig. 3.64 the
expressions for Z, and 4, gets modified as follows.

LR
1 Rp+Re
B Rp
Z = R.|IR, (same as before)
R
4,=-==5
R
Example 3.14
For the circuit shown below calculate
(@ r, (b) Z and Z (c) 4, and 4,
Take =200 and r, = 60 kQ.
A%
l 2.7kQ
]0
180 kQ

[yt
, I) 10 uF
Y
Vie |
10 uF

Solution

VeV 9V—07V
(a) L= R+ BR. T 180 kKQ+ (200) (2.7 kQ)

11.53 pA
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I = (1+ B)1,=(201) (11.53 pA) =232 mA
26mV
po= 20V 26mV o0
©~ I, 232mA
r 1121Q
(b) Z =7 R "1 27kq 00059

C

i_|_7
B R, 200 180kQ
Z = R.||R,=2.7kQ| 180 kQ =2.66 kQ

©) g, = B 27KQ 508
r 11210
A, Z. —240.86) (560.5 Q
A - _ Vi - ( )( ) :50
! R 2.7 kQ

4 3.31 COLLECTOR DC FEEDBACK CONFIGURATION

Figure 3.68 shows the circuit of collector dc feedback configuration. For dc operation capacitor
C, acts as an open circuit. Hence the total dc feedback resistance is R, + R,,. For ac operation
C, acts as a short circuit. Thus R, appears on the input side and R,, on the output side. The split
feedback resistor arrangement improves the stability of the system.

Vee
l Re
]U
I(
7
C
c P
ZU
E

Fig. 3.68 Collector dc fedback configuration

The ac equivalent circuit is drawn by reducing V. to zero and replacing the capacitors by their
short circuit equivalents as shown in Fig. 3.69.
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+ o0

|t

Fig. 3.69 AC equivalent circuit

Note that the configuration is common-emitter since the emitter terminal is present in both
input and output circuits.

Let us replace the transistor by its 7, model as shown in Fig. 3.70.

o

ol
L

-—

Fig. 3.70 AC equivalent circuit with r, model

Input Impedance (Z,)
As seen from the input circuit of Fig. 3.70, Z is given by the parallel combination of RF1 and

Br,.

Z_:

1

NI

=R, |IB7, (3.112)

Output Impedance (Z))
To find Z , let us set V, = 0.
With /=0,1=0,1, =0 and therefore 1, = 0.
The output equivalent circuit under this condition is shown in Fig. 3.71.
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C
o

Zy
Fig. 3.71 Circuit to find Z,
Z = rn||RF2||RC (3.113)
If » >10R,., r IR, =R,
Z = RF2 IR, (3.114)
Voltage Gain (A,)
Refer the circuit of Fig. 3.70.
Let us take,
R’ =r0||RF2||RC (3.115)
The simplified output equivalent circuit is shown in Fig. 3.72.
S
By (| RV,
o o
Fig. 3.72 Circuit to find V,
V,=-BLR
Vi = ﬁ re Ih
4 = 1A _ BI,R'
Y Br.l,
RV
A, = —-— (3.116)
r

Forr 210 R,., R = ro||RF2||RC
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R, ||IR
Now 4, =— ——=
T,
Current Gain (A4,)
Y,
I/o:_[o]eC = 10:__
C
V.
V=172 = [=—=
1 1 1 1 Zl
— R
Now A4,= L _ ( o/ C)
]l (I/l/Zl)
_ Z
A, = —AVR—C

Phase Relationship

The negative sign for 4, clearly reveals that V/ and V; are 180° out of phase.

(3.117)

(3.118)

Example 3.15
For the circuit shown below calculate

(a) r (b) Z and Z
Take =140 and r = 30 kQ.

(c) 4, and 4,

12V

l 3kQ

120 kQ 6skQ 1o 10 uF
="

v, © ‘
10 uF

Solution

(a) For dc operation, 0.1 uF capacitor acts as an open circuit.
Thus the total dc feedback resistance is

R, = 120 k€ + 68 kQ = 188 k€2.
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;oo VeV 12V-07V
5 R, +BR. 188kQ+(140)(3 kQ
L=(B+1)I, = (141) (18.59 nA) =2.62 mA.
~ 26mV 26mV

- ~9.92Q
T 2.62mA

j = 18.59 pA

(b) Z, = R, ||Br,=120kQ | (140) (9.92 Q) = 1.37 kQ
Z, = r,|R, IIR.= 30kQ| 68 kQ || 3kQ=2.62kQ
4 IR IR 2.62kQ eall
«© v o T
4,7, —264.11) (1.37 kQ
4, === - N ) 12061
R, 3kQ

¢ 3.32 EFFECTS OF R, AND R,

So for we have analyzed amplifiers with out the load resistance R, and the source resistance R, .
Now let us proceed to analyze the amplifiers considering the effects of R; and R, . Now we will
define three voltage gains for distinction as given below.

No Load Voltage Gain | Unloaded voltage gain |
The no load voltage gain is defined with R, not connected between the output terminals and with
out considering R as shown in Fig. 3.73.

S ———o0

" BIT +

Vi Amplifier Vo

_ _
Fig. 3.73 Defining no load voltage gain
The no load voltage gain is given by

v,
AVNL = (3.119)

It is important to note that AVNL is exactly identical to 4, determined in the preceding sections.
Thus in the subsequent analysis we shall use for AVNL’ the relations derived earlier for 4.

Loaded Voltage Gain
The loaded voltage gain is defined with R, connected between the output terminals and without
considering R  as shown in Fig. 3.74.
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o |
+
BJT
Vi Amplifier
> |
Fig. 3.74 Defining loaded voltage gain
The loaded voltage gain is given by
v,
A, = v (3.120)

Though Equations (3.119) and (3.120) seem identical, the difference is that in the latter V is
measured in the presence of R, with same V.

Loaded Voltage Gain with Source Resistance
The loaded Voltage gain taking R, into consideration is given by

v,
A= (3.121)
Rs
— AW
+
7 BJT
VS QD V’ Amplifier

Fig. 3.75 Defining loaded voltage gain with R,

3.32.1 Methods of Analysis of Amplifiers with R, and R,

There are two methods to analyze the amplifier networks with load and/or source resistance.
In the first method the , model is used as has been used in the previous sections.
In the second method a two port system approach is used.
First we will consider the 7, model approach.

¢ 3.33 FIXED BIAS COMMON-EMITTER AMPLIFIER WITH R, AND R,

Figure 3.76 shows the fixed bias CE amplifier with R, and R ,. The ac equivalent circuit is drawn
by replacing the transistor with its » model as shown in Fig. 3.77.
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' d O VCC

AN

ol

Fig. 3.77 AC equivalent circuit

Input Impedance (Z,)
As seen from the input circuit of Fig. 3.77, the input impedance Z, is given by the parallel
combination of R, and S r...

|-=

VA =R, (3.122)

~

b

which is same as before.

Output Impedance (Z))
From the output circuit of Fig. 3.77 we find that, the output impedance is given by the parallel
combination of » and R,.

Z =r|R, (3.123)

o

as before.
It is important to note that, Z does not take R, into account.
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Voltage Gain
Let R’ represent the parallel combination of 7 , R . and R, .
Now R' =r | R.IR,
To simplify the analysis let us ignore the effect of 7. .
R’ = R.|IR,

The simplified output equivalent circuit is shown in Fig. 3.78.

+o

R

AN

O

(3.124)

Fig. 3.78 Simplified output equivalent circuit  Fig. 3.79 Simplified input equivalent circuit

Vo - _ﬁIbRL/
From the input circuit of Fig. 3.77
I/i = Ibﬁre
V
A = _D
o
_ BLR
Ib ﬁre
4o B RIR
T T,

To find AVS let us consider the input equivalent circuit shown in Fig. 3.79.

Using voltage division rule we have

Zi
R =
A
o Vs R+Z,
4 L N7
Vs Vs
Zi

(3.125)

(3.126)

(3.127)

(3.128)

(3.129)
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The following interesting observations can be made with reference to the voltage gain.

R.||IR
(a) AV - _ C || L
T
For an unloaded amplifier, R, = 0 Q
RC || RL = RC
R
Thus A4, = - —<
NL re
Since R || R, <R, it follows that
4, < |4, |
The loaded voltage gain of an amplifier is always less than the no load voltage gain.
Z.
b A, = A :
( ) Vg 124 RS +Zl

. Z. .
Since —— <1, it follows that
R.+Z.

AVS < AV

The voltage gain obtained with R in place will always be less than that obtained under
loaded or unloaded conditions.
Thus for the same configuration

4, | > 14,1 > |4, ]
In total, the highest gain is obtained under no load condition and the lowest gain with a source

impedance and load in place

(c) R," increases with increase in R,. Therefore:
For a particular design, voltage gain increases with increase in R,.

. Z, .
(d) With smaller R, z — approaches unity so that
s +Z;
AVS approaches 4,. Thus:
For a particular amplifier, the smaller the internal resistance of the signal source, the
greater is the voltage gain.

Current Gain (A,)

[
|
~
=
4
R
[
|
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v
V=17 = [=—"
1 1 1 1 Zl
~,/R,)
N A = ———=—
o 1T wiz)
__|L||4
V)R,
Z.
A = -4, |= (3.130)
1 Vv RL
1 A 4 2
also = —
! RC RL = 00
Example 3.16
For the fixed bias configuration shown below
(a) Calculate AVNL,ZI, and Z
(b) Calculate AV,AVS and 4,
(c) Calculate V if V=20 mV
Take 8 = 100.
* 018V
3.3kQ
680 kQ
Z; Z,
Solution
Vee =V, 18V—-0.7V
[ = &< B — ————— =92544 A
@ 5 R, 630kQ H
I, = (1+p3)1,=(101)(25.44 pA) =2.57 mA
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26mvV _ 26mV

= =——=10.116 Q
" I, 2.57mA
A = —£=—&:—3?_622
I r, 10.116Q '

Z = R,|Br =680k (100)(10.116 Q) = 1.01 kQ
Z = R.=33kQ
R.IR,  33kQ | 47kQ

b A, = =—191.65
®) r r, 10.116 Q
Z, .
A, =4, — =(—191.65) 10Tk
s Ry +Z, 0.6k€2+1.01kQ
= —120.22
Z 1.01 k€
A = -4, — =—(-191.65 =41.18
! "R, ( ) 4.7kQ
v, _
() AVS = 7 = Va_AVS VS

s

Vo= (-120.22) 20 mV)=—2.4V

4 3.34 COMMON-EMITTER VOLTAGE DIVIDER BIAS
CONFIGURATION, WITH R, AND R,

Figure 3.80 shows CE voltage divider bias configuration with R and R, . Its ac equivalent circuit
using 7, model is shown in Fig. 3.81.

L d O VCC

Fig. 3.80 CE voltage divider bias configuration with R, and R,
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Fig. 3.81 Ac equivalent circuit using r, model

Following the same procedure given in the previous section we obtain the following results.

o Z =R ||ﬁre
where R = R [R,
° Za = roHRC
R R,
. A, = -
Rc
* AVNL B _r_e
4 - L
VS - VS
e
-V R+Z,
I, 4,7,
L] A] = -_—— R
i L
A, 7
° AI = _ R
C RL:oo

¢ 335 EMITTER-FOLLOWER CONFIGURATION WITH R, AND R,

Figure 3.82 shows the emitter-follower configuration with R and R,. Its ac equivalent circuit
using », model is shown in Fig. 3.83.
To simplify the analysis 7 is not included in the model.
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ol

T
I

Fig. 3.83 Ac equivalent circuit using r, model

The analysis given in section 3.24 can be readily applied to this circuit by replacing R, with
R, || R, in the equations of Z, and 4. The results are given below.

14

Br,4(1+B) (R IIR) =P (R,[R)

Ry112,

re || RE = re
R R,

T+ ReIR,

(3.131)
(3.132)
(3.133)

(3.134)
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A = Ry 3.135
VNL - },;_‘_RE ( . )
. A = A Z 3.136
Vs " Z,+R, (3.136)

A 7
. 4, = - ; i (3.137)

L

e A, 7,

! o RC R, =

¢ 3.36 CE EMITTER-BIAS CONFIGURATION WITH R, AND R,

Figure 3.84 shows CE emitter-bias configuration with R and R, . For this circuit the analysis given
in section 3.22 can be used by replacing R.by R.|| R, in the equation of 4.

Vee

+
1, R,
T vy
F - T o
T |
Z; = Z,
Fig. 3.84 CE emitter-bias configuration with R, and R
The results are as follows:
. Z =Br+(1+B)R, (3.138)
. Z =R, |Z, (3.139)
. Z =R, (3.140)

RR,

A 3.141
14 ’”e"‘RE ( )
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. 4, = - RL" (3.142)
RC
. A = - (3.143)
VNL re_|_RE
A = 4 Z 3.144
! - RC R, = ( . )

€ 3.37 TWO-PORT SYSTEMS APPROACH

In two port system approach the amplifier is represented by a two port network as shown in

Fig. 3.85. The parameters of the two port network are the input impedance Z,, output impedance

Z and the voltage gain 4, . These parameters are specified for the unloaded condition. Using
0 ; NL i

these results, the gain and impedances can be calculated under loaded conditions.

di | I,

o o
+ +
Vi Aryg v,

Z; 7

0

Fig. 3.85 Two - port system

The input Voltage ¥, and the input current /, are related by V, = I Z. Therefore, between the
input terminals, the amplifier can be represented by an impedance Z .
Under no load condition
A =

VNL

=> V=4

o VL Vl

BIARS

Thus at the output side, the amplifier can be represented by a controlled voltage source,
AVNL V.. Also it is appropriate to place the output impedance Z in series with the controlled voltage
source.

The voltage source AVNL V. in series with the impedance Z is referred to as Thevenin equivalent
circuit. We oftenly write

V. = A

Th Ve i

and Z, =7

Th o

where V,, is the open circuit voltage or the Thevenin voltage or no load output voltage and Z, is
the Thevenins impedance.

For BJT and FET amplifiers, both Z and Z are resistive. Thus we represent Z by R, and
Z by R . The two port representation of the amplifier with its internal elements is shown in
Fig. 3.86.
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4,11_
N
©
Vi R;
o—]—
ZI ZO

Fig. 3.86 Amplifier represented by two - port system

Now let us justify the placement of the parameters R and AVNL in the output circuit. Applying
KVL to the output circuit, we have

A, VA1 R -V =0.
NL 1 o o o
Under no load condition (output open circuited), / = 0.

Vo= AVNLVI. = open circuit output voltage.

o

or A

VNL

7” = no load or open circuit voltage gain.
To find the output impedance, we set V= 0. As a result 4,

L V.= 0 which represents a short
circuit. The resulting circuit is shown in Fig. 3.87.

Fig. 3.87 justifying the placement of R, Fig. 3.88 Two port notation for op-amp

The circuit of Fig. 3.87 we find that Z = R which justifies the placement of R .
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A second format of two port representation of amplifiers which is popular with op-amps is

shown in Fig. 3.88.

4 3.38 ANALYSIS OF AMPLIFIERS USING TWO — PORT SYSTEM

APPROACH CONSIDERING THE EFFECTS OF R, AND R,

Figure 3.89 shows the two port representation of an amplifier driven by a source of internal

resistance R  and supplying the load R, .

. 7‘ 5
Z()
Fig. 3.89 Two - port system with R, and R
Using voltage division rule in the input circuit we have
p= Sy 3.145
i R, +R s 3. )
& 3.146
or V. R+R (3.146)
Applying voltage division rule to the output circuit we get
RL
= (3.147)
o Ro +RL Vg i
V. R
or A, = == L (3.148)
YV R+R
The total voltage gain is given by
P
Vg - VS
v, ¥,
= —= —= (3.149)
Vi Vs
Substituting Equations (3.146) and (3.148) into Equation (3.149) we have
R, R
A, = ———. L (3.150)
s Ry+R R +R, "™
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The current gain is given by

I()
A1 = I_
Using [ = v, dl = L t
sing [/, R, and /, R we ge
ALY
" (/R)
_ VR
V. R,
4, = -4, & (3.151)

A4, = L,
IS - ]i
VS
But I =
: R, +R,
V.
A = (VI/R)+—2
Ig ( o L) R5+Ri
_ V. RR
-V, R,
R, +R,
AIS = fAVsR—L (3.152)
It is important to note that A, = AIS when R, =0

€ 3.39 ADVANTAGES OF TWO-PORT SYSTEM APPROACH

Now a days the amplifiers are available in the packaged form. Along with the packaged product,
the manufacturer supplies the no load values of gain, input and output impedances. Thus the
designer can quickly and efficiently find the results for loaded conditions without worrying about
the internal components of the package.

Example 3.17
For the circuit of example 3.16

(a) Calculate the parameters of the two port system.

(b) Sketch the two port model

(¢) Determine 4, AVS and 4,

(d) Calculate 4, 4, and A4, when R, =2.7 kQ and R, = 0.3 kQ.
N
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Solution
(a)
A, = —32622
NL
Z = R =1.01kQ [as calculated in example 3.16]
Z = R =33kQ

AN b
33k
+ R,
—32622V; v, 4.7kQ

(©) 4

" R +R, AVNL

= 1. 7kE2 326.22) = — 191.65
33k 47k 202~ L
4, = 4 =
Vs Vv RS+R1‘
= (—191.65 LOTKE2 =-120.22
- OB etttk T
R .
A, = —-A4,— =—(-191.65) 101k =41.18
R, 4.7kQ
Note that these results agree with those obtained in example 3.16
(d) R, =2.7kQ R,=0.3 kQ.
A, = (—326.22) __2TkQ 146.79
r ’ 3.3k€2+2.7kE2 ’
A, = (-146.79) LOL k€2 = —113.17
S 0.3 kQ+1.01 kQ
4, = 146 LR 401
, = —(—146.79) 2TKO 9

Note: Similarly we can analyse any BJT configuration using two-port system approach, with R
and R, .
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Example 3.18

For the packaged amplifier shown below:
(a) Calculate 4, for R, = 1.2 k€ and 5.6 k€2 and compare these values with AVNL‘

(b) Calculate 4 Ve with R, = 1.2k€2.
(c) Determine 4, with R, = 5.6 kQ2.

Ayy, = —500
Z;=3kQ v, Ry
Z,=2kQ

Solution:

R

_ L
(a) AV - Ro +RL AVNL

ith R=12kQ A = &( 500
with = " 2kQ+1.2kQ )

= —187.5

ih R-56kQ A - —0K& o
WIS v T 2k0rseka 00

= —368.42

Note that as R, decreases, 4, also decreases. It is important to note that 4, > AVNL forR, > R .

R
b A = :
(b) TR

with R, = 12kQ, A,=-1875
A = __ k& (-187.5)
s 0.2k€Q+3k€2
= —175.78.
Note that AVS - A, forR > R,.
(©) 4 - AL
1 RL
with R, = 56kQ,4,=-368.42
4 = (—368.42)(3kQ) _ 197.36.

! 5.6kQ
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(& Exercise Problems 0702022

3.1 A CE fixed bias configuration has R. =2 kQ, R, = 330 k2, 8 = 100, » = 50 kQ and
V..=15V.Calculate Z,Z , 4, and 4,.

3.2 A CE emitter-bias configuration with unbypassed R, has R. = 2.7 k2, R, = 390 k<,
R, =12kQ,3=150,r =25kQand V.= 16 V. Calculate Z,Z , 4, and 4,.

3.3 The following component values are available for an emitter follower.
R =62kQ, R =10kQ, R =15kQ, B=200, r =50kQ and V_.=18V.
Calculate Z,Z , A, and 4,.

3.4 ACBamplifierhas R . =3.9kQ, R, =3.3kQ, V .=9V,V ,=4V,3=100.Calculate Z,
Z ,A,and 4,.

3.5 A CE collector dc feedback configuration has V.= 14 V, R. = 3.3 kQ, RF1 =120 kQ,
RF2 =68kQ, f=140, andr =50kQ. Calculate Z,Z , 4, and 4,.



Chapter 4

TRANSISTOR FREQUENCY RESPONSE

4__INTRODUCTION

The frequency response of an amplifier is the plot of the magnitude of voltage gain as a function
of frequency. In transistor amplifier the low frequency response is governed by the coupling
and bypass capacitors. The high frequency response is affected by the transistor parasitic
capacitances and the stray wiring capacitances. The mid frequency response is unaffected by
these capacitances.

This chapter discusses the effect of coupling and bypass capacitors on low frequency response.
The effect of transistor parasitic capacitances and wiring capacitances has also been considered.

€ 4.1 GENERAL FREQUENCY CONSIDERATIONS

The response of a single stage or multistage amplifier depends on the frequency of the applied
signal. The coupling and bypass capacitors affect the low frequency response since the reactance
of these capacitors decreases with increase in frequency. The internal capacitances of the active
devices (BJT or FET) and the stray wiring capacitances will limit the high frequency response of
the system. An increase in the number of stages of a cascaded system will also limit the low and
high frequency responses.

4.1.1 Frequency Response of R-C Coupled Amplifier

The frequency response of an amplifier is the plot of the magnitude of voltage gain as a function
of frequency. Figure 4.1 shows the frequency response of R-C coupled amplifier.

The scale on horizontal axis is a logarithmic scale to facilitate the plot extending from the low
to the high frequency regions.

The frequency range is divided into three regions

e Low frequency region
e  Mid frequency region
e High frequency region.

The drop in the gain at low frequencies is due to the coupling capacitors (C,and C,) and
bypass capacitors (C,).
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v,
A = _0
4=
; Bandwidth——M—;
Aymia | L.
0'707AVmid ...... AU S -~ - -
Low —— Mid-frequency .
frequency . High-frequency ——
I | | | : I

: : f(log scale)
10 £ 100 1000 10,000 100,000 f, 1 MHz 10 MHz

Fig. 4.1 Frequency response of R-C coupled amplifier

At high frequencies the drop in gain is due to the internal device capacitances and the stray
wiring capacitances.

In the mid frequency range the gain is almost independent of the frequency. This is due to the
fact that at mid frequencies the coupling and bypass capacitors act as short circuits and the device
and stray wiring capacitances act as open circuits due to their low capacitance. The mid band gain
is denoted by 4, ...

4.1.2 Frequency Response of Transformer Coupled Amplifier

Figure 4.2 shows the frequency response of transformer coupled amplifier.

Bandwidth — M

Ay mid
0.707 Ay mig

Low Mid-frequency
frequency High-frequency ——

: : ' f(log scale)
10 N 100 1000 10,000 £ 100,000

Fig 4.2 Frequency response of transformer coupled amplifier

The magnetising inductive reactance of the transformer winding is X, =2 7 f'L.

At low frequencies the gain drops due to the small value of X,. At /= 0 (DC) there is no
change in flux in the core. As a result the secondary induced voltage or output voltage is zero and
hence the gain.

At high frequencies the gain drops due to the stray capacitance between the turns of primary
and secondary windings.
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4.1.3 Frequency Response of Direct Coupled Amplifier
Figure 4.3 shows the frequency response of direct coupled amplifier.

4] z‘_Va‘
Vi
Band width —
Ay mid '
0.707 Ay g
: } } ! | ! f(log scale)
10(f) 100 1000 10,000 £ 100,000 1MHz

Fig. 4.3 Frequency response of direct coupled amplifier

Direct coupled amplifier do not use coupling and bypass capacitors. As a result there is no drop
in gain at low frequencies. The frequency response curve is flat upto the upper cutoff frequency.

Gain drops at high frequencies due to the device internal capacitances and the stray wiring
capacitances.

4.1.4 Half Power Frequencies and Band Width
The frequencies f, and f, at which the gain is 0.707 4, ., are called cut-off frequencies or corner
frequencies or break frequencies. f| is called the lower cut-off frequency and f, the upper cut-off

frequency.
The band width or the pass band of the amplifier is given by

Band width, BW = f,—f, 4.1
The output voltage in the mid band is
V=14, 1V
Output power in the mid band is
v, I
P =2
o (mid) RD
| Ay I 1V, I?
=z (4.2)

The output voltage at cut-off frequencies is

V| =10.7074, || V]
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and the output power at cut-off frequencies is

10.707 4y s |V, |

o (cut-off) R
o A PGP
RO
or Po (cut-off) = 05 Po (mid) (43)

Note that the output power at cut-off frequencies is half the mid band power output. For this
reason f, and f, are also called the half power frequencies. More specifically £ is called the lower
half-power frequency and f, the upper half power frequency.

4.1.5 Normalised Gain versus Frequency Plot

The normalized gain is obtained by dividing the gain 4, at each frequency by the mid band gain
A, ., Therefore

v
Ay
A

¥ mid
Figure 4.4 shows the normalized gain versus frequency plot for an RC-coupled amplifier.

Note that:

Normalised gain = (4.4)

¥ mid

e  The normalised mid band gain is =1 and
¥ mid
: : . 07074,
e  The normalised gain at cut-off frequencies is ———  =0.707.
7 mid
Ay
Ay mid
A
|
0.707 Fommmmm LN
M| | | | . | f(log scale)
10 £1100 1000 10,000 100,000 5 1MHz 10 MHz

Fig. 4.4 Normalised gain versus frequency plot

In communication applications such as audio and video it is more useful to plot the normalised
decibel voltage gain versus frequency rather than the normalised voltage gain versus frequency.
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Normalised decibel voltage gain is

Ay

A

7 mid

AV
= 201log,, | - (4.5)
7 mid

Normalised decibel voltage gain in mid band is

Ami
2010g10{AV "} =0

¥ mid

dB

Normalised decibel voltage gain at cut-off frequencies is

0.7074,,.,
20log,, | —— | =-3dB.
7 mid

Note that normalised decibel voltage gain at cut-off frequencies is 3dB less than the normalised
decibel midband voltage gain. For this reason the frequencies f and f, are also called the
3 dB frequencies. More specifically f| is called the lower 3 dB frequency and f, the upper 3 dB
frequency.

Figure 4.5 shows the plot of normalised decibel voltage gain versus frequency for an

RC-coupled amplifier.

Ay
Ay mid|@B)

10 /1100 1000 10,000 100,000 /5 1MHz 10 MHz
0dB Pl ' ' ' , ' ' ~ /(log scale)
—3dB ------; :
-6 dB -
-9dB

-12dB

Fig. 4.5 Plot of normalised decibel voltage gain versus frequency

4.1.6 Phase Angle Plot

A single stage RC coupled amplifier introduces a 180° phase shift between input and output
signals in the mid band region. At low frequencies the output voltage V lags ¥, by an additional
angle 6. Therefore the total phase shift between V and V, is more than 180°. At high frequencies
V. leads V, by an additional angle 6,. As a result the total phase shift drops below 180°.
Figure 4.6 shows the phase plot for a single stage RC-coupled amplifier.
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360°

270°

180°

90°
OO

! ! ! ! : ' ! » f(log scale)
10 f1 100 1000 10,000 100,000 f, 1 MHz 10 MHz

Fig. 4.6 Phase plot of single stage RC-coupled amplifier

¢ 42 LOW FREQUENCY ANALYSIS

In low frequency region, we have seen that the amplifier gain increases with frequency. Hence it
can be modelled as a high-pass RC circuit as shown in Fig. 4.7.

O _ O

Fig. 4.7 Amplifier modelled as high-pass RC circuit

The capacitor C represents the combined effect of coupling and bypass capacitors and the
resistance R represents the combined effect of resistive elements of the amplifier network.
The capacitive reactance is given by

1
Yo T mysc (4.6)

At f=0, X .= Q
i.e. at low frequencies the capacitor acts as an open circuit as shown in Fig. 4.8.

O——©O
+ +
Vi R v,

O

ol

Fig. 4.8 Capacitor acts as open circuit at f = 0
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From the circuit of Fig. 4.8 we find that, V =0.
At high frequencies, X, = 0 Q2
i.e., at high frequencies the capacitor acts as a short circuit as shown in Fig. 4.9.

O

O

Fig. 4.9 Capacitor acts as short circuit at high frequencies

Form the circuit of Fig. 4.9, we find that, V/ = V.. Note that as the input signal frequency
increases from zero to the mid band value, the output voltage rises from zero to V; and hence the
gain from zero to one. Let us verify this fact using mathematical analysis.

Mathematical Analysis
Using voltage division rule in the circuit of Fig. 4.7, we have
_ VR
0 R-jX.
Voltage gain is given by
A, = b __R_
- Vz - R - J X C
1
YT “
a;
The magnitude of voltage gain is
1
4] = T (4.8)
1+ [C}
R
Now let us find the gain at different frequencies:
1
* At =0 X. = =00 Q
/=0 ¢ 2nfC
|4, =0

* At high frequencies
f— oo and therefore X, — 0



324 Analog Electronic Circuits

as a result, |4,|>1 =4, .,

20 log,, (1) =0dB.

Now | AV | mid (dB)

*  When the capacitive reactance equals the resistance

ie X.=R
|4,| = 1 = &=L or
V2 NG
The corresponding decibel gain is
20 log,, . -3dB
2
Note that this condition must give the cut-off frequency
From Equation (4.9)
1
wmrc R
i = 1
2nRC

(4.9)

The frequency given by the above equation is the lower cut-off frequency or the lower 3dB

cut-off frequency denoted by f, .

1
2T RC

f =

Xe 1V __1 1Li_A
R 2nfCR |2nRrRC| f| f

Using this relation in Equations (4.7) and (4.8) we have

1
4 = ———

V . fl‘
1— 7| <L
’M

1

|4, m

From Equation (4.11) the phase angle of 4, is

6, = tan [i}
f

Since 0, is positive, V leads V, by an angle 6.

~[=

(4.10)

(4.11)

(4.12)

(4.13)
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In magnitude and phase form, Equation (4.11) can be written as

p = 14,118

| A
A, = ——— |tan | 2L 4.14
v an |:f:| ( )

A

N
Fig. 4.10 Low frequency response of high pass-RC circuit

Bode Plot of Low Frequency Response
From Equation (4.12) we have

| 4

vl

Voltage gain in dB is

| 4

|
[\®)
(e
T~
o
[\
=

4 |dB

fi T
-201 1+] 2L 4.15
0g,, J{ T; (4.15)

Now let us construct the plot of | 4, |, versus frequency using the straight line segments by
considering the following frequency ranges.
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1. For frequencies, f < f, or i > 1

Equation (4.15) can be approximated by

| 4

|AV\UlB =~ — 20 log,, {

S
= -201 &N
Oglo { f

:|2
or | A

(4.16)

V‘dB

| " is calculated at different values of S and tabulated in Table 4.1.

Table 4.1 | A, | ,, at different frequencies

/i /i
f 7‘ | A4, | =—201log,, 71
S
0 10 ~20dB
A 4 ~12dB
4
A 2 ~6dB
2
f 1 0dB

From the results given in Table 4.1, we can draw the following interesting conclusions.

A change in frequency by a factor of two is equal to one octave. When the frequency

Lo Lo A

changes from to By or By to f, (one octave), the gain increases by 6 dB.

A change in frequency by a factor of ten, is equal to one decade. When the frequency

changes from lf—(l) to f, (one decade), the gain increases by 20 dB.

If we plot | 4, |, against log scale in the frequency range lf—(l) < f</f,, we get a straight

line with slope 6 dB/octave or 20 dB/decade, as shown in Fig. 4.11.
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2
A fl/ _ 3fi ol 1 f(log scale)

/’— Slope = 6 dB / octave or 20 dB / decade

Fig. 4.11 Bode plot for low frequency region

2. For frequencies, f>f or S <1

Equation (4.15) can be approximated by
|4, = —20log,1=0dB

The plot of | 4, |, against log scale for the frequency range /> f,, is a straight line on the
frequency axis as shown in Fig 4.15. Note that the slope of this line is zero since the gain is
constant at 0 dB.

The plot shown in Fig 4.11 is made up of two straight line segments called asymptotes with a
break point at f,. Hence f, is called the break frequency or the corner frequency. This piece wise
linear plot is also called the Bode magnitude plot or simply Bode plot.

The actual frequency response is also indicated in Fig. 4.11. Note that

From Bode plot, at /= f,, |4, |, =0.
From actual plot, at f'=f,, |4,],=—3.
We find that at /= f|, the gain read from the Bode plot differs from the actual gain by 3 dB.

Phase Plot
At low frequencies, V leads V; by an angle 6, given in Equation (4.13) by

S A
0 =tan!' | 4.17
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The value of 91 is calculated at different values of

Table 4.2 Phase angle between V_and V,

h

and tabulated in Table 4.2.

fi a2 S Total phase shift
< =it 1| 41
! R 9=180+8,
0 o0 90° 270°
lg_lO 100 89.4° 269.4°
f 1 450 205°
100 £, 0.01 0.572° 180.572°
o0 0 0° 180°

The total phase shift 6 between V/ and V, is the sum of the phase shift of RC network and the
inherent phase shift (180°) introduced by the amplifier.

The following observations can be made from the results given in Table 4.2.

When the input signal frequency increases from zero to the mid band value (f > f,).

e  The phase shift 6, due to RC network decreases from 90° to 0°. The plot of 6, versus

frequency is shown in Fig. 4.12.

e  The total phase 8, decreases from 270° to 180°.

90°

45°

00

Fig. 4.12 Phase response of RC network of Fig 4.7
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Example 4.1
For the circuit shown below

(a) Determine the mathematical expression for

9

i

(b) Calculate the break frequency

4

V.
(c) Calculate
=

i

(d) Sketch the frequency response of v

at 10 Hz, 100 Hz, 1 kHz, 2 kHz, 5 kHz and 10 kHz

2

i

(e) Construct the Bode magnitude plot

(f) Sketch the actual frequency response

(g) Compare the results obtained in part (d) and part (e).

Solution

V.

1

(a) The expression for

analysis in section 4.2.

(b) The break frequency is

0.068 uF
|(

g I\ g
Cc

V; 12 kQ R Vo

o o

is given in Equation (4.12) which is derived under mathematical

v 1
IAV|=7”_ = P
l 1+] =+
H
1
fl_anc
1

T D@2k 0o
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(c) Table A

(d) Frequency response of

Ji _ V.
f 7‘ A 1= 15 | 1Ayl =2010g,, |4, |
10Hz | 19.5 0.0512 258
19.5 Hz
[: 5 } 10 0.0995 ~20.04
10
100Hz | 1.95 0.456 —6.82
195 Hz
1 0.707 -3
[=/]
1 KHz | 0.195 0.981 ~0.166
2KHz | 0.0975 1 0
5KHz | 0.039 1 0
10KHz | 0.0195 | 0

VO
Vi

2

i

T --

0.981

0.707F--------+

(e) Bode plot

It consists of two straight line segments.

/i /i
atf=$ |4, = —201log,, 71 =-20
at f=1 |4,|, = —20log,, [1]=0
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The first line is obtained by joining these two points.

This line has a slope of 20 dB/decade or 6 dB/octave.

The second line is drawn on frequency axis starting from f = f at it has slope of
0 dB/decade.

(f) The actual plot is sketched using the values given in the 4™ column of Table A, along with
Bode plot in the following figure.

|4y ]

10 19.5 100 195 1000 10,000 100,000 1 MHz 10 MHz

Pt f(log scale)

/
/T Actual plot

Bode plot

Example 4.2
For the circuit shown below
(a) Determine the mathematical expression for the phase angle 6, between V and V.
(b) Calculate the break frequency.
(c) Calculate phase angle 6, at /=100 Hz, 1 KHz, 2 KHz, 5 KHz and 10 KHz.
(d) Sketch the phase angle versus frequency plot using the results obtained in part (c).

C
|( o
? I\ ?
0.1 pF
V R=5kQ 7,
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Solution
(a) The expression for 6 is given in Equation (4.13) which is derived under mathematical
analysis in section 4.2.

0, = tan’ {ﬁ}
A
(b) The break frequency is
= L ! =3183 H
/7 mRC T mGra)(0apr) M
(c) Calculation of 6, at different frequencies
f A 6, = tan’! [ S }
f /
0 el 90°
100 Hz 3.183 72.56°
318.3 Hz
1 45°
[=/]
1 KHz 0.3183 17.66°
2 KHz 0.15915 9.043°
5 KHz 0.06366 3.643°
10 KHz 0.03183 1.823°

(d) The phase angle plot is shown below

0

90°
72.56°

45°

17.66°

Example 4.3
For the circuit shown below
(a) Calculate the lower 3 dB frequency.
(b) Find the magnitude and phase angle of 4, at 1000 Hz.
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(c) Calculate the output voltage if the input voltage is
v.=10sin [ 12566 ] V

C
|( .
¥ A °
0.1 pF
v, 4kQ R v,
o . 5

Solution
(a) Lower 3 dB frequency is

1 1
f;_-2nR(7__2n(4kQ)«llpF)

=397.88 Hz

(b) Magnitude of 4, is

4] = ——
L E——
1+ fl}
\ S
Phase angle of 4, is
0, = tan’ [i}
f
At f=1000Hz
|4, = — =0.929
[39788}
1+
1000
0, = tan’ 397.88 =21.69°
1000
(©) v, =10sin [12566 ] =V sin wt
=10V
= 12566 rad/s
_ o 12566 =2000 H
Ty z
1
|4, = =0.98

397.88 7
1+
2000
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0, = tan'| 22158 | 050
2000

v, leads v, by an angle 6,

<
Il

V- |A4,| sin[wt+6]

= 9.8sin[12566 ¢+ 11.25°]V

[10][0.98] sin [12566 ¢+ 11.25°]

Example 4.4

It is desired that the voltage gain of an RC-coupled amplifier at 60 Hz should not decrease by

more than 10% from its mid band value. Calculate

(a) the lower 3dB frequency
(b) the required C if R =2000 Q

Solution
(a) Note that 60 Hz lies in the low frequency region

1

1+[f1}
A

60 Hz, [4,]=0.9

| 4

vl

Given at f

Using this condition in Equation (A), we get

1
09 = 77—
1+[f1}
60
Solving we get, f, =29 Hz
b 1
®) / 2w RC
C = L _ :
- 2nfR 2m(29Hz)(20000)
= 2.74 uF

¢ 43 LOW FREQUENCY RESPONSE OF BJT AMPLIFIER

(A)

Figure 4.13 shows the circuit of single stage BJT amplifier. The coupling capacitors C¢and C,.and
the bypass capacitor C, determine the low frequency response. Now let us study the influence of

each of these on low frequency response.



Transistor Frequency Response 335

* ° Vee

Rc
Ry Cc

+ .
Vs Vi %Ib Rg I Cp

Fig. 4.13 Single stage BIT amplifier with coupling and bypass capacitors

Effect of Input Coupling Capacitor C;on Low Frequency Response

The input coupling capacitor C couples the source signal to the active device (BJT). To study the
effect of Cg on low frequency response we have to neglect the effects of C. and C,. This can be
done by treating them as short circuits.

Now let us obtain the ac equivalent circuit by reducing V.. to zero and replacing C, and C, by
their short circuit equivalents. C. is retained as it is. The ac equivalent circuit is shown in Fig. 4.14.

3 ° : o
| -
Cs |
A I 3
e + \ !
: RC Ry i V()
R, ! |
: Ry Vi Ry i
+ : !
Vs ‘ 3
- - [ 3 5
R; hie

Fig. 4.14 AC equivalent circuit

The resistance of the transistor between base emitter is 4, . The input ac equivalent circuit is
shown in Fig. 4.15.
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CS CS
\|
/1 + )} +
Rs Rg
%Rl Vi %Rz %hu V; %Rl
+ +
Vs Vg
L L
(@) (b)

Fig. 4.15 (a) Input ac equivalent circuit
(b) Simplified input ac equivalent circuit

Let R =R R, h, (4.18)
where h, =pr, (4.19)

Using voltage division rule in the circuit of Fig. 4.15(b), the voltage applied to the amplifier
is given by

Ve R,
Vo= - (4.20)
" [Re+R]-J X,
1
where X, = —F (4.21)
s 2nf Cs
v, R,
R+ R,
vy = L5 il
l 1— XCS
{RS+R1]
R
e
S+Ri
1Vl = (4.22)

2
X
14— 5
R+ R,
In the mid frequency band, f is sufficiently large. As a result, XCS — 0. Now from
Equation (4.22) we have

Vi = s % (4.23)
R+ R

1
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Using this relation in Equation (4.22), we have

| V[| _ i Imid - (424)
X
1+ —S
R+ R,
The lower 3 dB cut-off occurs, when

i mid

vy = Bl — 7077
V2

From Equation (4.24) we find that, the 3 dB cut off occurs, when

XC
——=1 or X, =R +R,
R, +R, s :
1
—— = R, *+R
2n f Cy '
1
or f= —=— (4.25)

21 [Ry + R, | Cq
Equation (4.25) gives the lower 3dB cut-off frequency due to C,. Let us denote it by fLS. Now
we have
3 1
s 2m [Ry+R ]Gy

1, (4.26)

Effect of Output Coupling Capacitor C.on Low Frequency Response

The output coupling capacitor C,. couples the output of the active device to the load. To study the
effect qf C? on low frequency response, let us neglect the effect of C and C,, by treating them as
short circuits.

From the circuit of Fig 4.14, we can write the ac equivalent circuit on the output side as
shown in Fig. 4.16(a).

CC CC
|( |(
+ I\ N + I\ +

[
= |

|||
_
i

Fig. 4.16 (a) AC equivalent circuit of output side
(b) Simplified ac equivalent circuit
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Let R, =71 R,

[

The simplified ac equivalent circuit is shown in Fig. 4.16(b).

V_ = Output voltage of active device
V= Load voltage

Using voltage division rule in the circuit of Fig. 4.16(b), the load voltage is given by

_ Ve R,
’ [R0+RL]_‘]'XCC
B 1
where X, = mrC. 7.
V. R,
v ‘| R, +R,
o B j XCC
R +R,
V. R,
'R +R,
vV, = PRREE
1+ Ce
R +R,
In the mid frequency band, X 0™ 0. Now from Equation (4.30) we have
P AV
o ' mid Ro + RL
Using this relation in Equation (4.30) we have
| I/o |mi
V| = Xd -
1+ Ce
R +R,

The lower 3dB cut-off occurs when
[V | = —|V"|mid =0.707 |V | .
o \/5 o 'mid

From Equation (4.32) we find that, the 3dB cut-off occurs when
X,

Ce
R +R,
1

2n fC,

=1 or XCC=R0+RL

= R0+RL

(4.27)

(4.28)

(4.29)

(4.30)

4.31)

(4.32)
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1
21 [R,+R, ] C, (4.33)

Equation (4.33) gives the lower 3 dB cut-off frequency due to C,.. Let us denote it by fLC. Now
we have

or f=

1
¢ " 2n[R +R]C, (4.34)

/.

Effect of Emitter Bypass Capacitor C, on Low Frequency Response

To study the effect of C, on low frequency response, let us neglect the effect of C; and C,. by
treating them as short circuits.

From the circuit of Fig. 4.13, we can write the ac equivalent as shown in Fig. 4.17.

o

RS RCHRL
Ry || Ry

+ .
\ | 7 T

Fig. 4.17 AC equivalent circuit to study the effect of C,

Let us replace the transistor by its low frequency small signal hybrid model as shown in
Fig. 4.18.

B

Rg

N P gﬂw Plo =, Rc|IRy
Vs

2 E

» Y

")

Fig. 4.18 AC equivalent circuit using hybrid model
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R, is the ac equivalent resistance seen by C,. To find R, we reduce V to zero as shown in

Fig. 4.19. For simplicity the output circuit is omitted.

H
Rs Ry || Ry Bre
— — E
RE CE
Re
Fig. 4.19 Circuit to find R,
R, = R.||IR [IR, (4.35)

Let

The ac equivalent circuit is redrawn as shown in Fig. 4.20.

R Bre

B
AW~

Fig. 4.20 AC equivalent circuit redrawn

Note that R, + 8 r, is in the base circuit. When it is transferred to the emitter circuit it gets
divided by f3, since the emitter current is approximately 8 times the base current. The resulting

circuit is shown in Fig. 4.21.
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e
\|
)
o
Il
AW
=
\|
/
5

Fig. 4.21 Circuit to find R,

Note that
Ry
Re = RE [ 7+Fe (4.36)
For the circuit of Fig. 4.21, the lower cut-off frequency due to C,, is given by
1
- 4.37
S i 2n R, C, (4.37)

Effect of C, on Voltage Gain
The midband voltage gain of the amplifier of Fig. 4.13 with out C, is given by

CRIR

V' mid =
r,+R;

(4.38)

where R

o

RC|| ra

If C, is connected in parallel with R, then the voltage gain becomes a function of frequency.
Now the voltage gain at any frequency is given by

g - —DlR 439
CT R, (439
1
where XCE = m (4.40)

As the frequency increases:

e X decreases
E
e R [X o decreases

® A4, increases in magnitude
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As the frequency approaches the midband value

e X, approaches zero

* R,|lX_ approaches zero (i.e R is shorted out)

e A, approaches the maximum value or midband value

CRR,

r

e

A =

¥ mid

(4.41)

Note that, Equation (4.41) can be obtained from Equation (4.39) by substituting R, = 0 Q

Over all Lower Cut-off Frequency

The low frequency response of the amplifier is influenced by the capacitors C,, C.and C,. The
lower cut-off frequencies due to C,, C,. and C, respectively are fLS, fLC and fLE If these cut-off

frequencies are relatively apart (i.e., one is greater than the other by four times or more ) the
higher of the three is approximately the lower cut-off frequency for the amplifier stage.

For example if fLS =6 Hz, ch = 25Hz and fLE =320 Hz
then the lower cut-off frequency of the amplifier is fLE =320 Hz, since

fi.> A4S, and  f >4f

Example 4.5

For the circuit shown below calculate the following:

@ -,

(b) Input resistance, R,

V
(c) Mid band voltage gains 4,= — and 4, = 7”
N

BIARS

(d) Lower cut-off frequency due to C,
(e) Lower cut-off frequency due to C,
(f) Lower cut-off frequency due to C,

(g) Overall lower cut-off frequency

For the transistor, =100 and r =« Q.
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10 uF

* o 10V

4%Q
0.45 uF

%

2

10 kQ

1 kQ
Vi
VS+ 1. 5kQ —— 20 uF
—~ - _L T
R;
Solution
(@) Calculation of r,
Check for, BR, = 10R,
B R, = (100) (1.5 kQ ) =150 kQ

10R, = (10) (10 k) = 100 k2

Since 8 R, > 10 R, we can use approximate analysis

VE
]E
re
(b) Input Resistance
Ri
(¢) Midband Voltage Gain
A

_ Vee R, _ (10 V)(10 kQ) _
R +R,

2.04V
39 kQ+10 kQ

V,~V,,=204V-07V=134V
134V

=0.893 mA

1.5 kQ

26mV_ 26mV
I,  0.893mA

Ve
RE

=29.1Q

RAR, B,

39 kQ || 10 kQ || (100) (29.1 Q) = 2.13 kQ

RR,
r

e

IR
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R =R.||r,=4kQ| ® = 4kQ

RI|IR, =4kQ| 10kQ=2.86kQ
Lo 2seke
4 29.1Q
L
VS VS
v, V.
A
v,
:AVV_S (A)

In the midband, C; represents short circuit. The input equivalent circuit in the mid band is
shown in Fig. A.

1 kQ
VWV "
Rg
+
Vi G) R; % v,
<
Fig. A
Using voltage division rule
V — VS Ri
: Ry +R,

V. R 2.13 kQ

— = = =0.68

Ve R;+R 1kQ+2.13kQ

Using this value in Equation (A) we get
A, = (-98.28)(0.68) =—66.83
(d) Lower Cut-off Frequency due to C,
B 1
fis = 2m [Rs + R ] Cs
1
= =5.08 Hz

2n[l kQ+2.13 kQ][10 pF]



(e) Lower Cut-off Frequency due to C,,

/.

C

[

1,

C

(f) Lower Cut-off frequency due to C,

"

E

p

E

(g) Over all Lower Cut-off Frequency
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1
21 [R,+R, ] C.
= R.||r,=4kQ| 0 =4kQ
1

" 2afe+ 0ka]o4s E] 20N

1
2n R, C,

Rl
=R,| {?—H@}
=R R, ||R,=1kQ| 39kQ || 10 k€2 = 0.888 kQ

- UIBKD L 910-37980
100

1.5kQ(137.98Q=37Q
1
~ 2n[37Q] [20 pF]

=215Hz

We have
fLS= 5.08 Hz fLC= 25.26 Hz fLE =215Hz
Note that fLC 4 fLS
and fLE > 4 fLC
Therefore over all lower cut-off frequency is f,,
/o= fLE =215Hz
Example 4.6
Repeat example 4.5 with 7 = 40 k€2.
Solution
r, = 40kQ
R, = 4kQ

Since r, 2 10 R, the effect of r can be neglected. Therefore, all the results remain

unaffected.
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Example 4.7
Repeat example 4.5 with » =20 k€2.

Solution

In this case 7 <10 R_..Only 4, 4 and fLC get affected. Other values remain unchanged.

V' mid
r=291Q R =213kQ

f =508Hz f, —215Hz } As calculated in example 4.5

Midband Voltage Gain
v R ||R
AV — o _ 0|| L
Z re
R, =R.||r, =4k Q| 20 kQ =3.33 k€2
R ||R, = 3.33KkQ] 10kQ=2.49kQ
4, = - 2.49 kQ 3556
29.1Q

R
A, =4 : =(—85.56) (0.68) =—58.18
JiE S e

Lower Cut-off Frequency due to C,_
B 1
e ™ 2m [R,+R,]C.
B 1
27[3.33 kQ+10 kQ][0.45 pF]

=26.53 Hz

Over all Lower Cut-off Frequency

fLS = 5.08 Hz
fLC = 26.53 Hz
fLE = 215Hz
Note that fLC >4 fLS
and fLE > 4fLS

Hence the overall lower cut-off frequency is

S, =1, =215Hz

Example 4.8
For the circuit shown below calculate the following:

@ 7,

(b) Input resistance R,



Transistor Frequency Response 347

4

: . _V _
(¢) Mid band voltage gains 4, = v and AVS =7

1 s

(d) Lower cut-off frequency due to C,
(e) Lower cut-off frequency due to C,
(f) Lower cut-off frequency due to C,
(g) Over all lower cut-off frequency

For the transistor =100 and r = .

0.6 kKQ
5kQ
+
Vs
Solution
(a) Calculation of r,
] = VCC — VBE
B Ry +(1+B)R;
20V-0.7V
= =32.11 pA
500 kQ+(101)(1 kQ)
I, = (1+B)1,=(101) (32.11 uA) = 3.24 mA
~ 26mV_ 26mV 2020
T T T T 324mA
(b) Input Resistance
Ri = RBHﬁ re

= 500 kQ || (100) (8.02 Q) = 800.72 Q



348 Analog Electronic Circuits

(¢) Midband Voltage Gain

(d) Lower Cut-off Frequency due to C,

"

S

(e) Lower Cut-off Frequency due to C,,
1

C

(f) Lower Cut-off Frequency due to C,

"

E

R.||r,=33kQ| ®=33kQ

— 33kQ | 5kQ=1.98kQ

27 [0.6 kQ+800.72 Q][I pF]

L98KQ 54688
8.02Q
Ri
"R+ R
800.72Q
[-23688] S karsoo 2 AL12

1

21 [Ry + R, | Cq

1

=113.6 Hz

1

21 [R,+R, ] C.

1
=19.17Hz

27 [33kQ+5kQ][1 pF]

1

2nR,.C,

R | {&m}
B

= R, || R,=500 kQ || 0.6 kQ = 599.28 Q

599.2802

+8.02 Q2=14.01 Q
100

= 1kQ 1401 Q=13.82Q

~ 2n[13.82Q][6.8uF]

1

=1693.5Hz
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(g) Over all Lower 3dB Frequency

113.6 Hz
19.17 Hz
1693.5 Hz
s - 4ch
fy =41,

Hence the over all lower 3 dB frequency is

N
Il

)

SN S
a

oo

Note that

AN

f, =1, =16935Hz

349

Example 4.9
For the emitter follower circuit shown below, calculate the following:

(@) r,
(b) Input resistance R,
. . V. v,
(c) Mid band voltage gains 4,= —* and 4, = —
Z s
(d) Lower cut-off frequency due to C;
(e) Lower cut-off frequency due to C,.

(f) Over all lower cut-off frequency

For the transistor, =100 and 7 = oo.

o015V
120 kQ2
0.1 uF
CS 0.1 LLF
1 kQ ( . oy
Cc
+
Vs 33 kQ 2kQ

5kQ
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Solution
(a) Calculation of r,

B R, = (100) (2 k) =200 kQ
10R, = (10) (33 k) =330 kQ
Note that, BR, <10R,

Hence we have to use exact analysis

v Vec Ry 15V)(33kQ)
™ R+R, 120kQ+33kQ

R, =R ||R,=120kQ | 33 kQ =2588 kQ

Th
Vo —Vee __ 323V-07V_
5 Ry +(+p)R, 2588kQ+(101)2kQ) HA

=323V

I, = (1+B)1,=(101) (11.1 pA) = 1.12 mA
_26mV. 26 mV —1391 0
T L T 112mAa T
(b) Input Resistance
R, = R||IR,]Z,

Zh :ﬁre+(1 +ﬁ)[RE||RL]
= (100) (23.21Q) + (101) [2kQ || 5kQ] = 146.6 kQ
R = 120kQ| 33 kQ || 146.6 kQ =22 kQ

(¢) Midband Voltage Gain
__ RIR,
Y (RelIR )+
R.|R, =2kQ]| 5kQ=143kQ

4, = 1.43 kQ =0.984
1.43 kQ+23.21 Q
A =4 k. 0.984 [&} = 0.941
sV Ry +R, —09Y) vkl
(d) Lower Cut-off Frequency due to C,

B 1

fis = 2m [Rs + R ] Cs
1
= = 69.19 Hz

27 [1 kQ +22 kQ][0.1 pF]
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(e) Lower Cut-off Frequency due to C,,

1
e T 2m R +R,]C.

R =R, |r=2kQ|2321Q=2294Q
I
- =316.85 H
fe T nproaarskafolpr] B

(g) Over all Lower Cut-off Frequency

fLS = 66.39 Hz ch: 316.85 Hz
Note that fo>4 fLs

Hence fLC is the over all lower cut-off frequency.

C

Example 4.10
For the common-base amplifier shown below, calculate the following:

@@ r,

(b) Input resistance, R,

o

(c) Mid band voltage gains 4, Y and AVS =

(d) Lower cut-off frequency due to C;

N

(e) Lower cut-off frequency due to C,
(f) Over all lower cut-off frequency.

For the transistor =75 and r = .

5V -15V

1.5kQ 3kQ

10 uF

4.7kQ




352 Analog Electronic Circuits

Solution
(a) Calculation of r,

(b) Input Resistance

(¢) Midband Voltage Gain

Vs

(d) Lower Cut-off Frequency due to C,

)

S

(e) Lower cut-off Frequency due to C,.

5

C

R

o

W

C
(f) Over all Lower Cut-off Frequency

5
/i

Lc

S

VeV _3V-0TV o
R, 1.5 kO

_26mV _ 26mV oo
I, 2.86 mA

=R, ||r,=1.5kQ[9.09 Q=9.03 Q

_ o [ReIR, ]
rE
P 86
1+ 76

3kQ[|4.7kQ=1.83kQ
_ (0.986)(1.83 k)
9.09 Q

=198.5

R, 9.03Q

— 4, =[198.5] | — 22" |=13.89
R, +R 120Q+9.03Q

1
21 [Ry + R, | Cq
1

T 0000 Qo] oot
B 1

- 2n[R,+R,]C.

= R.=3kQ

= ! =2.06 Hz

27 [3kQ +4.7kQ][10 pF]

123.34 Hz
2.06 Hz
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Note that fL > 4 fL

.. Over all lower cut-off frequency is fLS

N C

f, =1, = 12334 Hz

Example 4.11

It is desired that the voltage gain of an RC-coupled amplifier at 60 Hz should not decrease by
more than 10 % from its mid band value. Show that the coupling capacitor C; must be at least

equal to 575 where R = R+ R.. R is in kilo-ohms and C in micro farads. Neglect the effects
of C, and C,.

Solution
(a) Voltage gain in low frequency region is given by

1
4, = F—= (A)
1+[f‘"j
S
at /=60 Hz, |4,] > 09

Using this data in Equation (A), we have

1
— >09
/, 2
1+ L)
60
2
> 1 +(ij < 1.235
60
or Jf, <29Hz
(b) Since the effects of C,.and C, are to be neglected,
5 =1,
1
= <
But fLS 27 [Rs + R]Cs 29 Hz
1

21 [RS+R1'] CS > 2—9

1
S 7 )R+ R)

Since C < 1s in micro Farad and R=R R, in kilo-ohms we have
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6 > 1
€5 L107] (@m)9)(R)(10°)
5.5

Cc. > =
§ R

Example 4.12

It is desired that the lower cut-off frequency due to Cg be not more than 10 Hz for the RC-
coupled amplifier of Fig. 4.13. Calculate the minimum value of input coupling capacitor C. Take
R =39kQ, R, =10kRQ, R, =1kQ, =100,V . .=10V.

Solution
Given /. < 10Hz

1
= <10H
Jis = 2arg+r1C, M

0.1
0.1
2[Ry +R]
2.13 kQ [see example 4.5]
0.1
C. >
§ 2n[1kQ+2.13kQ]

C. > 5.08 uF

\S]
B
>

©
+

=

O
Vv

=
Il

€ 4.4 MILLER EFFECT CAPACITANCE

Figure 4.22 shows an inverting amplifier with a capacitance ¢ between the input and output
nodes.

G

|/

I\
¥ 2
v q e
i V= Vl Vo
o— I~

L

Fig. 4.22 Inverting amplifier with capacitance between input and output nodes
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It is important to note that, 4, is negative for inverting amplifier since V and V, are 180° out of
phase. Using Millers theorem we can find the loading effect of C ', on the input and output circuits
of the amplifier.

To find the Miller Input Capacitance [C,, |
We use the circuit of Fig. 4.23 to find the Miller input capacitance.

(L

$—>Ii — 1 .
v, *
Vi Ay = 7 v,
Pl — -
Zi Rl
Fig. 4.23 Circuit fo find Miller input capacitance
Let R = 5 > [ = L
€ i [1 1 Ri
d Z = % > [= 14
o ' 1; "z
Applying KCL at the input node we have
I = 1+1 (4.42)
V.-V,
I, = IX S
Cr
V.—A4,V,
N B0 S [V :AV V]
ch 0 1
, -4y
2 XC

f
Substituting for /., /, and 1, in Equation (4.42) we get

iV N [1-4y1V;

Z, R Xc

!
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Eliminating ¥, throughout we have

1 1 1
_ = — 4 —
Z, R, Xe,
1 1 1
— = — 4+ (4.43)
Z; R, XCM
XC
S
h X, = 4.44
where Cui 1—4, (4.44)
v - 1
G 2afC,

Using this relation in Equation (4.44) we have

1
X =
G 2x f1-4,1C,
1
X =-— 4.45
" 2m G (143
where C, =[1-4,1C, (4.46)

C,,, 1s called the Miller input capacitance.

From Equation (4.43), Z, can be interpreted as the impedance resulting from the parallel
combination of R, and C, . This is shown in Fig. 4.24.

v, Cyvi =< % R;

Zi

Fig 4.24 Miller input capacitance [C,, ]

To find the Miller Output Capacitance |C,, |

We use the circuit of Fig. 4.25 to find the miller output capacitance.
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Cr
|(
I\ T L
o -~ Il -~ IO o
+ . v, +
V; V= v, v,
— -
R, Z,
Fig 4.25 Circuit to find miller output capacitance
£ Y
Let R =— = [=—=
Il Ro
v, v,
and Z == = [=-=
o 10 o ZO
Appling KCL at the output node we have
I =1 +1I, (4.47)
] = ° — Vt
2 X
Cr

. V.
Using V = — we have
1 AV

Substituting for /, and 7, into Equation (4.47) we have

V{l_l}
v, L 4]

I, = ¢+ —
R, Cr
Usually R is large and hence the term Z—" can be neglected.
1
Ay
Now [ =——
o XC

A
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X
A P
Ay
Z = !
27 f [1—} C
4
7 - —1 4.48
’ 2'7-’:fCM0 ( . )
1
where C,, = {I_A_}Cf (4.49)
v

C,,, 1s called the miller output capacitance.

Summary of Millers Theorem

A capacitance C, connected between the input and output nodes of an inverting amplifier can be
replaced by

e A miller input capacitance, C, =[1-4,] Cf connected between input node and ground
and

. . 1
e A miller output capacitance, C, = {1——} C connected between output node and
ground. Ay

For non inverting amplifier 4, is positive. In order to obtain positive values for C,, and C, ,
Equations (4.46) and (4.49) should be modified as follows

C, = [1+4,1C (4.50)
1
C, = {Hz}cj (4.51)

Application of millers theorem to the amplifier of Fig. 4.25 results in the network shown in
Fig. 4.26.

[ O
+ +
v Ay -2 —
i Cyp =< y=7- = Cu Vo
1
° >

Fig. 4.26 Amplifier with C. replaced by Miller capacitances



Transistor Frequency Response 359

Applications of Millers Theorem
Millers theorem is applied:

e In feed back amplifier circuits to replace the feed back resistors / impedances connected
between input and output nodes with their miller input and output impedances. An example
is a voltage shunt feed back amplifier discussed in Chapter 6.

e In high frequency analysis of amplifiers to replace the internal capacitances of active
devices with their miller input and output capacitances. This application is discussed in
the next section.

€ 4.5 HIGH-FREQUENCY RESPONSE OF BJT AMPLIFIER

In the high frequency response of BJT amplifier, the upper 3-dB cut-off point is defined by the
following two factors.

e The network capacitance which includes the parasitic capacitances of the transistor and
the wiring capacitances.
e  The frequency dependence of the short circuit common emitter current gain A . OF p.

4.5.1 Network Parameters

Figure 4.27 shows the RC-coupled amplifier with parasitic and wiring capacitances. C, , C, and
C , are the parasitic capacitances of the transistor. C,, and C, are the input and output wiring
capacitances which are introduced during the construction of the amplifier circuit.

o Vee

oV,

Fig. 4.27 RC-coupled amplifier with parasitic and wiring capacitances

Figure 4.28 shows the high frequency ac equivalent circuit of the RC-coupled amplifier.
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OIS

_'[h

)|
/1l
o

IBIb %”o %RClRL;: Co Vo

T :

Fig. 4.28 High frequency ac equivalent circuit of the amplifier of Fig 4.27

Using Millers theorem, the transition capacitance, C, can be replaced by two capacitances:
C,, at the input and C, at the output.

The total input capacitance C,, is the sum of the miller input capacitance C, , base-emitter
input capacitance C,, and the input wiring capacitance C,,

C =C,+C, +C, (4.52)
where C, =[1-4,]C, (4.53)

The total output capacitance C , is the sum of the miller output capacitance C, , the
collector-emitter parasitic capacitance C,, and the output wiring capacitance C,,

C =C,+C,+C, (4.54)

o

where C., {1 — L} C,. (4.55)

14

Upper Cut-off Frequency due to Input Capacitance C,

To find the upper cut-off frequency due to the input capacitance C,, we consider the input circuit
of Fig. 4.28 which is shown in Fig. 4.29(a).

+
Vs CN> Vi KRR, R,  ==c Vmy C~> Vi =< G

RS RThi

N : s

+ +

- ‘ ‘T —

Ry,
(a) (b)

Fig. 4.29 (a) Input ac equivalent circuit (b) Thevenin equivalent of input circuit
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The network consisting of V, R, R || R, and R’ can be replaced by its Thevenin equivalent as
shown in Fig. 4.29(b).

The Thevenin voltage Vrh,- and Thevenin resistance RTh,- can be calculated using the networks
of Fig. 4.30(a) and 4.30(b) respectively.

Rg Rg
+
+ ’
VS C’\D Rl H Rz R; VThi VS= 0 Ry H Ry Rl
5 S
(a) (b)
Ry,
Fig. 4.30 (a) Circuit to find VThi (b) Circuit to find RThi
Using voltage division rule in the circuit of Fig. 4.30(a), we have
R ||R,|IR]
Vi, = Vs LR IR; , (4.56)
l Ry +R || R, || R
and from the circuit of Fig. 4.30(b)
Rrh[ =R/ R IR, IR 4.57)
where R' =fr..
Now let us find the amplifier input voltage V/, as a function of frequency from the circuit of
Fig. 4.29(b).
Using voltage division rule we have
C
AR —
NCYEER
|V, |
1Vl = (4.58)
1
where X, = (4.59)
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e Inthe midband, the effect of C, is negligible. As a result X . can be treated as open circuit

(e, X, =)
| Vz |mid = | VThl- |
e At high frequencies, C, comes into play. With increase in frequency, X . decreases, R,
increases, | V| decreases and hence the voltage gain decreases. 7 X,
3dB cut-off occurs at a frequency at which
|V| _ |V; |mid _ |VTh‘ |
i \/5 \/E
From Equation (4.58) we find that, this condition occurs when
RThi = XC,—
R - 1
Thi 2 fC,
1
= — 4.60
o /=2 Ry, C, (4.60)

Equation (4.60) gives the upper 3 dB cutoff frequency due to the input capacitance C.. Let us
denote it by £,

1
S 4.61
Jo, = g R, C, (4.61)
R
Consider Ry 7o fI2nR, C]
X, 1 :
2n fC,

|7

Using this relation in Equation (4.58) we have

|V, |
V| = — (4.62)

(4.63)
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Figure 4.31 shows the Bode plot of | 4, | , obtained using Equation (4.63).

|AV|dB

0 dB

1 (log scale)

Asymptotic plot
—3dBf----mmmmmmmm - DY

~— —20dB/decade
[—6 dB/octave |

Actual plot

Fig. 4.31 Bode plot of equation (4.63)

Note that due to C,, the voltage gain decreases at the rate of 20 dB / decade or 6 dB / octave in
the high frequency region.
Upper Cut-off Frequency due to Output Capacitance C,

To find the upper cut-off frequency due to output capacitance C , we consider the output circuit
of Fig. 4.28 which is shown in Fig. 4.32.

Ry,
4 * O
1 +
+
B, <;> o RellRy ==<cC, Y, Vn, G) c, "
. o 4 o
Fig. 4.32 Output ac equivalent circuit Fig. 4.33 Simplified output ac equivalent circuit

The current source 3 1, along with the resistors » and R .|| R, can be converted into its equivalent
voltage source as shown in Fig. 4.33.

R, =1 lIRR, (4.64)
[-BL]1[r I R-R,] (4.65)

Th
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Using the procedure given in the previous section we can deduce the following relations for
the circuit of Fig. 4.33.
The output voltage as a function of frequency is

|V, |
V| = —— (4.66)

o

1
where &% = n IC (4.67)
The output voltage in the mid band is
[V, g =1V, | (4.68)
The upper 3dB cutoff frequency due to C is
1
= 4.69
J; Ho 2R, C, ( )
and the magnitude of voltage gain is
1
|4, = (4.70)

Figure 4.34 shows the bode plot of Equation (4.70).
Note that due to C , the voltage gain decreases at the rate of 20 dB/decade or 6 dB/octave.

14V | 45

0dB Ju,

£ (log scale)

Asymptotic plot
-3dBf------— =

—20 dB / decade
[—6 dB/octave |

Actual plot

Fig. 4.34 Bode plot of equation (4.70)
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Combined Effect of C,and C on High Frequency Response
e  The input capacitance C, defines the upper cut-off frequency in
e The output capacitance C , defines another upper cut-off frequency fHD
e  The lowest of these two frequencies will be taken as the overall upper-cutoff frequency.

»  If the variation of /2 with frequency is considered then the actual cut-off frequency may
be lower than f, or f, .

4.5.2 Variation of h,_ (or £) with Frequency

Figure 4.35 shows the hybrid-z high frequency small signal model of BJT. Detailed explanation
of this model is given in section 3.17 of Chapter 3.

Fig. 4.35 Hybrid-r high frequency small signal model of BJT

The base-emitter input capacitance C_(C, ) and the base-collector depletion capacitance
C,(C,, ) makes the short circuit current gain . to vary with frequency in the high frequency
region.

4.5.3 Expression for h_as a Function of Frequency
To simplify the analysis we make the following reasonable approximations:

* r,istypically a few tens of ohms. Hence it can be treated as short circuit.

« r, istypically a few tens of mega ohms. Hence it can be treated as open circuit.

To find the short circuit current gain, we short the output terminals. As a result » gets short
circuited. The resulting circuit is shown in Fig. 4.36.
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Cll
B o . |( .
— A
]C
V. - C, &m Va Ve =0
E o 3 . % .
Fig. 4.36 Circuit to find short circuit current gain
Short circuit current gain is
h, = L. 4.71)
fe I, ’
¥, =0
The current g V_flows into the short circuit.
1 =g,V (4.72)

To find /,, let us consider the input circuit of Fig. 4.36 which is shown in Fig. 4.37.

O
+ 4,][)

v, Iz TC,, =G,
° — 1

Fig. 4.37 Circuit o find I,

1

Let Z =r 4.73
o jo[C +C,] (4.73)
Z = 'n
I+jo 7, [Cn+Cu]
Now V=17
v - bk (4.74)
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Substituting Equation (4.74) in Equation (4.72) we have

gm rTCIb
]‘ =
¢ I+jor|[C.+C,]
]A gmrn
Now h = —< = -
Foor, 1+ j2nfr [Cn+Cu]
1
Let f[3 =

2nr[C, +C,]
Using Equation (4.76) in Equation (4.75) we have

gmrTL‘

h, = —————=
fe

1S

1 J

ﬂ{fﬁ}

B,

2
In the mid band, f < fﬁ As aresult l:fi} < 1
B

From Equation (4.78) we have
| h/e mia = &n re = hjémid

h, .. isalso denoted by 8

femid

Using Equation (4.79) in Equation (4.78) we have

mid
hfe mid

1+ {f:l
o

Equation (4.80) gives the variation of | / 2 | with frequency.

[ 7l

2
e As the frequency increases, {i} increases and hence | /2, | decreases.

e When f=f, Ty

|h femid _ Bmid

_h
SN RN

(4.75)

(4.76)

(4.77)

(4.78)

(4.79)

(4.80)
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Note that fﬂ defines the upper 3-dB cut-off point for the short circuit current gain 4 - fﬂ is also
denoted by j;f . Now Equation (4.76) can be written as

1
= = 4.81
Ty = Iy, 2nr, [C,+C,] (+81)
Using r =B r =p_ . r wehave
1
Jo = 1= 3 Bt [Co+C,] (4.82)

]; is called the § cut-off frequency. ]; is also the bandwidth for the short circuit current gain
h,.
fe
Figure 4.38 shows the variation of | 4, | with frequency. Note that | | decreases from its mid
band value %, ., with a slope of 20 dB/decade or 6 dB/octave. ‘

id

AR
hfemid """ » ..
homid | A30B__ S| | Variation
T .
| | =1 6 | g | Variation
hfb I 4 -E--
Tml/ Y fl T f(log scale)
B T «a

Fig. 4.38 Plot of | #,| and | 7, | versus frequency in the high-frequency region

4.5.4 Expression for the gain-band width product [f,]
The gain-band width product, f, is the frequency at which | 2 A |[=1or|h 2 | ;s = 0 dB.
Substituiting this condition in Equation (4.80) we have

h

fe mid =1
0
LR
h emil
fmd (4.83)
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2
Since f, > ];3, Jr > 1
Js
2
i
1+ Jr ~ =
Jy Jo
Using this relation in Equation (4.83) we have
hfe md _ g
Jr
Jo
or f;" = hfemid f[; = ﬂmid f[; (484)

Note that £ e mid

For this reason £ is called the gain-bandwidth product.

is the midband short circuit current gain and fﬁ is the bandwidth.

Substituiting Equation (4.82) into Equation (4.84) we have

1
Ay ATy
= ; 4.85
Jr 2ar[C,+C,] (4.85)

4.5.5 Expression for a Cut-off Frequency [ f ]

Figure 4.38 also shows the plot of | h ,| versus frequency. It is important to note that h =1,
since the short circuit current gain in CB configuration is unity.

a cut-off frequency, f is the frequency at which | h | drops to ——— . It is also frequency at

which | 72, | drops to % Using this condition in Equation (4.78), it can be shown that
2

]2 fll-a] (4.86)
where a = =h (4.87)

mid fb mid

Example 4.13

Consider the circuit of Example 4.5 with the same parameter values. Calculate the following
(a) in and fHO
(b) ]; and f,
Take C (C, )=35pF C (C,)=5pF C,=1pF C,=6pF C, =10pF.
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Solution
v =129.1Q
From example 4.5
4, =—-99.28
(a)
- 1
Jo, =3 7Ry, C,
Ry, = Rl R || R, R}
R = fr = (100) (29.1 Q) = 2.91 kQ
R, =1kQ [|39kQ |10k |2.91 kQ =0.68 kQ
Ci = CWl + Cbe + CMi
= 6pF+35pF+[1—(-98.28)]5pF =537.4 pF
1
= = 43552 kH
i, = 27 10.68 KQI[537.4 pF] g
S S
Ju, =3 7Ry, C,
R, =1 lIR|IR, =4k 10kQ=2.857 kQ
Co = CWO + Cce + CMO
— 10pF+1pF+|1- 5 pF = 16.05 pF
prrap { N 98.28} P P
1
= =347 MH
i, = 2 [2.857KQ [16.05 pF] z
1
b =
®) fﬁ 27 B a1 [C+C,]
Boa = £ =100
1
= = 1.367 MH
Js 2 (100)[29.1 Q][35 pF+5 pF] z
fy = Bu ;= (100) (1367 MHz ) = 136.7 MHz
Example 4.14

For the circuit of Example 4.8 with the same parameter values, calculate the following

(a) fH[ and fH,,
(b) j% and f,

Take C,, =7pF C, =11pF C, =5pF C, =20pF C_=10pF.
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Solution
r,=8.02Q
From example 4.8
A, = —246.88
B 1
(a) fH], 2.7TRThi Ci
Ry, = Rl R R,
R =pr =(100) (8.02Q) =802
R, = 0.6k 500k || 802 €2 =342.98 Q
Ci = CWt + Cbe + CM[
— 7pF +20 pF +[1 - (— 246.88 )] 5 pF
= 1.266 nF
1
= =366.53 kH
T = Jnp342.98 Q1266 nF] 003 KHZ
B 1
Ju, =3 7R, C,
Ry =1 IIRAR,
= o0 || 3.3kQ | 5kQ
= 1.987 kQ
Co = CWO + Cce + CMO
=11pF+10pF+ |1-———— | 5pF
prramp [ - 246.88} P
= 26.02 pF
1
= =3.07 MH
Ju, 27[1.987 kQ] [26.02 pF] z
b B 1
®) ]2 - 27 Bia 1. [Co G, ]
B 1
2 7 [100][8.02 Q] [20 pF +5 pF]
= 7.93 MHz
](T = ﬂmid -fﬂ

= (100) (7.93 MHz) = 793 MHz
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Example 4.15
Consider the circuit of Example 4.9 with the same parameter values. Calculate the following

(a) le_ and ng
(b) fﬂ and f,

Take C,,=7pF C, =10pF C, =15pF C, =25pF C_=12pF

Solution
r,=2321Q
From example 4.9
Z, =146.6 kQ
(a) / :
a - -
& 2 n RThi Ci
R, = RJIR/|R,|R]
But R =2, [ since configuration is CC ]
o = LKQ 120 k|| 33 kQ || 146.6 kQ
= 956.5Q
B o—
Cw, —
Co
Fig.A
From Fig(A)
Ci = CWi + Cbc * Cbe
= 7pF + 15 pF + 25 pF
= 47 pF
B 1
in © 27[956.5 Q] [47 pF]
= 3.54 MHz
1

T, = 3 R, C,
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R, =R.R |7,

Th,,

=2 kQ||5kQ|23.21Q

= 22.83Q
From Fig A
Co = CWO + CCE
= 10 pF + 12 pF =22 pF
1
— =316.87 MH
fHo 27 (22.83 Q)(22 pF) ‘
1
b —
(b) T = 3B, Gt Col
~ 1
~ 2m(100)(23.21 Q)[25 pE+15pF
=1.714 MHz
Jy = By £y = (100) (1714 MHz ) = 171.4 MHz
Example 4.16

For the circuit of Example 4.10 with the same parameter values calculate the following

(a) in and fHo
(b) ]2 and f,

Take C,,=10pF C, =10pF C, =18pF C, =24pF C =12pF.

Solution

(a)

CWi/r\

r, =9.09 Q ( From example 4.10 )
po- 1

i 2nR, C

m =~ Rl R R;

R =, [ since configuration is CB ]
R, =120Q 1.5kR2[[9.09 Q=284Q

N/
==Che == == Cm

Fig. A
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From Fig. A

(b)

(& Exercise Problems

C,.+ C,,= 10 pF + 24 pF = 34 pF

! — 557.26 MHz
27(8.4 Q) (34 pF)
1

2n Ry, C,
r [ R.R,
o || 3kQ 4.7 kQ
1.83 kQ
¢, .+C, [ see Fig A ]
18 pF + 10 pF = 28 pF

|
27 (183 k)28 pF) ot MHZ

1
27 Bria 7o [Cpe + Ce

1
27 [75][9.09 Q] [24 pF+ 18 pF]

5.55 MHz

B J3=(75) (5.55 MHz)
416.25 MHz

4.1 The following data is available for an amplifier

P =100 W P =50W V=100V R, =20Q
Calculate (a) Power gain in dB (b) Voltage gain in dB.
Hint: Ay s =10 log,, [P,/P] A, =20 log,, [V, /V]
V2 V2 V2
p=—=2° pP=—
° R, R " R

4.2
Calculate

Two voltage measurements made across the same resistance are V, =20 V and V, =100 V.

(a) Power gain in dB of the second reading over the first reading

(b) Voltage gain
Hint: R =R
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4.4

4.5
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If the applied ac power to a system is 5 uW at 100 mV and the output power is 48 W,
calculate

(a) Power gain in dB (b) Voltage gain in dB if R, = 40 kQ
(c) Input impedance (d) Output impedance

An amplifier is required to deliver 50 W to a 16Q loud speaker. Calculate
(a) The input power required if the power gain is 20 dB

(b) The input Voltage required if the amplifier voltage gain is 40 dB.

The total decibel Voltage gain of a three stage system is 120 dB. The second stage has
twice the decibel voltage gain of the first and the third has 2.7 times the decibel gain of
the first. Calculate
(a) The decibel voltage gain of each stage
(b) The voltage gain of each stage and the overall voltage gain
Hint: AV:AV1 -AV2 -AV2

A A + A4 +4

V(dB) = V1 (dB) V5 (dB) V3 (dB)



Chapter 5

GENERAL AMPLIFIERS

When the amplification from a single stage amplifier is not sufficient for a particular purpose, or
when the input or output impedance is not of suitable magnitude for the intended application, two
or more amplifier stages are connected in cascade. The cascade of CE and CB stages is called
cascode amplifier. This chapter discusses cascaded stages, cascode amplifier, current mirror and
current sources. Analysis of transistor configurations using the approximate and the complete
hybrid model has also been considered.

4 5.1 CASCADED SYSTEMS

When the amplification from a single stage amplifier is not sufficient for a particular purpose or
when the input or output impedance is not of suitable magnitude for the intended application,
two or more amplifier stages may be connected in cascade: i.e., the output of a given stage is
connected to the input of the next stage. Such an arrangement is called multistage amplifier.
Figure 5.1 shows three amplifier stages connected in cascade. The two port system approach is
very much useful in the analysis of cascaded systems.

O;
+ + + +
Vi Ay V=V, Ay, V,, =V; A v Ry
i 1 o1 Vip 02 3 £} 0
5_': %_5_% ‘7‘ 5 ‘F’
_ 7. Z,.=7
Zl] =Z 201 Zi2 Zoz i3 3 °

Fig. 5.1 Cascaded amplifiers

It is important to note that, the input impedance of a given stage loads the output of the
preceeding stage. Thus the voltage gains 4, hye A and A are the loaded voltage gains whose
values can be calculated using the corresponding no load galns Also for the cascaded system, the
input impedance is that of the first stage and the output impedance is that of the last stage.

1.e., Z = ZI_1 and ZO=ZU3

1
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Since the output of one stage is connected as input to the next stage,
V=V andV =V
n 9] 3 2

The total or the overall voltage gain of the cascaded system can be obtained as follows:

A
Vr - V;
v, V. Vi
4, = P
i Vi, Vi
Using V,-f VO2 and Vi2= VD1 we have
v, V. 7,
AVT = v, . v, Y
=4 v AVz.AVl
or 4, = AV]-AVZ-AV3 (5.1)
v
where AV1 =y~ Loaded voltage gain of stage 1
Y, :
AV2 = V2 = Loaded voltage gain of stage 2
Y, :
A vy V3 = Loaded voltage gain of stage 3
For n cascaded amplifier stages, the total voltage gain is given by
A, =4, -4, - AV3~- AV,, (5.2)
The total current gain is given by
— Zil
A, =-4, R_L (5.3)

Example 5.1
For the cascaded arrangement shown below, determine

(a) The loaded gain for each stage.

(b) The total gain for the system, 4, and AVS.

(c) The total current gain for the system.

(d) The total gain for the system if the emitter-follower configuration were removed.

(€) The phase relation ship between V and V.
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Ay, Ay, I,
Emitter follower ¥ Common base +
Z=10kQ | Z:=26Q R;
Z,=12Q o1= iy Z,=5.1kQ 82kQVo="Vo,
AVNL:I ‘T B [_’ AVNL:24O _
Zol Zi2 Zz)z = Z()
Solution
(a) For the emitter-follower, the load is le,
A, = L Jpp—L T
no Vo Zo+Z, T 26Q+412Q
For the common-base configuration,
LA
" - Viz - RL +Zoz "M
o B2k (240) = 147.97
8.2kQ+5.1k€2 )
(b) The total voltage gain is
AVT = AV1 AV2 =(0.684) (147.97)=101.20
A = L —&(10120)—92
s Z,+Rg TVt 10kQ+1kQ
4 = —a Do 0120y LK _ s 4
© i Ay g T 0120 g5 12

L

(d) With out emitter-follower, the arrangement is as shown below.

Common base
Zi = 269
Z,=5.1kQ

A VaL = 240

" Z +R,

8.2k

5.1kQ+8.2kQ2

147.97

VNL

(240)
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LN

I
INS

I
BRSNS
RS

Vs

i

147.97) —=22__
R+z 19D ka0

(¢) Both emitter-follower and common-base stage introduces zero degree phase shift. Hence V)
and V, are in phase.

A, =375

Note : When the emitter-follower is removed, the voltage gain falls from 92 to 3.75. This is due
to the very low input impedance of CB stage. Emitter-follower matches the low input impedance
of CB stage with the high source resistance R,.

Example 5.2
For the cascaded arrangement shown below calculate

(a) The loaded voltage gain of each stage

(b) The total gain of the system, 4, and 4,

(c) The loaded current gain of each stage

(d) The total current gain of the system

() How Z is affected by the second stage and R,
(f) How Z is affected by the first stage and R,
(g) The phase relation ship between V and V)

1 KF |

1
( T CE amplifier CE amplifier
Z=1kQ Zi=1kQ
Vi Z,=33kQ 7,33 kQ
. AV =-420 AVNL =-420
1T
Zy, 7

Solution
(a) The load on first stage is Zl_2

Z, 1kQ

AVI - Z +Z AVNL: 3.3kQ+1kQ (-420) =-97.67
R 27k -

Ay, = Z,+R, AT 33k04 27Kk C RO 189

(b) The total voltage gain is

N
Il

A

., = A, A, =(=97.67) (- 189) = 18.45 x 10°
Zi

LN
Il

Vs Rs + Zi AVT
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[k 18.45 x10%) =11.53 x 103
= — X = X
0.6kQ+1kQ (18. ) '
Zi :
(©) Al]1 = —AV1 Z, [Since load on first stage is Ziz]
= —(—97.67) 1k& =97.67
' 1kQ2 '
A = -4 i = 189 1k =70
Y T i

(d) Total current gain is
A

Ir

A, - A, =(97.67) (70)=6.84 x 10°

(e) Z,is unaffected by the second stage and R,

(f) Z is unaffected by the first stage and R,

(g) Each CE stage introduces a phase shift of 180°. Hence the phase shift between ¥ and V'’ is 360°
or 0°. i.e., ¥ and ¥ are in phase.

Example 5.3
For the BJT cascade amplifier shown below

(a) Calculate the dc bias voltages and collector current for each stage.

(b) Calculate the voltage gain of each stage, the overall voltage gain and the output voltage.

(c) Repeat part (b) with a 10 kQ load applied to the second stage.

(d) Calculate the input impedance of the first stage and the output impedance of the second
stage.

Take 8 = 200 for both transistors.
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Solution

(a) Since R, R, R,, R and f3 are same for both the transistors, the dc bias voltages and currents
are identical in both the stages.

Check for R, = 10 R,
BR, = (200) (1 kQ) =200 kQ
10 R, = (10) (4.7 k€2) = 47 kQ
Since SR, > 10 R, We can use approximate analysis.
Vee R,  (20V)(4.7kQ)
R +R, 15kQ+4.7kQ
V,=V,-V,=471V-07V=407V

477V

=

V, 407V
I, = ——=—— =407 mA

R, 1KQ

26mV 26 mV
ro= = =6.39Q

¢ 1, 4.07mA
1

] = —£ = M: 20.25 uA

1B 201
I. = BI,=(200) (20.25 pA) = 4.05 mA
V.=V.-1.R.

= 20V - (4.05mA) (2.2kQ)=11.09V

Vg = Vo=V, =11.09V-407V=702V

(b) Load on the first stage is
= RC||ZI_2
=R IR, B,
= 15kQ | 4.7kQ || (200) (6.39 Q) =0.942 kQ
R = 22kQ] 0.942 k€2 =0.659 kQ

R
4, = b QOIKE_ o545
! r, 6.39Q

Since second stage is unloaded, its voltage gain is

A _ R 22068 344.28

nen e 639Q T

Overall Voltage gain is

Ay oy = Ay Ay oy = (-103.13) (- 344.28) = 35.5 x10°3

Vo=A,  V=(355x10% (25 uV) = 887.5 mV

o Vp(NL) i
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(c) The overall voltage gain with R, = 10 k€2 is

4, =B,
e v, - R, +Z, “rron
But = R.=2.2kQ
10k€2
A4, = ——————— (35.5x10%) =29.09 x 10°

T 10kQ+2.2kQ
A, V,=(29.09 % 10°) (25 puV) = 727. 25 mV

(d) Input impedance of the first stage is
Z, =Z=R|R,] Br,=0.942 kQ (same as Z, )
Output impedance of second stage is

Z = Z=R,=22kQ
2 o

%

Note: Ifthe two stages are not identical then dc analysis has to be carried out separately and their
r, values are different.

4 5.2 CASCODE CONNECTION

In cascode connection the output of CE stage drives the input of CB stage as shown in Fig. 5.2.
The cascode connection has low input capacitance, which is an advantage at high frequencies
such as VHF and UHF. At these higher frequencies, the input capacitance becomes a limiting
factor on the voltage gain. With a cascode amplifier, the low input capacitance allows the circuit
to amplify higher frequencies than are possible with only a CE amplifier.

Vee
O

Fig. 5.2 Cascode configuration
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Cascode connection has high input impedance (provided by CE) and high output impedance
(provided by CB). The CB stage provides an excellent high frequency response.

Due to direct coupling between CE and CB stages, the dc bias current for O, is obtained from
the collector node of Q.. R, is used to limit the bias current of Q,. For ac operation, R, is shorted
out by C,. Thus the base of O, will be at ground potential for ac operation, which is essential for
CB configuration.

The low input impedance of CB stage loads the output of CE stage. Thus the voltage gain of
CE stage is very low. A large voltage gain is provided by the CB stage, thus the overall voltage
gain is high with a good input impedance level.

An alternate cascode configuration is shown in Fig .5.3. In this circuit O, is in CE configuration
and Q, in CB configuration. For ac operation, C, shorts the base of O, to ground. Note that both
O, and Q, are npn transistors.

Vee

0y

Fig. 5.3 Alternate cascode connection

Example 5.4
For the cascode connection of Fig. 5.3 the followings data are available:

R =68kQ  R,=56kQ R, =47kQ
R=18kQ  R,=11kQ  V, =18V
B, =B,=200  ¥V=10mV

1
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(a) Calculate the dcbias voltages VBI, VBz’ VC2
(b) Calculate the no load voltage gain and the output voltage I/;z =V

(c) Calculate the voltage gain with a load of 10 kQ connected to the second stage and the
output voltage V,

(d) Input and output impedances

Solution
(a) DC voltage at the base of O, is
R3
— 7
By 1{1 +R2 +R3 cc
= 4.7k 18V)=49V
6.8kQ+5.6kQ2+4.7kQ ( )=4.
V, =V, =V,=49V-07V=42V

E} By

4
=1 = —_= 22V 38 mA
LA LIkQ L1kQ

Note that the emitter current of Q, is also the collector current of O,

I, =1, =38 mA
1

Ey

Since / 5 = 1 e the dynamic resistance r, is the same for both the transistor.

_ 26mV oo
"7 382mA
Voltage on the base of Q, is
R+ R,
Ve = 5.0 V.
2 R+R,+R, ¢
B 4.7kQ+5.6kQ 18 V) = 10. 84 V
6.8kQ+5.6kQ+4.7kQ ( ) ’
; = VCC_VC2
G R,
= VC2 = VCC—IC2 R.=18V—(3.82mA) (1.8k2)=11.124 V

(b) The load on the transistor Q, is the input impedance of the Q,. Since Q, is in the CB
configuration, R .= r, for Q..

R r
A, =-—FS=—==_1
" r, 7,
For the second stage (CB)
R 1.8kQ
A, = —5=—==2647
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Overall no load voltage gain is

Ay ooy = Ay A, = (1) (264.7) =-264.7

Vo=A, _ V=(-2647)(10mV)=—2.647V

o VpWNL) Ui

Note that CE stage has a small voltage gain of unity and CB stage providing a larger voltage
gain of 264.7.

(c) With R, = 10 kQ

AV1 =-1 (same as before)
R_.||R
4, = IR, _ (1.8kQ)|| (10kLQ) 29433
2 r, 6.8Q
AVT = AVI.AV2
= —-22433

v, = A, V,=(-22433) (10mV)=-2.243 V

o

(d) The input impedance is given by the input impedance of CE stage.
Z = Br,=(200) (6.8 Q)=1.36kQ
The output impedance is given by that of CB stage
Z = R.=18kQ

4 5.3 DARLINGTON CONNECTION

A Darlington connection is a very popular connection of two transistors for operation as one
super beta transistor. The composite transistor acts as a single unit with a current gain equal to the
product of the current gains of individual transistors. Figure 5.4 shows the Darlington connection
which is also called the Darlington pair.

C C
o

Bo—| Ql

Bo| 0
D

Fig. 5.4 Darlington connection
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If B, and 3, are the current gains of O, and Q, respectively, the current gain of Darlington
connection is

B, = BB, (54)

If the two transistors are matched so that 8, = 8, = 3, the Darlington connection provides a
current gain of

B, = B* (5.5)
For instance if 3, = 3, = 200, the overall current gain is
B, = (200) = 40,000

A Darlington transistor connection acts as a single transistor with a large current gain, typically
a few thousand.

Darlington connection is available as a single package containing two BJTs internally connected
as a Darlington transistor. The device provides three terminals, base, emitter and collector for
external connection. For instance the 2N 6725 is a Darlington transistor with a current gain of
25,000 and a collector current of 200 mA. As another example, the TIP 102 is a power Darlington
transistor with a current gain of 1000 at a collector current of 3A.

4 5.4 DC BIAS OF DARLINGTON CIRCUIT

A Darlington circuit with biasing arrangement is shown in Fig. 5.5. The current gain of the
Darlington transistor is 3, which is very high.

° Vee

Fig. 5.5 DC bias of Darlington circuit
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Applying KVL to the base-emitter circuit we have

Ve = LR, +V, + IR, (5.6)
I, = (1+B,)1, (5.7
Using Equation (5.7) in (5.6) and solving for /, we have
Vee =V,
I = S (5.8)

# 7 R +(+B,)R,
It should be noted that, V', is the drop for two base-emitter junctions which is typically in the
range 1.4 Vto 1.8 V.

~
Il

= (1+B,)I,=p, I, [Sincep, isveryhigh.] (5.9)
The dc voltages are

V.= 1R, (5.10)

E

V, =V, +V, (5.11)

4 5.5 DARLINGTON EMITTER-FOLLOWER

Figure 5.6 shows the circuit of Darlington emitter-follower. The ac input signal ¥ is coupled to the
base of the Darlington transistor through the input coupling capacitor C|. The ac output voltage V,
is taken at the emitter through the output coupling capacitor C,.

Vee

T

Fig. 5.6 Darlington emitter-follower
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The ac equivalent circuit of Darlington emitter-follower is shown in Fig. 5.7. The Darlington
transistor is replaced by

(a) an input resistance », between base and emitter terminals
(b) acontrolled current source 3, I, between the collector and the emitter terminals.

1, B C
O
+
Bply
Vi
o
Fig. 5.7 AC equivalent circuit of Darlington emitter follower
AC Input Impedance (Z))
Applying KVL to the input circuit of Fig. 5.7 we have
I/[ = Ib rl + [e RE
Using I, =(1+p,)1,, we have
Vo= (4B R,
4
Z, = Z:ri +(1+B,)R, (5.12)
Since 3, is very high, Z, =B, R, (5.13)
4
Z = 7 =R, || Z, (5.14)
AC Current Gain (A,)
b L L
L A /S
But I =1
PR 1
A (5.15)

I, = (1+Bp) 1, =B, 1,
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=

Applying KCL to the input circuit we have

Using V=1, Z, we get

1,

1

i

= ﬂD
Vi 1
= —+
R, °
= Ih é 1 :Ib Zb+RB
RB RB
_ RB
Z,+R,

Using Equations (5.16) and (5.17) in Equation (5.15) we have

Substituting for Z, from Equation (5.13), we get

AC Voltage Gain (A,)
Refer the circuit of Fig. 5.7

From Equation (5.12) we have

Now

Since (1+8,)R,>r,

R
A = B
P ZR,
AI — ﬁDRB
RB+ﬂDRE
v, = LR,
- [1+ﬂD]IbRE

V.= Ib[ri+(1+ﬁD)RE]

A

v

v

vV

V, _ LU+BLIR,

V., LIn+(+B,)R,]

[1+B,1R,
nA+ B, IR,

_ (+B)R,
[1+8,1R,

(5.16)

(5.17)

(5.18)

(5.19)

(5.20)

(5.21)
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AC Output Impedance (Z))

To determine the ac output impedance we apply the following steps to the circuit of Fig. 5.7
(a) V isreduled to zero i.e. it is replaced by short circuit equivalent
(b) awvoltage source V' is connected between the output terminals.

The resulting circuit is shown in Fig. 5.8. Now the output impedance is given by

zZ = = (5.22)

W n
V=0 %RB Bo 1y %RE G)v
c .
— |
Zn
Fig. 5.8 Circuit to find Z,
The circuit of Fig. 5.8 is redrawn in Fig. 5.9.
£
r| i
+
,b%n Bols %RE O
C
B |
L {
— Zo
Fig. 5.9 Simplified circuit to find Z,
Applying KCL at the emitter node we have
L+B, 1 -1I'+1=0 (5.23)
—V ) V
But I, = T and ['= '

E

Using these relations in Equation (5.23) we get

y

7.

1

v
R

E

V
- —+
7 2
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11 By,
noRe oo
v 1
7 = —_ =
0 1 l
rol b
LRy o
7 = ! 5.24
o l_f_i_{_ 1 ( )
noRy (n/By)

Z can be interpreted as the parallel combination of 7, R, and Ji
D

]’;
Z =rlR, | = (5.25)
D
Since —i s very much smaller than », and R, we have
D

5
Z"NE

5.5.1 Important Characteristics of Darlington Emitter-follower
The important characteristics of Darlington emitter-follower are:

(5.26)

*  Very high current gain.
*  Very high input impedance.
*  Very low output impedance.
*  Approximately unity voltage gain.
e Input and output voltages are in phase.
5.5.2 Applications of Darlington Emitter-follower

Darlington emitter-follower is a very popular configuration due to the attractive features listed
above. Its important applications are:

e Buffer to connect a voltage source of high impedance to a load of low impedance.
e High current driver.

e Current amplifier.

Example 5.5
For the Darlington emitter-follower shown below:
(a) Calculate the dc bias voltages V,, V,, V. and currents /, and / .
(b) Calculate the input and output impedances.
(¢) Determine the voltage and current gains.
(d) The ac output voltage for V= 120 mV.
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Ny B
Vi H
G
Zi
Solution
(a) I, =

Since the collector is directly tied to V..,

(b) Z,

18V
o
C
ri= SkQ
( Bp= 8000
VBE:1.6V
9,
I,
E —{H v,
G
390 Q T
Ve =Ver
RB+ﬂDRE
18V-1.6V
~2.55 1A

3.3MQ+(8000)(390%)
152 = 102 :ﬂD[B

(8000) (2.55 pA) = 20.4 mA

IR, =(20.4mA) (390 Q) =7.96 V
V,*V,=1.6V+796V=956V

the collector voltage equals the dc supply voltage V...

V=18V
(1B, R,

5kQ +(8001) (390 Q) = 3.13 MQ
R, Z,=33MQ|3.13MQ = 1.6 MQ

}’;

ARl 3
D
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5kQ
SKQ 390 Q|| ggog = 0-625 @

_R.(+Bp)
© AT AR (4B,

_(3909)(8001)
5kQ+(390Q)(8001)
A _ ﬂD RB
! RB +ﬂD RE

(8000)(3.3MQ)
= = 4112.15
3.3MQ-+(8000)(390Q)

= 4, V. =(0.998) (120 mV)

=0.998

(d)

S

= 119.76 mV
4 5.6 FEEDBACKPAIR

Figure 5.10 shows the feedback pair connection which is a two-transistor circuit that operates like
the Darlington circuit. It is also called the complementary Darlington since it uses an npn and a
pnp transistor. The collector current of Q, is the base current of Q,.

If the pnp transistor has a current gain of 8, and the npn output transistor has a current gain of
3, the feedback pair acts like a single pnp transistor with a current gain of 5 ,.

C
o

Fig. 5.10 Feedback pair connection

4 5.7 DC BIAS OF FEEDBACK PAIR

Figure 5.11 shows the biasing arrangement for feedback pair.
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Fig . 5.11 DC biasing of feedback pair

Applying KVL to the base-emitter circuit of O, we have
Vee= IR~ VEB] o IBI R,=0
Using 1.=p,, 1, , we have

Vcc_ﬁlﬁz IB1 R.— VEBI _131 R,=0

VCC - VEBI
I, = m (5.27)
The collector current of Q, is the base current of Q..
I =1, =B, I (5.28)
The collector current of Q, is
I, = B, I, = B, B, I, =1, (5.29)
The current thought R . is
Io=1, +1,
~ 1.+,
~ 1, (5.30)
Since I, >1

G €1
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4 5.8 AC OPERATION OF FEEDBACK PAIR

The ac input signal ¥ is coupled to the base of O, through the input coupling capacitor C, as
shown in Fig. 5.12. The ac output signal V_ is taken at the collector of Q, through the output

coupling capacitor C,.

Vee

Fig. 5.12 AC operation of feedback pair

Figure 5.13 shows the ac equivalent circuit of feedback pair. For the ease of analysis the ac
equivalent circuit is redrawn as shown in Fig. 5.14. It is important to note that, same ac model is
used for both pnp and npn transistors. The actual current directions are investigated when ever

necessary.

Fig. 5.13 AC equivalent circuit of feedback pair
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Fig. 5.14 AC equivalent circuit redrawn

AC Input Impedance (Z))
Writing KVL to the outer path of Fig. 5.14 we have
K—[hl ri1+]cRC =0 (5.31)
From the circuit of Fig. 5.12
Ic = Iel +Ic2
Ic2 =B, Ib2 and Ie1 =(1+8) Ib1 ~f3, Ib1
NOW IC = ﬁ21b2+ﬂ1][71
But ,82le > B, 1,
Ic = ﬁz Ib2
But Ib2 = IC1 = 1]b1
So that I = B8, 1,

Since / and /, ,, are in opposite directions, it is appropriate to write
I = -8B, 1, (5.32)
Using this relation in Equation (5.31) we have

V - Ibl ril+1blﬂ1ﬂ2RC

v,
Z = Z =7, +B,B,R,. (5.33)
Z =R, Z, (5.34)
AC Current Gain (A,)
[0 [o Ibl
A, = I, 7 (5.35)
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But L=-1
. 1, -1,
.. From Equation (5.32), - = =B,B,
I, I,
Applying KCL at the node B, of Fig. 5.14 we have
4
Ii = Ib] t—
B
Using V= Ib1 Z, we have
zZ
I=1 |1+—-
12 1 RB
L R+7,
Ibi RB
Ib1 R,
. I Rz,

Using Equations (5.36) and (5.37) in Equation (5.35) we have

A: =
! ﬂﬂzRJrZ

AC Voltage Gain (A,)
V=1R,

o

Substituting for /, from Equation (5.32) we have
V=88, 1, R. [Taking only magnitude]

o

From Equation (5.31) we have

VIr—VZO

i by iy

> I =

Using this relation in Equation (5.39) we get

V.-V
V, = BB R |7—
g
I/o — IBIﬂZRC I/l* ﬁlﬁZR f
"
ﬂlﬂZRC

V.

L

(5.36)

(5.37)

(5.38)

(5.39).
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(5.40)

AC Output Impedance (Z)

The circuit to find Z is shown in Fig. 5.15, which is obtained by reducing ¥ to zero and connecting
an ac source of voltage V between the output terminals in the circuit of Fig. 5.14.

£ @ ‘

AT
r|

ﬂl [bl i

IbII % ril ﬁzlbz RC G)V
riz
B, Ey |
-

) \

Z()
Fig. 5.15 Circuit to find Z,
Summing all the currents at the node C,, we have
I, +p 1, =B, 1, —1"+1=0 (5.41)
I = d d I'= -
neo an "R,

Ib1 is the base current of pnp transistor and Ib2 is that of npn transistor. Thus taking direction
into consideration we have

-V BV
Ibzz_ﬁllbl - 181 _ = ;
Using these relations in Equation (5.41) we have
V V V 14
i g ", P, o Re
V|:i+&+%+L:| =]
o4t n, Re
Z = L !
o - I -



400 Analog Electronic Circuits

or Z = i_i_ 1 . 1 . T (5.42)
(’?1 /B)) (nl/ﬁ1ﬂ2) Rc
From Equation (5.42), Z can be interpreted as the parallel combination of T by , ri‘ﬁ and R,
1 12
ie Z = IR (5.43)
ﬂ1 ﬂ1 :32
Since is the smallest of all, we can take

12

d

B, B,

Z = (5.44)

Example 5.6

For the feedback pair of Fig. 5.12 the following data are available:
R, =2MQ R.=100Q p,=140  B,=180
V. =18V V. =120 mV rl_1=4kQ

cc

(a) Calculate the dc bias currents and Voltages.
(b) Calculate Z and Z,

(c) Calculate 4, and 4,

(d) Determine V,

Solution
( ) I VCC_VEB1
a _ e T
A1 RB+IBIﬁ2RC
- 18V—-0.7V CgiuA
T 2MQ+(140)(180)(100Q) 7 H

1, = I, =B, 1, = (140) (3.83 pA) = 0.536 mA
I,, = B, 1, = (180) (0.536 mA) = 96.48 mA
Io= 1, 1, =1, +1,

= 0.536 mA + 96.48 mA = 97.01 mA
Vee = IR AV,
i, = Voo = Vee 1cRe

= 18 V—-(97.01 mA) (100 Q)
=829V [DC output voltage]
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Also VCC - Ic Rc_ VEB] * VBI
VB1 =Vie—1.R.—V, 8,
or VB1 =V o= Voo~ EB =829V-0.7V
=759V [DC input voltage]
(b) Z, = ri1+ﬁ1ﬁ2RC
= 4 kQ + (140) (180) (100 Q) =2.524 MQ
Z = R,|1Z,=2MQ | 2.524 MQ = 1.12 MQ
Z, = II— 2
ﬂ1 :82
= 4 kQ Ake2 Ake2 100 Q =0.158 2
B N ”(140)(180) I —0.135
R
© 4~ B
B, B, R +7,
140)(180)(100€2
= (140) (180)( ) =0.9984
(140)(180)(100L2) +4kQ
4, = Ry
I ﬁlﬂz RB+ZI;
= (140) (180) 2MO
2MQ+2.254MQ
= 11.85 x 10°
(d) V.= A4,V.(0.9984) (120 mV) = 119. 81 mV

4 5.9 CURRENT MIRROR CIRCUIT

Integrated circuit amplifiers are biased using current mirror circuits, which provide a constant
current. The constant current is obtained from an output circuit, which is the reflection or mirror
of a constant current developed on one side of the circuit. Figure 5.16 shows the circuit of a
current mirror.

The circuit consists of two matched or identical transistors, O, and Q,, operating at the same
temperature, with their base and emitter terminals tied together. The base emitter voltage is
therefore the same in two transistors.

The transistor Q, is connected as a diode by shorting its collector to base. When the supply
Voltage V.. is applied, the base-emitter junction of Q, is forward biased and a reference current
I,is estabhshed We can think of V,, as being the result of /,. The same ¥, is applied to the base
emitter junction of Q,. Since the two transistors are identical, the collector current of Q) will be
the mirror of the reference current /, .
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Ve
[Xl RX
21 l]E
0 — — 0
At L ’
By, B
Bp l]E
£
Fig. 5.16 Current mirror circuit
Mathematical Analysis
The base currents of O, and Q, are given by
1
I, = —*
1+p
e
B
The collector current of each transistor is
IC = IE
The current /,, through the resistor R, is
21,
Io= L+
= |1+=11
ﬁ E
_ p+2
= T IE
IX = IE
Vee =V, v,
I, = B ~ £ = constant
RX RX

[Since V,, << V]

Note that /, is mirrored in the collector of 0, .

(5.45)

(5.46)
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5.9.1 Current Mirror with High Output Impedance

Figure 5.17 shows the circuit of current mirror with high output impedance. Transistor Q, is diode
connected. The base emitter voltage is the same for both O, and Q, .

IXl RX s l[
ZE
LR
1 o
Vee —
IEl
0 : 0,
VBE }T

T

Fig. 5.17 Current mirror circuit with higher output impedance

Vee =2V, V.
= L ——B ~ € _ constant (5.47)
X R R

X

U

A

If O, and Q, are well matched, their collector currents are equal.
I =1, (5.47)

Now the base current of Q, is approximately L

Summing the currents at the collector node of O,

— IE
IX - IE+ ?z]E
v
We findthat [ =1 =[ = —< (5.48)
RX

Note that the current / is a mirrored value of the constant current / -

5.9.2 Current Mirror using JFET

Figure 5.18 shows the current mirror circuit using junction field effect transistor (JFET). JFET

operates in the saturation region providing a constant current /. since its gate and drain terminals
are tied together.



404 Analog Electronic Circuits

The collector current of diode connected transistor O, is 1, . O, and Q, are driven by the same
base-emitter voltages. If the two transistors are identical, they carry the same collector current.

Thus 7 equals 7.

Vbp
o
| Ipss
0,
|1
Q] Q2

i}

Fig. 5.18 Current mirror using JFET

Example 5.7
Calculate the mirrored current / in the circuit shown below. Take § = 200 for both the transistors.
15V
1.5kQ 11X
1
9, 9,
Solution
I — I — VCC VBE
X RX
_15V-0.7V
1.5k
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Example 5.8
Calculate the current / through each of the transistor O, and Q, shown below.

12V
2kQ | Ix l’
0,

ji]/l )

Solution
I, equals the sum of collector current of O, and the base currents of Q,, O, and Q,
I, =1,+31,
1 +3
B B
]X = [Ez
Ve =V, 12V-0.7V
I =1=-"“—2% - =5.65mA
x R, 2kQ m
Example 5.9
Calculate the collector currents of O, and Q,. Take 8 = 250 for all transistors.
12V
2 mA
3kQ 2.4 kQ
Ql Q2 Q3
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Solution
The collector current of Q| is 2 mA. Since the base-emitter voltages of Q,, O, and Q, are same, a
constant current of 2 mA is mirrored in the collectors of O, and Q..

4 5.10 CURRENT SOURCE CIRCUITS

A practical current source is represented by a source current in parallel with its source resistance.
An ideal current source has infinite source resistance. A good practical current source has large
source resistance. Figure 5.19 (a) and 5.19 (b) shows the representation of practical and ideal current

sources.

———O

® 2z O
1 L

@ (b)

Fig. 5.19 (a) Practical current source (b) Ideal current source

An ideal current source provides a constant current independent of the load connected to it.
Constant current sources with very high output resistance finds numerous applications in electronics.
Constant-current circuits can be built using BJTs, FETs and a combination of these devices.

4 5.11 BJT CONSTANT-CURRENT SOURCE

Figure 5.20 shows a constant-current source using npn transistor. The combination of R, and R,
forms a voltage divider between — V, and ground.

VBO L 4 L 4

VeE Vi

_ VEE

Fig. 5.20 BJT constant-current source
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Neglecting base current, the base voltage with respect to ground, using voltage division rule
is given by

R
VoV 1 5.49
ey 549
VBE = VB_ VE

N Vo=V, (5.50)

_(— V.47V,
I = Ve 1({ Vi) :%z I (5.51)

E E

I . is the constant current provided by the circuit of Fig. 5.20.

The main draw back of this circuit is that /. depends on V,, (since V', contains V,, term) which
is temperature dependent. Thus /.. varies with temperature. An improved constant current source
which uses zener diode in place of R, is discussed in the next section.

Example 5.10
Calculate the constant current / in the circuit shown below. Take 3 = 100.

|1
10 k€2 10ke 4.7 kQ
-24V
Solution
V.= (-V R,
B ( EE) RI+R2
= (=24V) 10K 12V
10kQ+10kQ2
V,=V,~07V=-12V-07V=-127V
I = IE: VE_(_ VEE)
RE
—12.7V 4+ 24V
= =24 mA

4.7kQ
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Example 5.11
Calculate the current / in the circuit shown below. Take § = 120.
28V
Re
11 Z25%e
Rp
6 Vo—\W- —
100 kQ
Rg
1.2kQ
Solution
Ve =V 6V-0.7V

1= = =21.
3T R AT AR, | 100kQ+(121)(12kQ) 21OFHA

[=1.=B1, = (120) 21. 62 pA) =2.59 mA

€ 5.12 BJT CONSTANT-CURRENT SOURCE USING ZENER DIODE

An improved BJT constant current source using zener diode is shown in Fig. 5.21.

— Ve

Fig. 5.21 Constant-current source using zener diode

Applying KVL to the base-emitter circuit we have
Vz_ VBE_[ERE =0
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I, = —— =1 (5.52)
Usually V, >V,
VZ
1 = =—" (5.53)
E RE

Note that the current / depends on V, and R, which are both constants. Hence / is essentially a
constant current. Also the current / is independent of the supply voltage V.

Example 5.12

Calculate the constant current / in the circuit shown below. Take 3 = 200.

2.2kQ 22 kO

-18V

Solution
V, = Ve 51V-0.7V

I=1I; = 2.2kQ

- R =2 mA

4 5.13 ANALYSIS OF TRANSISTOR CONFIGURATIONS USING
APPROXIMATE HYBRID MODEL

In Chapter 3 we have analysed the various transistor configurations using the », model. Now
let us proceed to analyse the same using the approximate hybrid model. Figure 5.22 shows the
approximate CE hybrid model and the approximate CB hybrid model is shown in Fig. 5.23.

C

Eo
Fig. 5.22 Approximate CE hybrid model

O FE
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I, I
Eo—— — o C
h; hyy 1, L
ib hob
Bo : : ® o B

Fig. 5.23 Approximate CB hybrid model

Before starting the analysis, let us recall the relation between the parameters of 7, model and
the hybrid model, which has been discussed in Chapter 3.

oe

1
h, = Br, h,=p h = - [ For CE configuration ]

h L, = — O h,=r, [ For CB configuration |

The approximate hybrid model is very similar in structure to that used with the », model.
Therefore, all the results derived for the transistor configurations in Chapter 3 using 7, model can
be readily applied for the analysis using the hybrid model by simply replacing the parameters of
r, model with their equivalent hybrid parameters.

€ 5.14 COMMON-EMITTER FIXED BIAS CONFIGURATION

Figure 5.24 shows the circuit of common-emitter configuration using fixed bias. Its small signal
ac equivalent circuit using approximate hybrid model is shown in Fig. 5.25.

Fig. 5.24 CE fixed bias configuration
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C

Fig. 5.25 AC equivalent circuit

The ac equivalent circuit of Fig. 5.25 is an exact replica of the circuit given in Fig. 3.36 in
section 3.18 of Chapter 3. Applying the same procedure we obtain the following results.

o Z =R,||h,=R,|Br, (5.54)
: Z =~ h =Pr [IfR,>h ] (5.55)
1

J Z = o IR.=7 IR, (5.56)
. 4 = hfe [ro ||Rc]

V h

R
ALY (5.57)
re

. A4 =4 L (5.58)

1 v RC *

1
For -—— =10R.=r, 2 10R,

oe

. Z =R, (5.59)
h R R

. A, ~_#:_TC (5.60)

. A, =—h,=—f [TakingZ =h, =pr,] (5.61)

€ 5.15 COMMON-EMITTER CONFIGURATION USING VOLTAGE
DIVIDER BIAS
Figure 5.26 shows common-emitter configuration using voltage divider bias. The results of

previous section can also be applied to this circuit. The only change is that R, has to be replaced by
R ||IR,.
1 2
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Fig. 5.26 CE Voltage divider bias configuration

Example 5.13
The following data are available for the amplifier circuit of Fig. 5.26.

R =68 kQ R,=12kQ R.=22kQ R, =12kQ
V=18V h, =180 h,=2.75kS2 h,=25uS
(a) Calculate Z and Z

(b) Calculate 4, and 4,
(c) Determine r, and compare fBr, with &

Solution
(a) Zi = Rl | Rz | hie
R || R, =R =68kQ| 12kQ=10.2 kQ
Z =10.2 kQ || 2.75 kQ =2.17 kQ
1 !
Z, = | R.=R.
L = ; =40 kQ
» 25us
Z =40 k€ ]| 2.2 kQ =2.09 kQ
h, R
_ 't
® ST
~ (180) (2.09 kQ) B

=—-136.8

2.75kQ
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47 (-136.8)(2.17kQ)

A4, =
R, 2.2kQ
= 134.93
(c) Check for R, =10 R,
B = h,= 180

BR, = (180) (1.2 kL) =216 kQ
10 R, = (10) (12 k) = 120 kQ
Since B R,> 10 R, we can use approximate analysis.
Vee R, 18 V(12 kQ) 5
Vs = R+R, 68kQ+12kQ

TV

V,=V,-V,=27V-07V=2V
Ve 2V
I, = R—E=m=l.67mA
_26mV. 26 mV
r, = I "l mV 15.56Q
Br, = (180) (15.562) = 2.8 kQ

Note that 8 r, is nearly equal to 4. .

¢ 5.16 CE-EMITTER BIAS CONFIGURATION WITH UNBYPASSED R,

Figure 5.27 shows the CE emitter bias configuration with unbypassed R,. The small signal ac
equivalent circuit using approximate hybrid model is shown in Fig. 5.28. To simplify the analysis

I . L
— 1is treated as an open circuit.

oe

L 4 O VCC

Fig. 5.27 Emitter bias configuration with un bypassed R.
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Fig. 5.28 Small signal ac equivalent circuit

The ac equivalent circuit of Fig. 5.28 is an exact duplicate of the circuit given in Fig. 3.45 in
section 3.20 of Chapter 3. Applying the same procedure we obtain the following results.

. Z, = h,+(1+h)R,=Br +(1+p)R, (5.62)
. Z ~R,||Z (5.63)

h R

fe “*C
. 4 = —+2<C 64
T T (AR, (564

Zi

* 4, = -4, R (5.65)
. Z =R, (5.66)

Using the approximations

l+ﬁzﬁ

h,R,>h, =BR,>fr, weget

L+h,=h,

. Z, = hfeRE=ﬂRE (5.67)
° A RC 5.68
v R, (5.68)
Example 5.14

For the amplifier circuit of Fig. 5.27 the following data are available.

R,=330kQ R,=1kQ  R.=33kQ V=12V
h, =120 h,=2kQ  h_=20mA/N
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(a) Calculate Z and Z
(b) Calculate 4, and 4,
(c) Determine V if V=100 mV

Solution
(a) Z, = h,+(1+h)R,
= 2kQ +(121) (1 kQ )= 123 kQ
Z =R,|Z,=330kQ || 123 kQ = 89.6 kQ
Z = R.=33kQ
h R
(b) AT (1fe+/;)RE
(120)(3.3kQ)
T ke @nke) | o2
A7 (—3.22)(89.6kQ
4, =~ ;C’ -4 3')3(1(9 ) _g7.43
© Vo= A V=(-322)(100mV)=—322 mV

€ 5.17 EMITTER FOLLOWER CONFIGURATION

Figure 5.29 shows the circuit of emitter follower. The small signal ac equivalent circuit of emitter
follower using approximate hybrid model is shown in Fig. 5.30. For simplicity % is not included
in the model.

Fig. 5.29 Emitter-follower configuration
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o—1h
+

Vi
P

Fig. 5.30 Small signal ac equivalent circuit of emitter follower

. Z, =h,*(1+h)R=fr,+(1+p)R, (5.69)
. =~ h,R,=fR, (5.70)
. Z =Z]|R, (5.71)
: Z =R |t —p|» (5.72)
0 E 1+hfe E e *
~ D _ (5.73)
= h/é I"g .
(1+4,)R,
. 4, = (5.74)
h, +(1+hfe)RE
h, R
~ fe TVE
= vh R, (5.75)
RE
TIR (5.76)
A, Z,
N Az ~ _ (5.77)
RC

€ 5.18 COMMON-BASE CONFIGURATION

Figure 5.31 shows the circuit of common base configuration. Its small signal ac equivalent circuit
using approximate hybrid model is shown in Fig. 5.32. Again for simplicity / , is not included in
the model.
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\ H
S ¥
Cy G
Re L= ke
Vi V,
T VEE TVCC
3 M . j P
Zl e— Zo

Fig. 5.32 Small signal ac equivalent circuit of CB configuration

Using the procedure given in section 3.27 of Chapter 3 we obtain the following results.

° V4

REH hib:RE H re = re

y Zo = RC

R _ hbeC _GRC
A= hy, - T,

° A4, =-h,=a

€ 5.19 ANALYSIS OF GENERAL TRANSISTOR CONFIGURATION
USING THE COMPLETE HYBRID EQUIVALENT MODEL

So for we have analyzed all the three transistor configurations by substituting the relevant
approximate hybrid model in the ac equivalent circuit. In this section we are analyzing the
transistor amplifier using the general complete hybrid equivalent model, which has all the four
parameters %, h - h_and h . The results can be modified for the specific transistor configuration
by replacing the general hybrid parameters with the appropriate hybrid parameters of transistor
configuration under consideration.

We begin our analysis by writing the transistor amplifier as a two port network, driven by a
source ¥, of internal resistance R, and driving a load R, as shown in Fig. 5.33.
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Rg I
— Ao
+ .
+ Transistor
Vg <~> v, configuration
S CE,CC or CB
Z

Fig. 5.33 Two-port system

Let us replace the transistor by its general, complete hybrid equivalent model as shown in
Fig. 5.34.

Fig. 5.34 Small signal ac equivalent circuit using the complete hybrid equivalent modes

Current Gain [A4,]

The current gain is defined by
[O
A4, = 1_1 (5.78)

Applying KCL to the output circuit we have

]0 = hf[i+ho I/o
Using V.=-I1R, we get
Io = hj[i+ho(_[oRL)
I[1+h R =h1
y 1, h,
=T TIAr, (5.79)

Input Impedance | Z ]
Applying KVL to the input circuit of Fig. 5.34 we have

V= L b= bV, =0
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V="Ih+h[-]R] (5.80)

I
But 4= = 1=4],

Using this relation in Equation (5.80) we get

v

1

Iihi_hrAIRLIi

Now z 1_ =h—h AR, (5.81)

1

Substituting for 4, from Equation (5.79) we have

h,h R,
= h-—— (5.82)
' " 14+h R,
Voltage Gain [A,)]
I/() = - Io RL
V=17,
N A
o g - V: - I[ Zi
or A, = — AR, (5.83)
Vv Zi
From Equation (5.82)
h + (hh,—h b )R,
Z =
! 1+h R,
And from Equation (5.79)
hy
A - —
1 1+h R,
Using these relations in Equation (5.83) we obtain
A _ — hf RL 1+ho RL
Yoo 1+h R, B+ (W h,—h h)R,
—h R
= Lt (5.84)

A
' hi+ (hi ho_hf hr) R,

Output Impedance [ Z ]

To find the output impedance, V' is reduced to zero and a voltage source V' is connected between
the output terminals after removing R, as shown in Fig. 5.35.
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RS L hl — 7
+ +
Ve=0 _h,v hel; hL G v
- ]
—= ZO
Fig. 5.35 Circuit to find Z,
Applying KCL to the output circuit we have
L=hI+hV (5.85)
Writing KVL equation to the input circuit
~I(R;+h)—hV =0
P h V
" Ry+h
Using this relation in Equation (5.85) we have
h,hV
I=- +h V
Ri+h  °
L1, Mk 5.86
Vo Z ° Ry+h, (5-86)
1
zZ = (5.87)
h,~[h b/ (Rg+1)]
1
If R =0, Z = ————— (5.88)

© b=k b IR

Example 5.15

For the circuit shown, using the complete hybrid equivalent model.
(a) Calculate Z and Z
(b) Determine Z (including R.)and Z' (withoutR )

1 1
(¢) Calculate 4,= —* and A'= —*>
T a3

(d) Calculate 4, and AVS
(e) Repeat all calculations using approximate hybrid model and compare the results.
The hybrid parameters are
h,=16kQ h =110 h =2x 10* A =20 uA/vV
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Solution
The transistor is in CE configuration. Therefore in the general hybrid model of Fig. 5.40, we have
to replace 4, h » h and h by h, ,h s h, and h  respectively.

The small signal ac equivalent circuit using the complete hybrid model is shown in Fig. A.

O
1,1 "
hy 1 hl_ue Re Vo
: j ! j 5
z', Z,

Fig. A

To obtain the correct results, it is important to compare the circuits of Fig. 5.34 and Fig. A and
appropriately use the results obtained in section 5.19.

(a) Input Impedance [ Z|]
From Equation (5.82)
h,h, R,

Z. — h - fe "re
i ie 1+hoe RL
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Derivation of Z does not include R,. Hence in the present context the input impedance given by
the above equation is Z as indicated in Fig. A.

Also R =

=

L C
4 hyh, R,
Z = S =h, -~ A
i I, “ 1+h,R. (A)
(110) (2x107*) (4.7 kQ
= 1.6 kQ - ( 6)( )=1.51 k€Q
1+ (20x10°°) (4.7 kQ)
Input impedance taking R, into account is
V.
Z = I—l =R, || Z'=470kQ | 1.51 kQ = 1.51 kQ.

i

[ For voltage divider bias, R, =R || R,]

(b) Output Impedance
From Equation (5.87)

, 1
? h o h fe hre
oe RS + hie

In the present situation the output impedance given by the above equation is Z . Also R,
should be replaced by the Thevenin resistance R, of the circuit comprising of V', R, and R,
which is shown below.

R,=R|R,=1kQ|470kQ=0998kQ [IfR,=0,R, =0]
1

Z(’ B hfe hre (B)
* RTh+hie
1
z = o g ]~ 8672k

0.998 kQ2+1.6 k€2

The output impedance taking R . into account is

Z=7||R.=86.72kQ || 4.7 kQ = 4.46 kQ
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(¢) Current Gain
From Equation (5.79)
R A
! - ]i - 1+hoeRL
. . . . . . Io
In the present situation the current gain given by the above equation is 4, = 7 also
R =R, '
oot e c
I_Ib_1+hoeRC ©)
= L9 =100.55
©14(20x10°%)(4.7kQ)
4= oL L 1g055) L
I ]i - i ]i _( . ) I,-
Applying current division rule in the input circuit of Fig. A we have
IR,
b R, +Z
1, R, 470 kQ
7 = — = =0.997
1; R,+Z,  470kQ+151kQ
Now A, = (100.55) (0.997) = 100.25
(e) Voltage Gain
V. —IR AR
4, = L=—2C=_—LFC (D)
I/i Ii Zi Zl'
(100.25)(4.7 kQ)
= — =-312
1.51kQ
AR .
STV T ®
Using voltage division rule in the circuit of Fig (B) we have
vz s
Ve  Z +R, LW
I;
_ 1.51kQ v V; Z;
1.51kQ+1k€Q - _
=0.602
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Now A, = (~312)(0.602)
=-187.82  [IfR;=0,4, =4,]

(¢) To obtain the results using approximate hybrid model, we have to substitute 2 = 0 in
Equations (A) to (E).
From Equation (A), with 2 =0

Z' = h,=1.6kQ
Z =R, h,
= 470 kQ || 1.6 kQ = 1.595 kQ
From Equation (B)
- L1 0

o h T 20x10°0

oe

Z =7 ||R.=50kQ | 4.7kQ =4.29 kQ
A, =4, =h,=110

AR (110)(47KQ)
4= - Z, 1.595kQ Tl
PRppp——
s Z4 Ry

1.595 kQ
= (—324.14)\ ]

1.595 kQ+1kQ

—199.23

The following table compares the results obtained using exact and approximate hybrid
models.

Parameter | Exact model | Approximate model
Z 1.51 kQ 1.595 kQ2
, 4.46 kQ 4.29 kQ
A, 100.25 110
A, -312 —324.14

Note:

*  Asimilar procedure can be used for CC [emitter follower] and CB configurations.
e If CE parameters are given, CB and CC parameters can be obtained using the conversion
equations given in section 3.16.1 of Chapter 3.
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Example 5.16
Given B=120, r=45Q, r=40kQ, h =2x10"
(a) Sketch the complete hybrid model

(b) Sketch the approximate hybrid model
(c) Sketch r, model

Solution
h, = =(120) (4.5 Q) =540 Q
h, = ,8 = 120
h L 25 uo
o Ty a0kQ T PH
(a) Complete hybrid model
Iy 540 Q L
° o) C
+
2x10°4 120 7, 40 kQ v,
- hre Vo hfe ]b hloe
: : o E
Ib Io
B — «——— oC

1207, 4_40kQ V¥

540 Q hg I, 1

(c) r, model

Bre

120 1, 40kQ V,
540 Q

ﬂ[b To

Eo%wE
:

o E

Note that the », model and the approximate hybrid model are identical except for the difference

in symbols.
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Example 5.17
For the circuit shown below, using the complete hybrid model:
(a) Calculate Z and Z'
(b) Calculate Z and Z'
(c) Determine 4,=1/I, and 4,=1]/I,
(d) Determine 4, and AVS

The hybrid parameter values of the transistor are:
h,=180 h,=275kQ h =25pS h =2x10"

° o018V

+0

AN

|
Lt

Solution

The circuit contains both R .and R, . Hence it is better to derive the results and then calculate their
numerical values. The small signal equivalent circuit using the complete hybrid model is shown
in Fig. A.

RS B hie

Fig. A

R'=R |R,=68kQ | 12kQ=10.2kQ
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(a) Input Impedance
Applying KVL to the input circuit we have
I/i - hie [b + hr‘e I/a (A)
1
Let R = h—HRCHRL
R =40kQ 2.2k 10kQ=1.73 kQ

The simplified output circuit is shown in Fig. B.
he Ib<? R

V,=—h,1,R

o

+0

AN

ol

Fig B

From the circuit of Fig. B.

Using this relation in Equation (A) we have

i ie'b fe re b

Now Z,= - =h,hhR (B)
: _

2.75kQ — (180) (2 x 104) (1.73 kQ)

= 2.69 kQ
V.
Z = I_ =R'||Z, = 102kQ | 2.69 kQ =2.13 kQ
(b) Output Impedance

Z’o does not include RC. Hence

7' = —1

‘ - hfe hre
. RTh +hie

R, =R'||R=102kQ| 1kQ=0.91kQ
1
AR —— = 65.95kQ
55106 (180)(2x107)
0.91kQ+2.75kQ

Z =7 ||R,=6595kQ||2.2kQ =2.14 kQ
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(¢) Current Gain

Applying KCL to the output circuit of Fig. A we have

]0
Using V =—1 R, , we get
]0
I()
Now A

(d) Voltage Gain

Vs

h h d
fe]b+ oe Vo+ RC

=L R)
hje1b+hoe (_[o RL)+ :
C
R
l+h, R+ =h 1
RC fe b
T (©)
[b 1+hueRL+&
RC
180
10kQ
14+(25x107°) (10kQ) +
@sx10 )0+,
31.06
I, 1 R+Z
2.69kQ
31.06
(31.06) 10.2kQ+2.69kQ
6.48
ﬂ_ _Ia RL
v, 1z
R, 10kQ
“Ar 7 T g
~30.14
4 =2
v Z,+R
(=30.14) 2.13kQ
© 7 2.13kQ+1kQ
~20.51

Note: The same procedure can be used to analyze CC and CB amplifiers with R, .
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(& Exercise Problems

5.1

5.2
53

5.4

5.5

A CE fixed bias amplifier with by passed R, has R.=1.5k€2, R, =390 kQ, R, =1.2kQ,
hfe =120kQ, h, =2k, h =20 pS. Calculate Z,Z , 4, and 4,.

Repeat previous problem with unbypassed R, .

An emitter follower using fixed bias has R, = 470 kQ, R, = 1 kQ, hfe = 120 k<,
h,=2kQandh =20 pS. Calculate Z,Z , A, and 4,. ‘

A CB configuration has R, = 1.5 kQ, R. =22 kQ, h, =10 kQ, hfb = —0.996 and
h,=0.4uS. Calculate Z,Z , A, and 4,.

Repeat Exercise 5.3, if R, = 1 kQ and R, = 10 k<.



Chapter 6

FEeDBACK AMPLIFIERS

Negative feedback is used to stabilise the amplifier against variations in component values and
parameters of the active devices used in the circuit. Negative feedback reduces distortion, reduces
noise output, improves frequency response and improves input and output resistances. All these
advantages are obtained at the cost of transfer gain. This chapter discusses the effect of negative
feedback on various amplifier parameters. Analysis of practical feedback amplifiers has also been
discussed.

4 6.1 CLASSIFICATION OF AMPLIFIERS

Amplifiers can be classified based on the magnitude of the input and output impedances as
follows:

Voltage amplifiers

Current amplifiers
Transconductance amplifiers
Transresistance amplifiers

b NS

6.1.1 Voltage Amplifier

As the name implies, a voltage amplifier provides an output voltage proportional to the input
voltage. Ideally, the proportionality constant is independent of the source and the load resistances.
The equivalent circuit of the voltage amplifier is shown in Fig. 6.1.

Rs 4'[i - [o
YV + +
+
O « Zu

Fig. 6.1 Equivalent circuit of voltage amplifier
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Observe in Fig. 6.1, that the voltage amplifier is driven by a voltage source V of internal
resistance R . The output is represented by a voltage source 4, ¥, in series with output resistance
R across which the load R, is connected. R, represents the input resistance of the amplifier.

Using voltage division rule at the input we have

y o VR
i R +R
Vv Ve (6.1)
or = T T T .
' R
I+|—
{Ri:|

It is desirable that the entire source voltage be available at the input terminals of the
amplifier

1e., V.=

s

From Equation (6.1) we find that, the above condition is satisfied if

)

<1

=> R, >R (6.2)
i.e., The voltage amplifier must be designed with very large input resistance. Ideally R, = .
Using voltage division rule at the output we have
AV I/l RL
R +R,

L/ 6.3
or o |:R0 :| ( . )
1+

L

S

It is desirable that the entire amplified voltage be available across the load
ie., V = AV Vi (6.4)

From Equation (6.3) we find that , the above condition is satisfied if

0

R, <1

> R <R, (6.5)

i.e., the voltage amplifier must be designed with very low output resistance. Ideally R = 0.
Now we conclude the following:

A good voltage amplifier must have a very large input resistance and a very low output
resistance. Ideally R, = « and R = 0.
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From Equation (6.4) we have
V
A = ‘e 6.6
T (6.6)
A, 1s called the open loop voltage gain or voltage gain without feedback.

6.1.2 Current Amplifier

A current amplifier provides an output current proportional to the input current. Ideally, the
proportionality constant is independent of the source and load resistances. The equivalent circuit
of the current amplifier is shown in Fig. 6.2.

4'11' — ]

oL R,% D Ex, %RL

Fig. 6.2 Equivalent circuit of current amplifier

Observe that, the current amplifier is driven by a current source / of source resistance R..
The output is also represented by a current source 4, /, in parallel with output resistance R . R,
represents the input resistance of the amplifier.

Using current division rule at the input we have

[S RS
I = R +R
1 = L (6.7)
i Ri :
1+
RS
It is desirable to have the entire source current to flow into R,
1e., I =1
From Equation (6.7) we find that, the above condition is satisfied when
R, .
RS <
=> R, <R (6.8)

i.e., The current amplifier must be designed with very low input resistance. Ideally R = 0.
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Using current division rule at the output we have

o A] I i Rr)
° R + R,
4,1,
or 1 = R (6.9)
1+
It is desirable to have the entire amplified current to flow into R, .
ie., I =A 1 (6.10)
From Equation (6.9) we find that, the above requirement is satisfied, when
R
—+ «1
R()
> R, >R, (6.11)

i.e., The current amplifier must be designed with very high output resistance. Ideally R = o.
Now we conclude the following:

A good current amplifier must have a very low input resistance and a very high output
resistance. Ideally R, =0 and R = co.

From Equation (6.10) we have
A4 = = (6.12)
A, is called the open loop current gain or current gain without feedback.

6.1.3 Transconductance Amplifier

A transconductance amplifier provides an output current proportional to the input voltage. Ideally
the proportionality constant is independent of the source and load resistances. Since, the output is
a current and the input is a voltage, the proportionality constant has the unit of conductance and
hence this arrangement is called a transconductance amplifier or voltage to current converter. The
equivalent circuit of the transconductance amplifier is shown in Fig. 6.3.

VG) Vi | Ri Q Gy V; Ry R,

Fig. 6.3 Equivalent circuit of transconductance amplifier
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Observe that, the amplifier is driven by a voltage source V| of source resistance R . The output
is represented by a current source G,, V; in parallel with output resistance R . R, represents the
input resistance of the amplifier.

Using voltage division rule at the input we have

A
" R+R
4 ‘s (6.13)
or = .
' R
I+ |+
|:Ri:|

It is desirable that the entire source voltage be available at the input terminals of the
amplifier.

1e., V.=V

1

From Equation (6.13) we find that, the above requirement is met with if

= <1
Ri <

=> R, >R (6.14)

i.e., The transconductance amplifier must be designed with very high input resistance. Ideally
R= .

1

Using current division rule at the output we have

_ GM Vl Ro
0 R +R,
GV
or I = —R (6.15)
1+ {L}
RO
It is desirable that, the entire output current G,V to flow into R,.
ie., I =G,V (6.16)

From Equation (6.15) we find that, the above requirement is satisfied when

R
-+ <1
RO
= R >R, (6.17)

i.e., The transconductance amplifier must be designed with very high output resistance. Ideally
R= .

Now we conclude the following:

A good transconductance amplifier must have very high input and output resistances.
Ideally R, = « and R = co.
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From Equation (6.16) we have

I
G, = % (6.18)

G,, is called the open loop transconductance or the transconductance without feedback.

6.1.4 Transresistance Amplifier

A transresistance amplifer provides an output voltage proportional to the input current. Ideally
the proportionality constant is independent of the source and load resistances. Since the output
is a voltage and the input is a current, the proportionality constant has the unit of resistance and
hence this arrangement is called a transresistance amplifier or current to voltage converter. The
equivalent circuit of the transresistance amplifier is shown in Fig. 6.4.

Fig. 6.4 Equivalent circuit of transresistance amplifier

Observe that, the amplifier is driven by a current source / of source resistance R . The output
is represented by a voltage source R,, [, in series with output resistance R . R, represents the
input resistance of the amplifier.

Using current division rule at the input we have

]S RS
" R+R
]S
or 1 = (6.19)

i R
I+ —

It is desirable to have the entire source current to flow into R.

1.e., I =1

1 s

From Equation (6.19) we find that, the above requirement is met with when

R,
R <

N

> R <R (6.20)
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i.e., The transresistance amplifier must be designed with a very low input resistance. Ideally
R, = 0.
Using voltage division rule at the output we have

R, LR,
° R +R,
R,1,
or Vo= —= (6.21)
0 R
1+—2

L
It is desirable that, the entire output voltage R, I be available across the load

ie., V=R, I (6.22)
From Equation (6.21) we find that, the above requirement is satisfied when
R
° <1
L
> R <R, (6.23)

i.e., The transresistance amplifier must be designed with very low output resistance. Ideally
R = 0.
Now we conclude the following:

A good transresistance amplifier must have very low input and output resistances. Ideally
R =0and R =0.

From Equation (6.22) we have
v,
R, = 7 (6.24)

R, is called the open loop transresistance or the transresistance without feedback.
The results are summarised in Table 6.1 for ideal amplifiers.

Table 6.1 Summary of ideal amplifier characteristics

Parameter it o Current Transconductance | Transresistance
8 P amplifier amplifier amplifier
Input
resistance R, © 0 © 0
Output
resistance R, 0 *® ® 0

4 6.2 FEEDBACK CONCEPT

Several characteristics of the amplifier such as input resistance, output resistance, linearity and
band width can be improved by incorporating negative feedback. This can be achieved by feeding
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back a part of the output into the input. Such amplifiers are called feedback amplifiers. The block
diagram of a typical feedback amplifier is shown in Fig. 6.5.
The basic configuration consists of five blocks as shown in Fig. 6.5.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Signal ! Comparator Basic amplifier Sampling
X, or mixer X; with forward
source s ) network
! network gain 4
f Xy Feedback
3 network with
1 reverse gain §

Fig. 6.5 Block diagram of a typical feedback amplifier
X, : Signal source
X, : Feedback signal
X. : Input signal to the basic amplifier
X, : Output signal

Signal Source Block

The signal source is either a voltage source or a current source depending on the type of amplifier
as classified in Section 6.1. A voltage source is represented by a signal source V in series with
a source resistance R, commonly known as Thevenin’s representation. A current source is
represented by a signal source / in parallel with a source resistance R, commonly known as
Norton’s representation. These representations are shown in Fig. 6.6.

Ry

AMM———— . o

v, é)

(@ (b)

Fig. 6.6 Signal source representation
(a) Thevenin's representation of voltage source
(b) Norton's representation of current sourcce
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Comparator or Mixing Block

This block essentially combines the source signal with the feedback signal. The output of the
mixer is X, = X — X . Depending upon the nature of the signal source and the feedback signal
there could be either series mixing or shunt mixing. When the source and the feedback signals are
both voltages, series mixing is used. If these are both currents, shunt mixing is used. The type of
mixing is independent of the output signal being sampled to be feedback.

For instance, an output voltage could be sampled and fedback as an input current or an output
current could be sampled and fedback as an input voltage. For example, in the transconductance
amplifier, the input is a voltage, whereas the output is a current. Obviously, since the input is a
voltage source, only series mixing is possible. Thus, the sampled output current must be converted
to a voltage to facilitate series mixing. The schemes for series mixing and shunt mixing are shown
in Fig. 6.7.

Series Shunt
Source mixer Source mixer
‘ T+ B ‘ ! — —
! ! ! s
R ! ‘ | |
| V| a4 I (D R| | A
+ ! ] ‘ !
,_, - I - L | -
Vy
B Iy B
(@) (b)

Fig. 6.7 Mixer Block
(a) Series Mixing
(b) Shunt Mixing

Basic Amplifier Block
The basic amplifier block is shown in Fig. 6.8.

Basic amplifier block
X; with forward gain 4 X,

Fig. 6.8 Basic amplifier block
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The ratio of the output signal to the input signal of the basic amplifier is represented by 4 and
it is called the transfer gain without feedback or open loop transfer gain or simply open loop gain.
It is given by

4= = 6.25
X (6.25)

A depends on the type of amplifier the block represents.
If it represents a voltage amplifier, then

X =V and X=V,
A=A4= v (6.26)
7
If the block represents a current amplifier, then
X =1 and X =1
A=A4 = 1 (6.27)
1

1.

Finally if the block represents a transconductance amplifier, then
X =V and X=1I
_ 1 o
G,= a (6.28)

1

A

Finally if the block represents a transresistance amplifier, then

X =171ad X =V

4=R =2 (6.29)

Though G|, and R, are not strictly amplifications since the units of output and input are not the
same, the quantities 4,, 4, G,, and R, are referred to as the transfer gain of the basic amplifier
without taking any feedback into consideration. Thus, 4 represents one of the quantities 4, 4,,
G,, or R, depending on the type of transfer.

A, refers to the transfer gain of the amplifier with feedback. 4, is defined as the ratio of the
output signal of the amplifier to its input signal. With reference to Fig. 6.5,

X,
A, = X, (6.30)
for a basic voltage amplifier,
v,
4, = 7 (6.31)

for a basic current amplifier,

IO
4,= = (6.32)
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for a basic transconductance amplifier,
— 10
GM/‘ = 75 (6.33)

while for a basic transresistance amplifier,

v,
Ry = = (6.34)

Sampling Network

It is used to sample the output signal of the basic amplifier. The feedback network is connected
in parallel with the output terminals when voltage is to be sampled as shown in Fig. 6.9(a). The
feedback network is connected in series with the output terminals when current is to be sampled
as shown in Fig. 6.9 (b).

Voltage sampler Current sampler

Basic

Basic 1 : . : w
amplifier 1 v, Ry amplifier A | ) Ry
4 | | A

Feedback Feedback
network network
B B

(@) (b)

Fig. 6.9 Sampling network
(a) Voltage sampling  (b) Current sampling

Feedback Network

This is a passive two-port network configured using passive elements such as resistors, inductors
and capacitors. More often, the feedback network is simply a resistive network.

The ratio of the output signal to the input signal of the feedback network is called the feedback
factor 3.

X,
Feedback factor, g = 7
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Consider the example of sampling a voltage and feeding it back in series.

The feedback signal can be derived from the output voltage by means of a simple voltage
divider network as shown in Fig. 6.10.

+
Basic
amplifier Vo Ry
A
R,
+
Vy R

Fig. 6.10 Voltage-sampling and series mixing configuration

The feedback signal or output voltage of the feedback network in Fig. 6.10 is given by

R2
= v
v, R+R, " (6.35)
vV R
o 2
v R+ R, (6.36)
By definition
V R
- L _ 2
p= v, R +R, 6.37)

Observe that # does not have units in this case. This is not always true, for instance when
voltage is sampled and current is derived from the feedback network, the feedback network has
the unit of mhos or siemens.

4 6.3 TRANSFER GAIN OF SINGLE LOOP FEEDBACK AMPLIFIER

Let us now, obtain the transfer gain of the feedback amplifier. The block schematic of a single
loop feedback amplifier is shown in Fig. 6.11.

In Fig. 6.11 X, X, X, X and X represent general amplifier signals which may be either
voltages or currents depending on the circuit.
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Feedback amplifier
Comparator  [~~777TTTTTTTIIITonoososssoosssosoooosooooooo
or mixer | i
‘ Difference Output :
o+ signal Basic amplifier signal !
b A |
Input L - Xa =X Xo=4X, |
signal 3 i R,
i Feedback ! load
| Feedback network 3 i
i signal b

Fig. 6.11 Single-loop feedback amplifier

The transfer gain of the basic amplifier without feedback is given by

The transfer gain of the feedback amplifier is given by

Aleg

X =AX
and X =X-X
where, X =pX,

Using these relations in Equation (6.40) we have
X, = A(X,- X)) =A(X, - BX,)
X = AX - ABX,
AX =X (1+ A4p)

A= X, T+ 4B

Magnitude of the transfer gain is

o LAl
4 |1+ Af |
Consider Equation (6.44) :
o If [1+4B] >1,then
4, < |4]

the feedback is termed negative or degenerative.

(6.38)

(6.39)

(6.40)
(6.41)
(6.42)

(6.43)

(6.44)
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o If|1+ AB| <1, then
4] > 4]

the feedback is termed positive or regenerative.

4 6.4 LOOP GAIN
Let us now trace the path of X through the feedback loop in Fig. 6.11. The signal X, gets,

e  Multiplied by 4 in the basic amplifier,
e  Multiplied by § in the feedback network,
e  Multiplied by —1 in the mixer.

Hence, the loop gain or return ratio is — 4 f3.

Subtracting the loop gain from unity, we get the return difference defined by
D=1+A4Ap (6.45)

Using this relation in Equation 6.44 we get

| 4]

|4, | = (6.46)

Gain with feedback in decibels is
20 10g10|Af| = 20log,, 4] — 20log,,| D | (6.47)
or  20log [A] = 20log,,|4,|+20log | D| (6.48)

This means that in decibels,
Gain with out feedback = gain with feedback + gain lost due to negative feedback. (6.49)

Thus for instance, a loss of 10 dB gain due to negative feedback is because of the 10 dB
feedback negatively in the amplifier.
The amount of feedback in dB = — gain lost due to negative feedback
Let N be the feedback in dB

N = —-20log,,|D]|
1
= 20 logm H (650)
Substituting for D from Equation 6.46

A

N = —20log,, |—L (6.51)
1

or N =-20 IOg10 m (652)

Example 6.1

A feedback amplifier has a gain of 1000 without feedback. Find the gain with feedback and the
amount of feedback in dB for a negative feedback of 10%.
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Solution
A = 1000
%p =10% = p=0.1
From Equation (6.45)
D = 1+A8=1+1000 X 0.1 =101
From Equation (6.46)
A
| 4, ] = u = m =99
s |D| 101
From Equation (6.52)
N = 20 log 1
1101
N = —-40dB (A)
Gain in dB without feedback is
20 log,,| 4| = 20 log,,[1000] = 60 dB (B)
Gain in dB with feedback is
20 log,, | Af| = 201log,,[9.91=20dB (©)

Observe that the negative feedback of 40 dB [Equation (A)] has caused the gain to drop from
60 dB to 20 dB [Equation (C)].

€ 6.5 ASSUMPTIONS IN THE ANALYSIS OF FEEDBACK AMPLIFIERS

Three conditions are to be assumed to simplify the analysis of feedback amplifiers.

Condition 1: The input signal is transmitted to the output only through the forward basic amplifier
and not through the feedback network. Thus, if the amplifier is deactivated, the output signal
should be zero.

Condition 2: The feedback signal is transmitted from the output to the input only through the
feedback network and not through the amplifier.

Condition 3: The feedback factor § is independent of load and source resistances. This can be
ensured by proper choice of the elements of the feedback network.

4 6.6 FEEDBACK AMPLIFIER TOPOLOGIES

We saw in section 6.2 that there could be two types of sampling, either voltage sampling or
current sampling independent of the type of mixing. With each type of sampling there could be
either series mixing or shunt mixing. This gives rise to four feedback topologies as shown in
Table 6.2.
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Table 6.2 Feedback amplifier topologies

Sampling Mixing Topology

Voltage Shunt Voltage-shunt feedback
Voltage Series Voltage-series feedback
Current Shunt Current-shunt feedback
Current Series Current-series feedback

6.6.1 Voltage-series Feedback Amplifier
Here the output voltage is sampled and the mixing is of series type. For series mixing both source
signal and the feedback signal must be voltages. Hence the basic amplifier is a voltage amplifier.
Figure 6.12 shows the block diagram of voltage-series feedback amplifier.

+ +
Voltage
v, amplifier V, <R,
A
+ Feedback +
Vy net\gork v,

Fig. 6.12 Voltage-series feedback topology

Transfer gain without feedback

Transfer gain with feedback

It is important to note that

and

A

4
_
Af_z
A=4,
4, =4,

(6.53)

(6.54)

(6.55)
(6.56)

A, is the closed loop voltage gain or voltage gain with negative feedback.
Feedback network converts output voltage into feedback voltage. Hence feedback factor is

given by

=
I
aw |\‘

N
Il

=

N

(6.57)

(6.58)
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6.6.2 Voltage-shunt Feedback Amplifier

Here the output voltage is sampled and the mixing is of shunt type. For shunt mixing both source
signal and the feedback signal must be currents. Hence the basic amplifier is a transresistance
amplifier. Figure 6.13 shows the block diagram of voltage-shunt feedback amplifier.

—
+
Transresistance
I amplifier Ve, Ry
A
I Feedback +
network Vo
ﬁ —
Fig. 6.13 Voltage-shunt feedback topology
Transfer gain without feedback
A4 = Yo (6.59)
I, )
Transfer gain with feedback
_Fr
A, = Z (6.60)
It is important to note that
4 =R, (6.61)
and A, =R, (6.62)
R, is the closed loop transresistance or transresistance with negative feedback.
Feedback network converts output voltage into feedback current. Hence feedback factor is
given by
L 6.63
B = v (6.63)
> I = BV (6.64)

6.6.3 Current-shunt Feedback Amplifier

Here the output current is sampled and the mixing is of shunt type. For shunt mixing both source
signal and the feedback signal must be currents. Hence the basic amplifier is a current amplifier.
Figure 6.14 shows the block diagram of current-shunt feedback amplifier.
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Current
I G) am}jlﬁer I, Ry

I
Feedback
network
B
Fig. 6.14 Current-shunt feedback topology
. I
Transfer gain without feedback A = ]—O (6.65)
o 1,
Transfer gain with feedback A, = 7 (6.66)
It is important to note that
A= A, (6.67)
and Af = Alf (6.68)

4, is the closed loop current gain or current gain with negative feedback.
Feedback network converts output current into feedback current. Hence the feedback factor

is given by
1,
/
B = 7 (6.69)
=> I =PI (6.70)

6.6.4 Current-series Feedback Amplifier

Here the output current is sampled and the mixing is of series type. For series mixing both source
signal and the feedback signal must be voltages. Hence the basic amplifier is a transconductance
amplifier. Figure 6.15 shows the block diagram of current-series feedback amplifier.

1

Transfer gain without feedback A = 7" (6.71)
o I

Transfer gain with feedback A, = 7” (6.72)



j

+
Transconductance
V; amplifier
A
+ Feedback
z network
_ B

Fig. 6.15 Current-series feedback topology

It is important to note that

and

A=G

4, =G,
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Ry

(6.73)

(6.74)

G, 1s the closed loop transconductance or transconductance with negative feedback.
Feedback network converts output current in to feedback voltage. Hence the feedback factor

is given by

=

- L
B .
V=

6.6.5 Summary of Feedback Amplifier Topologies

Table 6.3 summarises the feedback amplifier topologies.

Table 6.3 Summary of feedback amplifier topologies

(6.75)

(6.76)

Note: While writing the block diagrams of feedback topologies, sources are considered to be
ideal. Hence R_ is not shown.

Feedback topologies
Parameter : :
Voltage series | Voltage shunt Current series Current shunt
Reference Fig. 6.12 Fig. 6.13 Fig. 6.15 Fig. 6.14
X Voltage Voltage Current Current
X, X, Voltage Current Voltage Current
I/U I/o _ [ 0 10
A AV=7 RM—T GM_V AI_T
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Feedback topologies
Parameter ; :
Voltage series | Voltage shunt Current series Current shunt
v, v, L, -4
4 4, = A Ry,= 1 Gy = v A,= I
5 £} I v I
v, v, 1, 1,
Example 6.2
Using the block diagram of voltage series feedback amplifier, derive the expression for its transfer
gain with feedback.
Solution

Refer Fig. 6.12
From Equation (6.53),

vV, =4Y,

Applying KVL to the input circuit we have
V- V- ¥,=0

or

S
V=V~

Using Equation (B) in Equation (A) we have

o

ARIVENA

= AV- 4V,
But V,= BV, [From Equation 6.58]
Now V. = AV - ARV,
VIl+AB] = AV,
V, A
ATy T 1584
For voltage series feedback amplifier
A =4, and A4, = AW.
Now Equation (D) can also be written as
A
Ay = 1 +ﬂV 4,

(A)

(B)

©

(D)

(E)

Example 6.3

Using the block diagram of voltage shunt feedback amplifier, derive the expression for its transfer

gain with feedback.
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Solution
Refer Fig. 6.13
From Equation (6.59), V=A1I (A)
Applying KCL at the input circuit we have
[ =1 +1
or I=1-1 (B)
Using Equation (B) in Equation (A) we have
v, = AL - 1]
=AIl-41 ©)
But L= BV, [From Equation 6.64]
Now C = Al-ABV
VI1I+AB] =41
v, A
47T T 4B (D)

For voltage shunt feedback amplifier
4 = R,, and A=R,,

Now Equation (D) can also be written as
R

- M

Riy = 1+B8R, (E)
Note: Similarly we can derive the expressions for 4, of current series and current shunt feedback
amplifiers using the block diagrams given in Fig. 6.15 and Fig. 6.14 respectively.

4 6.7 GENERAL CHARACTERISTICS OF NEGATIVE FEEDBACK AMPLIFIER

Though negative feedback reduces the transfer gain it is extensively used in amplifiers. The reason
is that with negative feedback, many desirable characteristics are obtained. Now let us examine
these desirable characteristics in detail.

6.7.1 Stability of Transfer Gain
Transfer gain with feedback is given by

4
4, = ey (6.77)

Differentiating with respect to 4, we have

dd, [1+84]- 4[B]
dA [1+84]
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1
- [1+B4]
= : : (6.78)
[1+84] [1+BA4] '
From Equation (6.77) we have
1 = i
1+ 84 A
Using this relation in Equation (6.78) we have
a“a, A 1
dA A 1+p4
dA
dd, A
e [1+BA4]
di
dA, A
— = — (6.79)
A, L+84
dA,
- | = relative change in gain with feedback
p
dA . .
| - relative change in gain without feedback
For negative feedback, |1 + 34| > 1
Now from Equation (6.79) we get
at,| |4
A_f < |y (6.80)

or stated in words:

Relative change in gain with feedback is less than that without feedback. This implies that
with negative feedback, the transfer gain changes very little or negative feedback stabilises
the transfer gain.

Desensitivity factor

From Equation (6.79) we find that the variation in transfer gain or the sensitivity of transfer gain
gets reduced by a factor D =1+ f A. For this reason, D is also called the Desensitivity factor.
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Example 6.4
An amplifier without feedback has a transfer gain of — 2000. The transfer gain changes by 20%
due to temperature. If negative feedback with § = — 0.1 is given, calculate the change in gain of
the feedback amplifier.
Solution
A= -2000 8 =—0.1
% al 20%
1+84 = 1+(=0.1) (- 2000)
= 201
From Equation (6.79)
|4
A T
4, 1+84
0,
- 20% 0.099%
201

Example 6.5
Calculate the gain of a negative-feedback amplifier having 4 = — 2000, if the feedback factor is
20 %.

Solution
A = -2000
% B =20 %
=> p =02
For negative feedback, A 8 is positive. Therefore we take
g =-02
1+ 84 = 1+(-0.2)(-2000)
= 401
4 = A
T 1+p4
= _ig?o = — 498

6.7.2 Reduction in Non-linear Distortion
The transfer charecterstics of a practical amplifier is non-linear as shown in Fig. 6.16.
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Output, y

Input, x

0

Fig. 6.16 Transfer charecteristics of practical amplifier

Since, the transfer charecteristics is non-linear, the input-output relationship can be expressed as
y=kxt kx+ kX t (6.81)

where the first term represents the linear term followed by the non-linear terms. For instance, if
the input is sinusoidal of large amplitude, say

x = A, sinwt (6.82)
Then, Equation (6.81) becomes
y =k A sinwt+k,A?sin’ wt+k, A7 sin’ ot + -
which can be expressed in the general form as
y =B + B sinwt + B,sin2wt + B, sin3wt + - (6.83)

where B_is the dc term, B, is the amplitude of the fundamental, B, is the amplitude of the second
harmonic and so on.

Equation 6.83 indicates that y is not an exact replace of x, but is distorted, referred to as
harmonic distortion or non-linear distortion. It can be shown from Fourier analysis that as the
order of the harmonic increases, its amplitude decreases.

ie., |B,| > |B,|>|B,|> (6.84)

To study the effect of negative feedback on harmonic distortion, let us assume that only second
harmonic distortion is present. Let B, be the second harmonic distortion at the output in the
presence of negative feedback.

When B, is sampled it gets

e  Multiplied by § in the feedback network

e  Multiplied by — 1 in the mixer

e  Multiplied by 4 in the basic amplifier

Finally it becomes — 48 B,,

Hence, the second harmonic component at the output in the presence of negative feedback is

B, =B, ABB,
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I
>}

B,(1+4B) = B,

B = 2 =2 6.85
Y 1+4B8 D (6.85)
|B, | |8, |
By = L= 2 6.86
o 5. [1+48] |D| (650

We know that for negative feedback
| 1+4B | >1 andhence |B,|<|B,|
Observe that the second-harmonic distortion gets reduced by a factor |1+ A4S |.

6.7.3 Reduction of Noise

Let N represents the output noise without feedback and let N, represents the output noise with

feedback. When NV, is sampled, it gets multiplied by — A4 B around the feedback loop and becomes
— ABN.. '
s

Thus, the noise at the output in the presence of negative feedback is

N, = N-ApN,
or N, = N__N (6.87)
7 1+4B D
N N
or |N/| = IN] __ [V (6.88)
[1+4p| |D]

Equation (6.88) shows that the output noise reduces by a factor of | 1 + 4 | in the presence
of negative feedback since |1 +A48 | > 1.

6.7.4 Reduction in Frequency Distortion

The gain of an amplifier becomes a function of frequency due to internal device capacitances,

associated coupling and bypass elements such as capacitors and transformers. As a result, different
frequency components are amplified to different extents.

We have seen that the gain of an amplifier with negative feedback is given by

LA
1+ 4B
If | AB | >>1, then 4 ~A
? f Aﬂ
_ 1L
4= 5 (6.89)

Under this condition, 4, depends only on 8. In most of the circuits, 8 network contains only
resistors and therefore the feedback factor 8 is independent of frequency. As a result, 4 , becomes
independent of frequency. Thus negative feedback reduces frequency distortion. '
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4 6.8 EFFECT OF NEGATIVE FEEDBACK ON INPUT RESISTANCE
The effect of negative feedback on input resistance depends on the nature of mixing.
In case of series mixing the input resistance increases while in the case of shunt mixing

the input resistance decreases.
Let us now see how series mixing increases the input resistance. The input stage of a feedback

amplifier with series mixing is shown in Fig. 6.17.

I;
. +
do, A=
-
Rif ‘*U +
Vy

Fig. 6.17 Input stage of feedback amplifier with series mixing

From Fig. 6.17 the input resistance without feedback is given by

1
R = - (6.90)

v
= = (6.91)

In the presence of negative feedback v, is in opposite polarity with respect to ¥, and hence /,
with negative feedback is less than that without feedback. As a result Rl.f is greater than R, .
Now, let us look at the situation in case of shunt mixing. The input stage of a feedback amplifier

with shunt mixing is shown in Fig. 6.18.

O =L

Iy
: Feedback
network 3

Fig. 6.18 Input stage of feedback amplifier with shunt mixing
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Observe that the feedback network appears in parallel with the input terminals of the amplifier.
From Fig. 6.18 input resistance without feedback is

R = 4 (6.92)
i I
and in the presence of negative feedback, the input resistance is
V.
Rl_/ = Z (6.93)
But I =1 + [ f
R = (6.94)
oL+,

From Equations (6.92) and (6.94) it is clear that Rif <R.

6.8.1 Input Resistance of Voltage-series Feedback Amplifier

We now obtain an expression for Rl,/ for the voltage-series feedback amplifier. Figure 6.19 shows
a typical voltage-series feedback circuit.

— — I,
+ +
+
Vs N> Vl RI VO RL
— 'j —
N+
Rir vV,
4 / Ry
Fig. 6.19 Voltage series feedback amplifier
v, . .
R = 7 Input resistance without feedback
v, : :
Y= 7 Input resistance with feedback.
Applying KVL to the input circuit of Fig. 6.19, we have
V.—V,-V, =0 (6.95)
But V.=IL R and V,=fV

Substituting these relations in Equation 6.95 we have

V-IR-BV =0 (6.96)
But V=AV =AIR



458 Analog Electronic Circuits

Using this relation in Equation (6.96) we have

V.~ R-BA R =0
V.=IR[1+BA]
N R = V‘Y_R 1+ A4
ow if 7_ ,-[ ﬂ ]

1

Since [1+84] > 1
R > R
A !

(6.97)

Note that the input resistance increases by a factor 1 + A as expected for series mixing.

6.8.2 Input Resistance of Voltage-shunt Feedback Amplifier

The input resistance can be computed from the voltage-series feedback circuit shown in

Fig. 6.20.

[ _

Ry

Fig. 6.20 Voltage - shunt feedback amplifier

= Input resistance without feedback

Rl.f = — = Input resistance with feedback

~|= S

s

Applying KCL at the node P of Fig. 6.20

[ =1+]
_" _
But I = r and [ =BV

i

Substituting these relations in Equation (6.98) we have

s

1 =Ygy
_Riﬁa

(6.98)
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Also V=AI1
v,
-4 E,
Using this relation in the above Equation we get
I = £+ B A %
S R R,
= L pay
R
v, _R
Now Rl./ = Z = 1+84 (6.99)
Since [1+84] > 1
R, <R,

Note that the input resistance decreases by a factor 1+ f 4 as expected for shunt mixing.

6.8.3 Input Resistance of Current-series Feedback Amplifier

The circuit for computation of the input resistance of a current-series feedback amplifier is shown
in Fig. 6.21.

|
!

+

N
l
_/
=~
=
D)
_/
N
=
P
N
=
2

—Or- e

Vf =pI, Raf

Rir

Fig. 6.21 Current-series feedback amplifier

= Input resistance without feedback

Rl.f = — = Input resistance with feedback

~|= LS

Applying KVL to the input circuit of Fig. 6.21, we have
V.-V,-V,=0 (6.100)
But V.=1R and V, =1
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Using these relations in Equation (6.100) we have

V.- I[,Rl.—ﬂlo =0 (6.101)
But ]0 = 4 Vl
= AILR,

Using this relation in Equation (6.101) we get
V- IR-BALR=0
V.=ILR [1+pA4]

V.

Now Rl,f= T:Rf [1+84] (6.102)
Since [1+84] > 1
R11>Rl

Note that the input resistance increases by a factor 1 + 3 4 as expected for series mixing.

6.8.4 Input Resistance of Current-shunt Feedback Amplifier
Figure 6.22 shows the circuit of a current-shunt feedback amplifier for the computation of input
resistance.

+
+

B
D Niw l Vi Ri (D a5 <R v, =R,

Fig. 6.22 Current-shunt feedback amplifier

V.

R, = I—’ = Input resistance without feedback,
v, . .

Rl.f_ =7 = Input resistance with feedback.

Applying KCL to the input node P we have

[ =1+1 (6.103)

But I

1

Il
=t

and [, = (1
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Substituting these relations in Equation (6.103) we have

4
I = —+pB1 (6.104)
N Ri 4
But I = Al
v,
= A —_—
Ri
Using this relations in Equation (6.104) we have
V. V.
I = —+ 84—
’ Ri ﬂ Ri
V.
= —[1+p4
g [1764]
N R = L__R 6.105
oW i I 1+f84 (6.105)
Since [1+84] >1
R <R
o

Note that input resistance decreases by a factor 1 + 4 for shunt mixing.

4 6.9 EFFECT OF NEGATIVE FEEDBACK ON OUTPUT RESISTANCE

The effect of negative feedback on output resistance depends on the nature of sampling.

The output resistance decreases in the case of voltage sampling while it increases in the
case of the current sampling.

Let us first see how voltage sampling reduces the output resistance. Consider the output circuit
of a typical voltage amplifier shown in Fig. 6.23.

A
We know that, Af = 1454
If fA>1
4 1
Then Af~,3_A —E

Note that 4 L is independent of both source and load resistances. Thus, ideally the output voltage
V. would remain the same irrespective of changes in load resistance R, in the presence of negative
feedback. This is possible in the circuit of Fig. 6.23, only if

Rof = (0 or Rgf < R,

Under this condition, V=4 x 4

The circuit to analyse the effect of negative feedback on a current sampling circuit is shown
in Fig. 6.24.



462 Analog Electronic Circuits

Fig. 6.23 Output stage of a feedback Fig. 6.24 Output stage of a feedback
amplifier with voltage sampling amplifier with current sampling

In this case, under stabilization through negative feedback the current / through R, remain
unchanged with changes in R, since A, is independent of source and load resistances under
negative feedback. This is obviously possible only if R, = orR >R, in the circuit of
Fig. 6.24, in which case

6.9.1 Output Resistance of Voltage-Series Feedback Amplifier
We apply the following procedure to find the output resistance of feedback amplifier

1. Reduce V, (1) to zero
2. Remove R, and connect a voltage source V' between the output terminals.

Let 7 be the current driven by the voltage source J' into the amplifier output terminals. The
output resistance with feedback is given by

R, = — (6.106)

Let us apply these steps to the voltage series feedback amplifier of Fig. 6.19. The resulting
circuit is shown in Fig. 6.25.

R,

; — MW

N +
V=0 v, R, @AV,- v

()= L
ok
I/f

—

Fig. 6.25 Output resistance of voltage series feedback amplifier



Feedback Amplifiers 463

Applying KVL to the input circuit we have

Vi=V.=V,=0 (6.107)
Since V.=0, weget
V.= -V, (6.108)
V=87,
But V=7
v, = BV
Using this relation in Equation (6.108) we get
V.= -pV (6.109)

Applying KVL to the output circuit, we have
V—IR-AV =0 (6.110)
Substituting Equation (6.109) in Equation (6.110) we have
V-IR — A[-BV]=0
VI1+B4] = IR,

14 R,
Now R, = 7- Y (6.111)
Since, (1+44) > 1
R, <R,

Note that the output resistance decreases by a factor 1+ 34 as expected for voltage sampling.
6.9.2 Output Resistance of Voltage Shunt Feedback Amplifier
Let us obtain the equivalent circuit shown in Fig. 6.26 from the circuit of Fig. 6.20 by

1. Reducing [ to zero,
2. Replacing R, by a voltage source V.

Applying KCL at the node P of the circuit of Fig. 6.26

L+ =0
L=-1 (6.112)
But L=pV=pV
L =-BV (6.113)
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Applying KVL to the output circuit of Fig. 6.26

AL+IR ~V =0 (6.114)
P 4’11'
+
=0 p \ %Ri G)All
’ Nw
]f

Fig. 6.26 Output resistance of voltage shunt feedback amplifier

Substituting for /, from Equation (6.113)

A(=BV)+IR -V = 0

IR = V(1+4p) (6.115)
By definition
Vv
R, = 7
.. From Equation (6.115)
R
R = 0 11
of 1+ 434 (6.116)

Since [1+44] > 1
R, <R,
Note that the output resistance decreases by a factor 1 + 8 4 as expected for voltage

sampling.

6.9.3 Output Resistance of Current Series Feedback Amplifier

Let us obtain the equivalent circuit of the current series feedback amplifier shown in Fig. 6.21 to
calculate the output resistance. The equivalent circuit is shown in Fig. 6.27.
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~
Il
o

() -

14
R

|

S

i %&<DAW r,

AN

Vy

Fig. 6.27 Output resistance of current series feedback amplifier

Applying KVL to the input circuit of Fig. 6.27, we have

V-V, =0
or V.= - V/
By definition
V,= B
But I = -1
V.=-p1

/

Substituting this relation in Equation 6.117, we have

V= Bl

Applying KCL at node P of the circuit in Fig. 6.27

av +1-L — g
l R

0

Substituting for ¥ from Equation (6.119)

%
ABI + 1 = —
ﬁ RU
vV
— = I(1+4
w = [0eAp)
By definition,
V
R .: —
of I
o Rof:Ra(lJrﬂA)
Since [1+4] > 1
R, >R,

(6.117)

(6.118)

(6.119)

(6.120)

(6.121)

(6.122)

Note that output resistance increases by a factor 1 + 8 4 as expected for current sampling.
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6.9.4 Output Resistance of Current-shunt Feedback Amplifier

Let us obtain the equivalent circuit of the current-shunt feedback amplifier shown in Fig. 6.22 to
calculate the output resistance. The equivalent circuit is shown in Fig. 6.28.
Applying KCL at node P of the input circuit shown in Fig. 6.28, we have

[+1.=0 (6.123)
or I = —If
By definition [, = 1,
But I =-1
I, = -p1I (6.124)
Substituting this relation in Equation (6.123), we have
I =pB1 (6.125)

Applying KCL at node Q of the output circuit in Fig. 6.28, we have.

V
AL+ —— =0
! R

0

P —1 0 —I=-1,
O L 4 C O
v
7! )
=0 B { R; (D Al R, 4
N/w 7 _
r
O ad A O
Ry

Fig. 6.28 Output resistance of current shunt feedback amplifier

Substituting for / from Equation (6.125)

y
ABI+I = 2 (6.126)

I(1+BA4) = v

( ﬂ ) - Ro

. Vv

By definition, R, = 7

.. From Equation (6.126)
R,=R(1+p4) (6.127)
Since [1+4] > 1
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Rof > R,

Note that the output resistance increases by a factor 1+ A4 as expected for current sampling.
Table 6.4 Summarizes the effect of negative feedback on input and output resistances on all
the feedback topologies.

Table 6.4 Summary of effect of negative feedback on input and output resistance

Parameter Feedback topologies
Voltage series Voltage shunt Current series Current shunt
R, R,
R, R (1+ BA) 1+84 R(1+ B4) 1+84
R R() RO
s A A R(+pA) | R(1+pA

4 6.10 EFFECT OF NEGATIVE FEEDBACK ON BANDWIDTH

For any amplifier the product of gain and bandwidth called the gain-bandwidth product is a
constant whether the feedback is present or not.
.. Gain-bandwidth product with feedback = Gain-bandwidth product without feedback

[4,1[B7,] = [4][B W]
A

or BW,= —BW (6.128)

A,

where B W = Bandwidth without feedback

B W; = Band width with feedback
Since A, = 4
I 1+ p4
A
We have — =1+p4
Af
Using this relation in Equation (6.128) we have
BWf=BW[1+,8A] (6.129)
Since [1+84] > 1
BW,>BW

Note that bandwidth increases by a factor [1+ A] since the gain reduces by the same factor,
in order to keep the gain bandwidth product constant.
Figure 6.29 shows the effect of negative feedback on bandwidth and gain.
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Gain
Ayl A
AO
N2 A
e e —
N2 f;f fl f2 f2f ~ Frequency

Fig. 6.29 Effect of negative feedback on gain and band width

A, = Midband gain without feedback
A, = Midband gain with feedback

A()
A, = 1584 (6.130)
BW, = f, ~ f, (6.131)
BW =f, —f (6.132)

/5 , and f| are the upper and lower 3 dB frequencies with feedback. /, and /| are the corresponding
frequencies without feedback.
Observe that

fy </,
and fzf > f,

4 6.11 ADVANTAGES OF NEGATIVE FEEDBACK

The advantages of negative feedback can now be listed based on the discussions in the preceding
sections.

e Negative feedback stabilizes transfer gain.

* Negative feedback reduces non-linear distortion by a factor, 1 + A. This means that the
operation of the amplifier becomes more linear than without feedback.

*  Noise output is reduced by a factor, 1 + § A.
*  Negative feedback reduces frequency distortion.

*  Voltage amplifiers generally have a high input resistance and a low output resistance.
Negative feedback further increases the input resistance and further decreases the output
resistance for a voltage amplifier.
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Similarly, for other topologies, the input and output resistances improve towards their
ideal values.

*  Negative feedback improves the frequency response of an amplifier.

It is to be noted that all these advantages are derived at the cost of transfer gain as

we have seen that the transfer gain with feedback is less than the transfer gain with out
feedback.

Example 6.6
An amplifier has a bandwidth of 200 kHz and a voltage gain of 1000.

(a) What will be the new bandwidth and gain if 5% negative feedback is introduced.
(b) What is the gain-bandwidth product with and without feedback.
(c) What should be the amount of feedback if the bandwidth required is 1 MHz.

Solution
Bandwidth without feedback BW =200 kHz.
Voltage gain without feedback 4 = 1000
(a) % p
1+ 34
.. Bandwidth with feedback

5% = p=0.05
1 +(1000) (0.05) = 51

BW, = BW x (1+p4)
= (200 kHz) (51) =10200 kHz.
Bw, = 10.2 MHz
(b) Gain bandwidth product without feedback is
(A4)(BW) = (1000) (200 kHz) =2 x 108
A = 4 = 1000 =19.6

I 1+p4 51
Gain bandwidth product with feedback is
(4,)(BW,) = (19.6) (10.2 X 10°) = 2x10°
The gain bandwidth product is the same with and without feedback as expected

(c) Given BW, =1MHz

BW, = BW[1+pA4]
BW, 1 MH
1+ 84 =—L = z -
BW 200kHz
- 4
Now g = Sl =0.004 or 0.4 %

1000
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Example 6.7
An amplifier has a open-loop voltage gain 4 = 1000 + 100. It is required to have an amplifier
whose voltage gain varies by no more than + 0.1 %.

(a) Find the reverse transmission factor  of the feedback network used.
(b) Find gain with feedback.

Solution
Given A = 1000 = 100
Gain varies between 900 and 1100
Nominal value of gain A = 1000
and +AA4 = =100
A4 100 o1
A 1000 '
or % AAA = 0.1 x100 = 10%
(a) Itisrequired to have a gain variation of 0.1 %
. A4,
1.e., % = 0.1%
4,
A _01
or 4, T 0.001
From Equation (6.79)
]
A
[ 1+p4] =
AA,
4,
0.1
= —— =100
0.001
g - 100-1 99 —0.099
A 1000
or % B =99%
(b) 4 = A _ 1000:10
’1+p4 100
Now A, =10x0.1% = 10 £ 0.01

f
Note that A4 , varies between 9.99 and 10.01.
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Example 6.8

An amplifier consists of three identical stages connected in cascade. The output voltage is sampled

dA

and returned to the input in series opposing. It is desired that the relative change - the

f
closed-loop voltage gain A , must not exceed ¢ .- Show that the minimum value of the open-loop
gain A of the amplifier is given by

|4 ]
/]

where ¢ is defined as a4, is the relative change in the voltage gain of each stage of the
amplifier. 4

A4 =1[34,]

Solution
%
I

T |1+ 48] (A)

d4,

Af

Let 4, = gain of the each stage without feedback.
.. Overall gain without feedback is

A=A XA x4 =4} (B)

Differentiating Equation (B) with respect to 4,

dA 342
d4, 4,
or dA = 347 .dA4, ()
From Equation (B) A= A7 A,
A
A2 = —
1 Al
Substituting in Equation (C)
dA = 34 .dA, (D)
Al
dA d 4
or — =3 —
A 4
. d 4,
Given ¢, = —
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Therefore, Equation (D) becomes

Also oi dd, ®)
SO given A_f = ¢,
Substituting Equation (E) in Equation (A)
3
b,| = ﬁ (F)
But A, = 4
1+ ApB
A
1+48 = 4,

Substituting this relation in Equation (F)

o] = a2 a1
Af
¢ ]
A =34
f‘¢f‘

Example 6.9
An amplifier without feedback gives a fundamental output of 36 V with 7% second-harmonic
distortion when the input is 0.028 V.

(a) What is the output voltage if 1.2 % of the output is fed back into the input in a negative

voltage - series feedback circuit ?
(b) What is the input voltage if the fundamental output is maintained at 36 V but the second

harmonic distortion is reduced to 1 %.

Solution
Fundamental output voltage without feedback V=36V
% second-harmonic distortion without feedback % B, = 7 %
Input voltage without feedback V.=0.028V

Voltage gain without feedback
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(a) % B =12%
1.2
= — = 0.012
p 100
Now 1+4,8 =1+ (1285.7) (0.012)
= 16.4284
4 = 4, 12857
o 1+B4,  16.4284
= 78.26
V.
of
A, = ——
T Vy

v, is the input voltage with feedback. Since input voltage has not changed,
V,=V =0028V

Now V,=4,V, =(7826)(0.028 V)=2.19V
(b) % second-harmonic distortion with feedback is given as
% B, =1%
and v,=36V
opp — 2B
%8y = 11pa,
%B, 7
PHPdy = g =7 =7
Voltage gain with feedback
4, 1285.7
4, _1+,3AV - =183.67
V
4, = -~
vf Vz
v,
or y—— = 3V 596y
Ay 183.6

Example 6.10

An amplifier with an open-loop gain of 1000 delivers 10 W of output power at 10% second-
harmonic distortion when the input signal is 10 mV. If 40 dB negative voltage-series feedback is
applied and the output power is to remain at 10 W, determine.

(a) the required input signal,
(b) % harmonic distortion
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Solution
Open-loop voltage gain means gain without feedback

A, = 1000
Output power without feedback
P = 10W
V 2
P — 0
o RL

where R, is the load resistance.
% second harmonic-distortion without feedback, % B, =10 %

Input voltage, V.= 10mV
v,
A4, = 7,
o V.= A4,.V,=1000 x10 mV =10V

Negative feedback in dB,

N =-40dB

N =20 logm[ 1 }

1+p4,

—201log ,[1+ B8A4,]
-40 = -20log [1+ B4,]
log 1 +ﬂAV] 2
1+B84, = log,'[2] = 100

4, 1000 _
71484, 100

(a) Output power with feedback is P, =10W=P

Now A 10

p =L
of RL
Since R, is fixed, from Equations (A) and (B) we find that
V,=V=10V
A, = Vo

Vf

< The required input voltage is, V=

(A)

(B)
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(b) % second harmonic distortion with feedback is

%B, 10%

%8B, = =
% By D 100
or % B, = 0.1%
Example 6.11
(a) For the circuit shown, find the ac voltage V', as a function of ¥ and V.. Assume that the input
V. 1
resistance of inverting amplifier is infinite. 4 = A4, = —1000, 8 = 7/ = 100°
R=R.=R=1kQ, h=1kQ, h =h =0 and h,=100. °
v, [ 7)
b) Find 4,=—=%> =] 4+
AN D
Inverting o+
Amplifier v,
A O _
ﬂ —
Network
Solution
A = A4,= -1000
1 v,
ﬁ = — = —
100 f
R =R.=R, =1kQ

h 1 k2

ie
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h =h =20

re oe

h, = 100

(a) B network provides an output voltage v, proportional to its input voltage ¥, which is
nothing but the inverting amplifier output voltage.

V.= BV, (A)

Let us write the ac equivalent circuit of transistor amplifier. Since 2 = 0,2V can be treated
as short-circuit and 1/ , can be treated as open circuit since &, = 0.

V=1 R
But I =h,1,
V.=—-h,1,R,. (B)
Applying KVL to the input circuit
VS - Ib Rs_lb hie - Vf: O
= (©)
b R +h,
Combining Equations (B) and (C), we get
V; - Vf
V; - 7hfe RC Rs+hie
Vs - Vf)
- 100 0k e ka)

~=
Il

—50(V,=V) (D)
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(b) For the inverting amplifier

V= AV,=4,V,
Substituting for ¥, from Equation (D), we have
V= 4,[-50(V~V)]

o

V,=-50 4,V,+50 4,V,

o

Substituting for v, from Equation (A) we have

V.= —50A4,V.+50A4, (BV.)
VI1-5084,] =50 4,V
V, -504,
A = 2= ——"7

vV 1-5084,

S

~(50)(~1000)

1- 50(1(1)0) (—=1000)

4, =998

477

Example 6.12
A voltage amplifier has the following parameter values without feedback.
A4, =-1000, R =20kQ, R =15kQ, Bandwidth=200kHz
Compute these parameter values if negative-series feedback with § =— 0.1 is given.

Solution

1+ B4, = 1+(-0.1) (- 1000 ) = 101
4 -1000

A, = —F— =—"=-9

T 1+ B A4, 101 99

Series mixing input resistance
R, =RI[1+ BA,1=20kQ)(101) = 2.02 MQ
Voltage sampling reduces output resistance
15kQ2
R = R, _
7 1+BA, 101

BWf

=148.51 Q

4 6.12 PRACTICAL FEEDBACK CIRCUITS

BW [1+ B A,]=(200 kHz) (101) =20.2 MHz

So for we have studied the effect of negative feedback in various topologies using the block

diagram approach. Now let us study the practical feedback circuits.
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6.12.1 FET Amplifier with Voltage-series Feedback
Figure 6.30 shows common source FET amplifier with voltage-series feedback.

Vbp

o P
Vl Vo RL
+

+
n O
V=R

Fig. 6.30 FET amplifier with voltage-series feedback

The output voltage V is divided in the voltage divider consisting of R and R,. The feedback
voltage is the voltage across R, . Using voltage division rule,

R,

= 6.133
" R+R ( )
Equation (6.133) is of the form
Vv, = BV (6.134)
V R
We find that =L=_—=2 6.135
e find tha p - R+ R, ( )

Note that the feedback voltage is proportional to output voltage. Hence the sampled signal is
the output voltage.
Applying KVL to the input circuit we have
V= V=7, = 0

or Vo=V -V, (6.136)

Note that Vf is mixed in series with V. Also Vf subtracts from ¥ which implies that feedback
is negative.

The sampled signal is the output voltage and the feedback voltage derived from the output
voltage is mixed in series with the source voltage. Hence the topology is voltage voltage series
feedback. Also the basic amplifier is a voltage amplifier.
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Basic Amplifier without Feedback
Let us obtain the ac equivalent circuit of the basic amplifier without feedback from the feedback
amplifier of Fig. 6.30.

e To obtain ac equivalent circuit let us short the coupling capacitor C, and reduce V, to
Zero.

e  Toreduce feedback to zero, we have to open the connection at P and connect it to ground.
The ac equivalent circuit of basic amplifier without feedback is shown in Fig. 6.31.

4‘ ! +

+
=

Ry
Fig. 6.31 Basic amplifier without feedback
From Fig. 6.31, we find that
V.=V (6.137)
The effective load on the FET amplifier is
R, =R I[[R+R,]]|I R, (6.138)

Analysis of FET amplifier is discussed in Chapter 9. The voltage gain of the common-source
FET amplifier of Fig. 6.31 is given by

A,=-g R, (6.139)
Voltage gain with feedback is given by
AV
AW = 1484, (6.140)

It is important to note that the product 8 4, should be positive. Since 4, is negative, it is
appropriate to write

_R2
'B_R+R

1 2

(6.141)

—-R
Now 1+ﬁAV:1+|:R+2R }[_gMR,L]
1 2
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En R TR,

Using Equations (6.139) and (6.142) in Equation (6.140) we have

. —&. R
Ay R K,
I+g,
R + R,
If B4, > 1, from Equation (6.140) we get
1
Ay = B
R +R
or 4, = —IR—Z

2

(6.142)

(6.143)

(6.144)

Note that 4, depends only on the external resistors R and R, and independent of the FET

parameter g . If R and R, are stable resistors, then 4, 1s also stabilized.

Example 6.13
The FET amplifier of Fig. 6.30 has the following parameter values.

R, = 100kQ R =10kQ R, =15kQ

1
R, = 10kQ g =5000 pS

D

Calculate the voltage gains 4, and 4,

Solution
R' =R, |[[R+R,]|R,
= 10kQ || [ 100 kQ +10kQ ]| 15 kQ
= 5.68kQ
4,= -g, R,L
= — (5000 pS) (5.68kQ) =—28.4
R 10 kQ 009
B=TR+r T 100kQ+10kQ
1+84, =1+(-0.09)(-284)=3.556
Ay 28.4
A = — — =-"=_79865
T 1+ p4, 3.556
Example 6.14

For the op-amp non inverting amplifier shown below, the following data are available:

4, = 2x105 R =10kQ
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=
Il

2MQ R, =1kQ
R =75Q
Calculate 4 Rif and Ro/~

vro
+
i V()
+ R
4o,
- +
V= R,

Using voltage division rule at the output we have

RZ
V= R +R, V=87,

I =+

Solution

Note that feedback voltage is derived from output voltage.

=0
R +R,
1 kQ
T lokQiike 00
Applying KVL to the input circuit we have
V.-V - V/ =0
= V.=V -V

i s S
Note that mixing is series.
Hence the topolgy is voltage series feedback.

1+ B4, = 1+ (0.09) (2 x 10°) = 18,001
4 2x10° _

AVf T 1+ g4, m 11.11
Voltage sampling reduces the output resistance.
R, = R, _ 159 =4.16 mQ
o 1+p4, 18,001
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Series mixing increases the input resistance.
R,=R[1 +BA4,]=2MQ)(18,001) = 36,002 MQ
Note: For op-amp non-inverting amplifier
R
4, z1+—1:1+10k9 _

This result is consistent with the one which is calculated earlier since 4, > 1.

11

6.12.2 Voltage Series Feedback in Emitter-follower

Figure 6.32 shows the circuit of emitter-follower which employs voltage series feedback.

Vee

Rc

+
Vi
+
Ve (~
©
Fig. 6.32 Emitter-follower
From the circuit of Fig. 6.32 we find that
v,=1"1 (6.145)
But V,= BV (6.146)
Comparing Equations (6.145) and (6.146) we find that
oy 6.147
B = v (6.147)

Note that the entire output voltage is fedback at the input or the feedback is 100 %.
Applying KVL to the input circuit we have

V= V= V,=0
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or V.=V -V, (6.148)
Note that v, is mixed in series with V. Also, v, subtracts from ¥ which implies that feedback
18 negative.
The sampled signal is the output voltage and the feedback voltage derived from the output
voltage is mixed in series with the source voltage. Hence the topology is voltage series feedback.
Also the basic amplifier is a voltage amplifier.

The ac equivalent circuit of emitter-follower is obtained by reducing V. to zero in the circuit
of Fig. 6.32. This is shown in Fig. 6.33.

Fig. 6.33 AC equivalent circuit of emitter-follower

Basic Amplifier Circuit without Feedback

Now let us obtain the basic amplifier without feedback. This can be obtained by combining the
features of input and output circuits. The procedures for drawing the input and output circuits are
given below.

To draw the input circuit, we have to reduce the sampling to zero. Since the output voltage
is sampled, it can be reduced to zero by short circuiting R, in the circuit of Fig. 6.33. The input
circuit is shown in Fig. 6.34.

-
A

+
M-
&

Fig. 6.34 Input circuit obtained by short circuiting R,
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To draw the output circuit, we have to avoid the mixing of v, and V. This can be done by
opening the input loop in the circuit of Fig. 6.33. The output circuit is shown in Fig. 6.35.

<.

+
Vs G) Rs R
_ E

Fig. 6.35 Output circuit obtained by opening the input loop

The basic amplifier circuit without feedback is obtained by combing the features of input and
output circuits as shown in Fig. 6.36.

) I

Rc

I

+

Vs ~> Rp V;

16

Rg

Fig. 6.36 Basic amplifier without feedback

Let us replace the transistor by its low frequency small signal approximate hybrid model as
shown in Fig. 6.37.

— I — I
+
Re
N
v G) Ry Vi h hip 1 o
A 2 .

N
o | ]

Fig. 6.37 Basic amplifier without feedback using hybrid model



Voltage Gain with Feedback
From the equivalent circuit of Fig. 6.37

But

Q‘ f‘.N Q‘ N‘

Voltage gain without feedback is

1+p4,

Voltage gain with feedback is

Usually h. R

which is true for emitter follower.

Input Resistance with Feedback

h Ry
AV hie

h,

e

1+ B4, [hie +hfeRE}

hfeRE
h, +h, R,

From the circuit of Fig. 6.37, the input resistance without feedback is

Ri - RB || hie

Usually

R, >h,
R[ = hle
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(6.149)

(6.150)

(6.151)

(6.152)

(6.153)

(6.154)

(6.155)
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Series mixing increases input resistance. Therefore input resistance with feedback is

R, = R[1+B4,)
h,+h,R
ie fe“E
= h _—
[ le] |: hie j|
R, = h,+*h,R, (6.156)

Output Resistance with Feedback

To find the output resistance without feedback, let us reduce the current source to zero in the
output circuit of Fig. 6.37. The resulting circuit is shown in Fig. 6.38.

Rc

d

0

Fig. 6.38 Circuit to find output resistance

From the circuit of Fig. 6.38, output resistance without feedback is

R =R, (6.157)
Voltage sampling reduces output resistance. Therefore output resistance with feedback is
Ru
R, = 1+ pA,
— —RE
{hie +h,R, }
hie
REhie
= —h,-e +h,R, (6.158)
If h,R, >h,
REhie
then R, = hﬁ—1%
hie
or R, = P (6.159)
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Example 6.15

The following data is available for the voltage series feedback amplifier of Fig. 6.32.
R, = 50kQ R, =1kQ R.=1kQ

h. = 2kQ hfe= 150

e

Calculate
(a) 4,and 4,
(b) R and R,
(¢) R and Rof
Solution
@ s heRy (150) (1kQ) _
g h, 2kQ
1+84,=1+75 = 76 [since f=1]
4 75
A, = —— =""=0.
U VR T
(b) R, = Ryllh,
= 50kQ || 2 k€2 =1.923 kQ
R, =R [1+ B4,
= (1.923 kQ ) (76) = 146.148 kQ
Alternatively
R =h,*h, R,
= 2kQ+(150) (1kQ)
= 152 kQ
() R =R, =1k
f— RO
Ry =1y B 4,
Ik 13.15 Q
76 ’
Alternatively
hie
R, = =22 350
fe 150

16.12.3 Current Series Feedback Amplifier

Figure 6.39 shows the circuit of current series feedback amplifier. Note that the circuit is a CE
amplifier with unbypassed R,.
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Fig. 6.39 Current series feedback amplifier

The feedback voltage is the voltage across R,

V,=1R, (6.160)
I =1
But I =-1
I =—-1 (6.161)
Using this relation in Equation (6.160) we have
V,=-R.1, (6.162)
Equation (6.162) is of the form
V,= BL (6.163)
Vf
We find that p = 7 " R, (6.164)

Note that the feedback voltage is proportional to the output current. Hence the sampled signal
is the output current.
Applying KVL to the input circuit we have

V-V-V,=0
or V=V, (6.165)

Note that V/ 1s mixed in series with Ve, also V/ subtracts from Ve which implies that feedback
is negative. ‘
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The sampled signal is the output current and the feedback voltage derived from the output
current is mixed in series with the source voltage. Hence the topology is current series feedback.
Also the basic amplifier is a transconductance amplifier.

The ac equivalent circuit is obtained by reducing V.. to zero and short circuiting the capacitors
C,and C, as shown in Fig. 6.40.

I, ~——
&—O
: | +
+
Tl
P
RB + e ]0
Vy Re

Fig. 6.40 AC equivalent circuit of current series feedback amplifier

Basic Amplifier Circuit without Feedback

The input circuit is obtained by reducing the sampling to zero. Since the output current is sampled,

it can be reduced to zero by open circuiting the collector in the circuit of Fig. 6.40. This is shown
in Fig. 6.41.

Rp I
() e “

Fig. 6.41 Input circuit obtained by open circuiting the collector

The output circuit is obtained by reducing the mixing to zero. Since the mixing is series, the
input loop has to be opened in the circuit of Fig. 6.40. This is shown in Fig. 6.42.
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o R

Fig. 6.42 Output circuit obtained by opening the input loop

The basic amplifier circuit without feedback is obtained by combining the features of input
and output circuits as shown in Fig. 6.43.

+0

R;
Fig. 6.43 Basic amplifier circuit without feedback

Let us replace the transistor by its small signal approximate hybrid equivalent circuit as shown
in Fig. 6.44.

——~1, B c I

Fig. 6.44 AC equivalent circuit using hybrid model
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Transfer Gain with Feedback

Since the basic amplifier is transconductance amplifier the transfer gain is the transcondcutance
Transfer gain without feedback is given by

IO
A=G,= 71 (6.166)
From Equation (6.165)
=V,
In the absence of feedback, Vf= 0
V=7,
Now from Equation 6.166 we have
A= 1, (6.167)
v .
But I = -1
and I = h,1,
I, =-h,l (6.168)
Applying KVL to the input circuit of Fig. 6.44 we have
V.=11[h,+R,] (6.169)
Using Equations (6.168) and (6.169) in Equation (6.167) we have
_hfelb
- Ib hie + RE]
~h,,
Now A4=G,=—— (6.170)
h,+R,
Transfer gain with feedback is
A—G—I—O— 4 (6.171)
STV 1+84 '
pd = 1+ R |
+ = 1+[-
ﬂ [ E] hie + RE
h,+(1+h, )R
= X R7F (LA )R (6.172)
h,+R,

— hfe
hie + RE

Now A= {hie+(1+he)RE}

h,+R,
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—h
fe
A =G, =77~ 6.173
1 M hie+(1+he)RE ( )
Since hfe > 1, (1 +h/é) =~ hﬁ?
N 4 =G e
0 = =
v O S R, (6.174)
Input Resistance with Feedback
From the circuit of Fig. 6.44, the input resistance without feedback is
R = R,II[h*R,]
Usually R, > h +R,
R, =h R, (6.175)
Series mixing increases input resistance. Therefore input resistance with feedback is
R, =Rl + B A]
h, +(1+he)RE
=[h +R
[ “ E] [ hie + RE
R,=h,+(1+h,)R, (6.176)
Since 1+ hfe = hfe
R, =h,+h,R, (6.177)

Output Resistance with Feedback

To find the output resistance without feedback, let us reduce the current source to zero in the
output circuit of Fig. 6.44. The resulting circuit is shown in Fig. 6.45.

O

Rc

-

R R,

O

Fig. 6.45 Circuit to find output resistance

From the circuit of Fig. 6.45, the output resistance without feedback is

R, =R, (6.178)
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Current sampling increases output resistance. Therefore output resistance with feedback is

R, =Rl + B A]
h,+(1+h, )R
RO/ — RC ie ( fe) E
h,+R,
R {(hie +R, )+ h.R; }
- h,+R,
h,R
or R, =R |1+LE (6.179)
' h,+R,
Voltage Gain with Feedback
Voltage gain without feedback is
A, = L _Z
A4
But V.=IR,.
]O
A4, = 75' R, (6.180)
B A L
ut = v
A,=AR.=G, R, (6.181)
Substituting for A from Equation (6.170) we have
-h, R
felle
A = —F—
v T h 4R, (6.182)
Using Equation (6.181), the voltage gain with feedback can be written as
A, =4 R.=G, R, (6.183)
Substituting for 4, from Equation (6.174) we have
—h, R
4, = —E (6.184)

d hie + hfeRE

Example 6.16
For the current series feedback amplifier shown below, calculate the following:
(a) Desentisivity factor

(b) Transfer gain with feedback
(c) Voltage gain with and without feedback
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(d) Input resistance with and without feedback
(e) Output resistance with and without feedback
(f) Output current with and without feedback
(g) Output voltage with and without feedback

For the transistor used, / = 200 and £, = 2 k2.

° ol6V
390 kQ 2kQ
G
%0 Vo
G
|{
I\
+
()
10mV 560 Q
(rms)
(a) Desentisivity factor is
D=1+p4
p = —R, = —-560Q
—h
fe
A =G =
M h,+R,
-200

= ———  =— 0.078125 0
2000 €2+560 €2 0.078125

D = 1+[-560 Q] [- 0.078125 0] = 44.75
(b) Transfer gain with feedback is

4,= G, = 4. -0078125C _ _ 1.745 mO

' © D 44.75

(c) Voltage gain without feedback is

A, = AR.=[-0.0781250G ] [2 kQ] =-156.25

Voltage gain with feedback is
A, = A R.=(-1745 mO) (2kQ) =-3.49
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(d) Input resistance without feedback is

R = h, + R, =2kQ+ 560 Q2 = 2.56 kQ2
Input resistance with feedback is

R,=h,+ h,R, =2kQ+ (200) (560 Q) = 114 kQ
Alternatively

R, =R [1+BA4]=(2.56k<Q) (44.75) = 114.56 kQ

i
(e) Output resistance with out feedback is

R

o

R =2kQ
Output resistance with feedback is

R

h R
. R 1+ fe VE
of ¢ h,+ R,
(200) (5602)
2kQ+560Q

(2 kQ) {H } =89.5 kQ
Alternatively

qu

() Output current without feedback is

R, [1+BA4]=(2kR) (44.75) = 89.5 kQ

10 = A ) VS
= (- 0.078125 Q) (10 mV)
= — 0.78125 mA (rms)
Output current with feedback is
1, =47V

(- 1.745 mO) (10 mV) =— 17.45 pA (rms)
(g) Output voltage with out feedback is

V, =47V,
= (-156.25) (10 mV)=-1.5625V
Output voltage with feedback is
o= Ay Y,
= (-3.49) (10 mV)
= —34.9mV (rms).
Note: If /2, is not given, we can find the same using the relation, #, = B r,=h T,
where ro= 26mv

¢ 1

E
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6.12.4 Voltage-shunt Feedback Amplifier
Figure 6.46 shows the voltage shunt feedback amplifier using an FET. Feed back is given from

drain to gate through the feedback resister R ..
Vbp
Rp
Rp
VWM o,
—
Rs lj v,
—1 Vi 2z

Fig. 6.46 Voltage-shunt feedback amplifier

The feedback current is given by
;= Ll (6.185)
A R, ’
Due to voltage amplification,
AR
= =V (6.186)
: R,
The above equation is of the form
I =BV (6.187)
(6.188)

Comparing the two equations we find that
1
Fex

Note that the feedback current is derived from the output voltage. Hence the sampled signal is
the output voltage. Also feedback network converts output voltage into feedback current.

Applying KCL at the input node we have
I, = I+1
I = I-1 (6.189)

or
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Note that the source current is mixed in shunt with the feedback current. Also the feedback
current subtracts from the source current. Hence the feedback is negative.

Since the output voltage is sampled and the feedback current derived from the output voltage
is mixed in shunt with source current, the topology is voltage-shunt feedback.

AC Egquivalent Circuit of Feedback Amplifier

The ac equivalent circuit of feedback amplifier is obtained by reducing ¥, to zero and treating
the capacitor C; as short circuit. The resulting circuit is shown in Fig. 6.47. The voltage source at
the input is converted into its equivalent current source.

Rr

Vi

Fig. 6.47 Ac equivalent circuit of voltage-shunt feedback amplifier

Basic Amplifier Circuit without Feedback

The input circuit is obtained by reducing sampling to zero. Since output voltage is sampled, the
sampling can be reduced to zero by reducing ¥ to zero. This is done by connecting drain terminal
to ground. Now as seen from the input side, R, appears between gate and ground.

The output circuit is obtained by reducing mixing to zero. Since the mixing is shunt, it can be
reduced to zero by reducing ¥, to zero or connecting gate terminal to ground. Now as seen from
the output side R, appears between drain and ground.

These features are combined to write the basic amplifier circuit with out feedback as shown
in Fig. 6.48

° o) V()

TT

Fig. 6.48 Basic amplifier circuit with out feedback
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Let us replace the FET by its small signal model. The resulting circuit is shown in Fig. 6.49.

N
% : .

Fig. 6.49 Basic amplifier circuit using small signal model of FET

Transfer Gain with Feedback
Transfer gain with out feedback is given by

From the output circuit of Fig. 6.49, we have
V, = —8, ViR IIR,]

usually R, > R . As aresult
R.|IR, =R

D

o

Also V. = I [R|R,]

1

Taking R || R, = R, we have
Vi = IS RS: VS

using Equation (6.193) in Equation (6.192) we have
Vo - &, [ISRS] RD

v,
Now 4 = 5 =-gRR,

s

Transfer gain with feedback is given by

4, = Ry,
v 4
1 1+B 4

(6.190)

(6.191)

(6.192)

(6.193)

(6.194)
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4 = _ngDRS
7
-1
1+{R} [~ gnRpRs |
F
—-g R R.R
4 = Enlo e (6.195)

! Ry + g, Rp R
Voltage Gain with Feedback
From Equation (6.192)
V= -g VR (6.196)
Using Equation (6.193) in Equation (6.196) we have
V, = -8, VR,

o

Now voltage gain without feedback is

A, = —>=-g R, (6.197)
Voltage gain with feedback is
Y,
AW' = 75
REA
I |1V,
- 14 1 V=R
- [ f] R_ [ . VS g tg ]
Substituting for 4 " from Equation (6.195) we have
4 = —8. Rp Rs Ry, L
v R, +g, Ry Ry || R
-g R, R
A, = —EnTolr (6.198)
! R.+g, Ry R
Input Impedance with Feedback
From the circuit of Fig. 6.49, input impedance without feedback is
R = R(|R, (6.199)
Shunt mixing reduces input impedance. Hence input impedance with feedback is
Ri
R, = (6.200)

U 1+ 4
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Output Impedance with Feedback
From the circuit of Fig. 6.49, output impedance without feedback is

R = R.[R, (6.201)
Voltage sampling reduces output impedance. Hence output impedance with feedback is

R

R, = 2 6.202
of 1+ ﬂA ( )

Example 6.17

The following data are available for the voltage shunt feedback amplifier of Fig. 6.46.
g, =5mOG R =51kQ R =1kQ R, =10kQ
Calculate the following:

(a) Transfer gain with and without feedback

(b) Voltage gain with and without feedback

(c) Input impedance with and without feedback
(d) Output impedance with and without feedback

Solution
(a) Transfer gain without feedback is

A = _ngDRS
= _[5m®] [5.1 kQ] [1 kQ] = - 25.5 kQ

Transfer gain with feedback is

4 = A
I 1+B 4
1+84 = 1+ L [-25.5kQ]=3.55
10kQ
A, = “255k0 7.18 kQ
I 3.55 ’
(b) Voltage gain with out feedback is
A, = —-g R, = —[5mO][5.1kQ]=-255
Voltage gain with feedback is
Ay —7.18kQ
4, = =75 =718
~ Ry 1kQ

(c) Input impedance with out feedback is

R = R,||R,=1KkQ] 10 kQ=0.909 kQ



Feedback Amplifiers 501

Input impedance with feedback is

R o~ R _0909k0

. — =256 Q)
o 1+B4 3.55

(d) output impedance with out feedback is

R = R,|R,=51kQ| 10kQ=337kQ

o

output impedance with feedback is

R, 3.37kQ
R = T+ =

of 1+BA—WZO.9491<Q

@m

6.1

6.2

6.3

6.4

6.5

6.6

A feedback amplifier has a gain 4 = — 1000. Calculate the gain with feedback if 10%
negative feedback is given.

An amplifier has a gain of — 200 and gain variation of 15%. Calculate the gain variation
if 20% negative feedback is given.

A voltage series negative feedback amplifier has the following data.
A=-1000 R =2kQ R =25k().
If 20% negative feedback is given, calculate the values of 4 » R, and R -

An FET voltage series feedback amplifier has the following data.
R =500kQ R =1kQ R =30kQ R =10kQ and g =4000 uS.
Calculate 4, and 4,,.

A transistor current series feedback amplifier has the following data.
R,=50kQ R.=27kQ R,=600€ V. =15V h, =200 h, =1000C.
Calculate 4, and 4,,.

An FET Voltage shunt feedback amplifier has the following data.
R,=12kQ R,=15kQ R =10kQ2 g =10mS.
Calculate 4, and 4,,.



Chapter 7

PowER AMPLIFIERS

A power amplifier in a stereo, radio or television system is intended to deliver a large voltage and
current in to a low impedance load such as a loud speaker. In a stereo system the voltage level
of a small signal from a radio tuner, tape player or compact disc is first amplified by the input
stage of power amplifier which is called the driver. The output voltage of the driver then drives
the output stage which is a current amplifier. Due to large voltage and current swings in a power
amplifier, the non-linearity of the amplifying device is an importnat consideration. Besides this,
conversion efficiency is also of prime concern since the power amplifier converts the dc power of
the supply voltage to the ac power delivered to the load. This chapter discusses the various classes
of operation, power dissipation and non linear distortion resulting from large signal operation.

4 7.1 CLASSIFICATION OF POWER AMPLIFIERS

Power amplifiers are classified based on the location of the quiescent operating point or Q-point
on the dc load line as follows:

1. Class A power amplifiers.
2. Class B power amplifiers.
3. Class AB power amplifiers.
4. Class C power amplifiers.

A class D amplifier is another class of power amplifier, which is designed to operate with
digital or pulse type signals.

7.1.1 Class A Power Amplifier

In class A power amplifier, the Q-point is located at the centre of the load line as shown in
Fig. 7.1, so that the output signal varies over the full cycle of the input signal.
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Ic
Input voltage
b
e
af—g 4
1 Q d
- \i Ve
0 L |Vero Vee
.
b :
S
|
e
t

Fig. 7.1 Input-output waveforms for a class A power amplifier

7.1.2 Class B Power Amplifier

In class B power amplifier, the O-point is located at cut-off as shown in Fig. 7.2, so that the output
signal varies over one half cycle of the input signal.

Ic
Vee |
R
L Input voltage
b
Output current a C\/e I
d
b )
Icp=0
aﬂc_t___cg___. Ve
Veeo=Vee

A Output voltage

Fig. 7.2 Input-output waveforms for a class B power amplifier
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Observe that a single class B amplifier provides only one half-cycle at the output. Thus, a
second class B amplifier is used to obtain the amplified output of the other half-cycle. These two
amplifiers would then be combined to obtain an amplified output of the full-cycle of the input
signal. Such a combination is called a push-pull configuration.

7.1.3 Class AB Power Amplifier

We saw in Section 7.1.2 that the Q-point of a class B amplifier is at V,,,= V. and I.= 0 mA.
This implies that the transistor is at zero bias. The base-emitter junction of the transistor will
be forward-biased and the transistor brought into the active region only when the input voltage
exceeds the cut-in voltage, V of the base-emitter junction. During the periods when v, <V the
output current will be zero as shown in Fig. 7.3.

Input voltage

Output current

Fig. 7.3 Cross-over distortion in class B push-pull amplifier

The output waveform is not an exact replica of the input waveform. i.e., the output signal is
distorted. Observe that the distortion occurs at every zero-crossing of the input signal. Hence, the
distortion is called cross-over distortion.

This can be overcome by locating the operating point slightly above cut-off. Since, the Q-point
is located slightly above cut-off as in class B amplifier but much below the centre of the dc load
line as in class A amplifier, these amplifiers are referred to as class AB Power Amplifiers.

7.1.4 Class C Power Amplifier

In class C power amplifier, the transistor is biased below cut-off. Let the extent of reverse-bias be
V- The transistor operates in the active region and a current flows only for v. >V, + V , where
v, is the cut-in voltage of the base-emitter junction. The current would then be pulses of short
duration as shown in Fig. 7.4.
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Input voltage

VBB + V’}/

0

Output current

Fig. 7.4 Current pulses in class C power amplifier

Observe that the output current flows for less than one half-cycle of the input signal. The full-

cycle of the input signal is obtained at the output by the use of a tuned circuit at the collector as
shown in Fig. 7.5.

Vee

)|
/1
o)

RFC

—Vgs

Fig. 7.5 Tuned class C power amplifier

A periodic sinusoidal input signal will produce a periodic non-sinusoidal output current. By
Fourier analysis, we know that a non-sinusoidal periodic waveform consists of the fundamental
sinusoidal component (whose frequency is same as the frequency of non-sinusoidal periodic
waveform) and its harmonics. When this current is passed through the LC circuit, which is tuned
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to the fundamental frequency, it produces the full amplified fundamental signal at the output.
Observe that this is a single frequency amplifier depending on the values of L and C. The resonant
frequency is given by

1
/= Salic -1
The values of L and C are selected such that the resonant frequency is equal to the fundamental
frequency.
Class C amplifiers are thus used only in communication circuits, where frequency selection
is important. The negative bias is applied through a radio frequency coil to isolate the high-
frequency input signal and the dc bias source.These discussions are summarized in Table 7.1.

Table 7.1 Operating cycle of various power-amplifiers

Class
A B AB C
Parameter

Operating cycle 360° 180" | 180" [<180°

€ 7.2 CLASS APOWER AMPLIFIER

Depending on how the load is connected at the amplifier output, we have two types of class A
power amplifiers as given below.

1. Series-fed Class A power amplifier.
2. Transformer-coupled Class A power amplifier.

7.2.1 Series-fed Class A Power Amplifier
A fixed-bias series-fed class A power amplifier is shown in Fig. 7.6.

Vee
(@]

Fig. 7.6 Series-fed class A power amplifier
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This circuit is called a series-fed amplifier because the load R, is connected in series with the

collector.
Since R, is in the collector circuit, it can as well be denoted by R...

DC Analysis
From Fig. 7.6, the base current

;] = VCC _VBE

B RB

and the collector current

I.=pl,

where £ is the dc current gain of the transistor in the CE configuration.
Applying KVL to the collector-emitter circuit, we have

VCC - ICRL+ VCE

] = VCC — VCE
C RL
Equation (7.5) can be written as
1 Vee
N Lol
IC [ RL } VCE RL

where the equation of the dc load is in the slope-intercept form.

L

Fig. 7.7.

Vee 1

Ry =~ DC load line, slope = — "

0

ICQ o

AN

i Vee
Veeo Vee

0

Fig. 7.7 DC load line of class A series-fed power amplifier

L

(7.2)

(7.3)

(7.4)

(7.5)

(7.6)

Thus, the slope of the dc loadline is [—L] and the intercept on the current axis is Vee as shownin
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AC Analysis

In the circuit of Fig. 7.6, both the dc current and the ac current flows through the same load R,
connected in series with the collector. Hence, the ac load line is the same as the dc load line.
The output voltage and current excursions of the series-fed Class A power amplifier is shown in
Fig. 7.8.

Observe in Fig. 7.8 that as the amplitude of the input signal increases, the amplitude of the
output current as well as the output voltage increases to a maximum extent bounded by

VCC
0 and —— for output current
L

and 0 and V. for output voltage.
Ic ac load line
lope =— —~_
/s ope r,
/4 EANY
: : AN %
0 Vero| Vee <
: 0 E Output voltage
VcEmin) 1V eEmax)
.~ D
Verp) / / Veep-p)
] t

Fig. 7.8 Output voltage and current excursions of the series-fed class A power amplifier

Power Considerations

For the power amplifier, the input power is supplied from the dc source V...
.. The dc power input is given by

P ey Vcc 1 co
The dc power P, , will be continuously drawn from the supply V. regardless of whether the
ac input signal is present or not. The circuit operates with low efficiency due to continuous power

dissipation in the collector circuit.
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The ac output power delivered to the load can be expressed in the following ways:

Using RMS Values
The ac power delivered to the load is given by

o(ac) = VCE(rms) IC(rms) (77)
Ver
_ (rms) _
But 1 C(rms) R or VCE(rms) =1 C (rms) RL
L

Using these relations in Equation (7.7), the ac output power can be expressed as

V2 k)
Po(ac) = R—L (78)
or Po(ac) = IzC(rms) RL (79)
Using Peak Values
VCE( ) 1 C(p)
We know that, vV = L and [ = —=
CE(rms) 2 camo [y
where Verw = peak load voltage
and [ v = peak load current
Using these relations in Equation (7.7) we have
p = Veriy Lo
o(ac) \/5 ) \/5
_ VCE(p>210<p) (7.10)
Verp
But VCE(p) = IC(p)RL = [C(p)_ R—
L
Using these relations in Equation (7.10) we have
VCZE(p)
Po(ac) - 2RL (71 1)
]2
or P = % R, (7.12)
Using Peak-to-peak Values
The peak-to-peak load voltage is
v, 27, > v, = Lews

CEpp) CE(p) CEQp) )
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and the peak-to-peak load current is

1 C(p—p)
Iegp = 2y = 1oy = >
Using these relations in Equation (7.10) we have
_ VCE(p—p) IC(p—p)
o(ac) - 8 (713)
Equation (7.11) can be rewritten as
V2
o(ac) = Ser) (714)
8R,
and from Equation (7.12) we have
I
= _C-p)
P g 2 R, (7.15)
Using Maximum and Minimum Values
From Fig. 7.8
VCE(p—p) = VCE(max) - VCE(min) (7.16)
]C(pfp) = IC(max) _[C(min) (7.17)

Using these relations in Equation (7.13) we have

[VCE(max) - VCE(min) ][1 C(max) I C(min) ]

o) g (7.18)
Maximum ac Output Power
From Equation (7.18)
Po(ac) 1S maximum, when
CE(min) = 0 IC(min) = O
.19)
VCC (7
VCE(max) = Ve IC(max) = R_
Substituting in Equation (7.18)
P _ Vee Vee
o(ac)max 8 RL
Vice
or Poaomec = gR, (7.20)

This equation can be used to select the value of V. for a desired power output and a given
load.

Note that in the analysis, we have assumed that the transistor is linear and thus both the input
and output signals are purely sinusoidal.
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The merits of the amplifier are that it is simple and no coupling element is required. The
serious drawbacks however are

*  There is an impedance mismatch between the power amplifier and the load.

e It has very poor conversion efficiency (see section 7.5.1)

*  Most often, the load for power amplifier is the loud speaker which is basically a magnetic
circuit. In the series-fed amplifier, both ac and dc current would flow through this magnetic
load resulting in core saturation.

Example 7.1

A class A series-fed power amplifier is required to deliver a maximum power of 20 W to a load of
4 Q. Calculate the required supply voltage.

Solution
Given,
Po(ac)max =20W RL: 4 Q
From Equation (7.20)
_ Vice
o(ac)max SRL
VCC = 8Po(ac)max RL
= J8x20x4 =640 =2520V
VCC = 2520V

7.2.2 Transformer-Coupled Class A Power Amplifier

This is also referred to often as the transformer-coupled audio power amplifier. We saw that one
of the serious drawbacks of the series-fed power amplifier was impedance mismatch.

Impedance Matching using Transformer
Consider the output equivalent circuit of the series fed class A power amplifier shown in
Fig. 7.9.

Fig. 7.9 Output equivalent circuit of series-fed class A power amplifier

P represents the ac power developed at the output of power amplifier and R is its output
resistance.
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1
For transistor amplifier, R = —— which is of the order of kilo ohms. But the typical load for

an audio power amplifier is loud speaker whose impedance is of the order of 5 to 50 Q.

We know from the maximum power transfer theorem that maximum power is transferred to
the load when R, = R . This is not the case in audio amplifiers, resulting in a reduced power being
delivered to the load because of impedance mismatch. For maximum power transfer, the value of
R, needs to be boosted to the value of R . This is called impedance transformation which can be
done using a transformer. Impedance transformation can be explained with Fig. 7.10 .

In Fig. 7.10,
V, = primary voltage

V, = secondary voltage

I = primary current
I

1
, = secondary current

—»[1 N] N2 4>]2

+0
+

Fig. 7.10 Impedance transformation using transformer

Load on the secondary,

v,
R = 7.21
T T (7.21)
,_h
R, = I (7.22)
where R is the load reflected at the primary.
For the transformer
V N,
> ==t (7.23)
oo N,
I N,
d 2 = 1 7.24
an i N, (7.24)
Multiplying Equations (7.23) and (7.24)
WL N (7.25)

VI, — N?
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V,/1 !
L (7.26)
V, /1, N,
Substituting Equations (7.21) and (7.22) in Equation (7.26), we have
2
R _ 1M
RL Nz
2
or R =R ﬂ] (7.27)
L L ]\[2

R, > R, can be achieved by choosing N, > N,. i.e., we have to use a step down transformer of
appropriate turns ratio.

Analysis of Amplifier Stage
A transformer-coupled class A power amplifier is shown in Fig. 7.11(a).

Vee
N, — - h=L
+
V=v, <R
I . 1
C DC load line, slope = — R o
/ C
I,
0 s
[CQ ®-- IBZZIBQ
Ip
1
I Bo
0 Ver
Veeo=Vee

Fig. 7.11 Transformer-coupled power amplifier
(a) Circuit (b) DC load line
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DC Analysis
Applying KVL to the collector- emitter circuit of Fig. 7.11 (a), we have,
Vee = 1R 4y T Ve (7.28)

where R, @ is the dc resistance of the primary winding of the transformer.

Equation (7.28) can be re-written as

IR = VeV (7.29)
1 v,
I.= |- V. + - (7.30)
¢ Rl (dc) * RI (dc)
which is the equation of the dc load line in the slope-intercept form, with slope = — and

R

. 14 . . . 1(de)

current-axis intercept —<“—. Since, the dc resistance of the transformer will be very low of the
1(dc)

order of a few ohms, the slope is close to e and the dc load line will be almost vertical as shown

in Fig. 7.11(b).
Observe in Equation (7.28) that /. R, @ will be close to zero and therefore V., = V.

The intersection of the dc load line and the base current set by the biasing circuit defines the
operating point as illustrated in Fig. 7.11(b) for / e 1 0"

AC Analysis

1
The ac load line has a slope of — ok passing through the Q-point as shown in Fig. 7.12.
L

’

AC load line, slope = - RL

Ic L |
i / '/DC load line, slope =— R o
Output current
I,
. Ip,
4 Ip,=Ipg
TN
N
0 Vero=Vee | Ve
Veromm : <_>; Output voltage
| Vekp)
;VCE(max)
Lo ’/ﬂ” Verp-p)

| —— 1

Fig. 7.12 The ac load line with output voltage and current variations in a tfransformer-coupled
class A power amplifier
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From Fig. 7.12, it is clear that the maximum output voltage at the primary will exceed V...
Thus, it is necessary to ensure that the possible voltage swings do not exceed the transistor voltage
ratings.

The dc power drawn by the circuit is given by

P =V._I (7.31)

i(dc) cctco
Let us assume that the efficiency of the transformer is 100 percent so that the ac power
developed in the collector circuit or the primary of the transformer equals the ac power delivered
to the load on the secondary side.
From Equation (7.10), the ac power developed across the primary is given by

VCE(p) IC(P)
P = = 5 (7.32)
From Fig. 7.12,
VCE(max) - VCC+ VCE(p) (7.33)
and VCE(min) - VCC_ VCE(p) (7.34)
Adding Equations (7.33) and (7.34) we get
VCE(max) + VCE(min) = 2 VCC
V. Ve
or VCC — CE(max);— CE (min) (735)

Subtracting Equations (7.33) and (7.34), we get

VCE(max) - VCE(min) = 2 VCE(p): VCE(p-p)
v —V i Veg(o
or VCE(p) — CE (max) : CE(min) _ CE(21’7 p) (736)
1 — 1 1
similarly [, = —== > cn — C<;*"> (7.37)
Using these relations in Equation (7.32) we get
” _ [VCE(max) - VCE(min) ][1 C(max) -1 C(min)] (7.38)
or Po(ac) = _VCEWpéIC(pp) (7.39)
VCE(pfp) '
But Loy = R, > Ve ™ Lepn Re
Using these relations in Equation (7.39) we have
Vi  Vies
P = = 7.40
o(ac) 8R; 2R; ( )



or

AC Power Delivered to the Load
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R’ (7.41)

The ac power delivered to the load on the secondary side is

PL = VL(rms) [L(nns) (7'42)
VL(rms)
Using L, = —
L(rms) R,
v
(rms)
P = — 7.43
T R (7.43)
or PL = 12L (rms) RL (744)
The load current 7, can be obtained from
Ly N
[C(nns) = N2 [ . IL(rms): [2(1'ms):|
— N 1
or IL(rms) - 72 1. (rms) (7.45)
Since we have assumed ideal transformer for which the efficiency is 100 percent,
P =P (7.46)
If the transformer is not ideal, P, and P, are related by
PL = nTFR Po(ac) (747)
where 7. is the efficiency of the transformer.
Maximum ac Output Power
From Equation (7.38), we find that the ac output power P, _'is maximum when ¥, .= 0 and
IC(min) = O
Thus, P — VCE (max) I C(max)
o(ac) max 8
V max
Using Ty = &, we have
RL
£
(max)
= 7.48
o(ac) max 8R£ ( )
From Equation (7.35),
with Ver@m = 0, we get

CE(max)

2V

cc
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Using this relation in Equation (7.48) we have

V2
P = £ 7.49
o(ac)max 2 R/L ( )

Example 7.2

A class A transformer coupled audio power amplifier is requird to deliver a maximum of 1 W into
a loud speaker of 10 Q resistance. If the output resistance of the amplifier is 1000 Q, calculate

(a) Turns ration of the transformer required
(b) Power supply voltage
Assume an ideal transformer (100 % efficiency)

Solution
Given
eomx — 1 W R, = 10€Q R =1000 Q
(a) From Equation (7.27)
P
L N2
NI R
N, R,
For maximum power transfer,
R, =R,
N, R, 1000
— = =, —— =10
N, R, 10
or N,: N, is 10:1

A 10:1 step down transformer is to be used.
(b) From Equation (7.49)

2 2
— VCC — VCC

P
o (ac) max 2 R/L 2Ra

VCC = \'ZR() B)(ac)max
= +2x1000x1

V. =447V

cc

Let V. =45V

cc
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Example 7.3
Repeat Example 7.2, if the transformer efficiency is 75 %.
Solution
Given,
Py max = IW R =10Q R =10002 Transformer efficiency =75 %

(a) Transformer turns ratio is 10 as before.
(d) P

o(ac)max

represents the maximum ac power developed in the primary of the transformer.

It is required to deliver 1 W of power in the load connected to the secondary.

Therefore, P = = = W

oemax— Transformerefficiency  0.75

4
Ve = 2R, P = /2><1000><§ =51.64V

Let V. =52V

cc

Powerdelivered to R, w4
3

Observe that a higher supply voltage is required if the transformer is not ideal.

Example 7.4

A load of 10 Q is connected between the secondary terminals of a 20:1 transformer. Calculate
the effective resistance seen looking into the primary terminals.

Solution
2
LA
N2
= (20)* (10 Q)
= 4kQ
Example 7.5

Find the turns ratio of the transformer required to match a 6 2 speaker load so that the effective
load resistance seen at the primary is 8 k€2 ?

Solution

2

o | M
RL:N

R,
2
R_L/ — @ =136.51
RL 69 )

M
N2
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4 7.3 HARMONIC DISTORTION OR NON LINEAR DISTORTION

So far we have assumed that the transistor is linear. However, the dynamic transfer characteristic
is non linear as shown in Fig (a). The non-linearity arises because the static output characteristics
are not equidistant straight lines for constant increments in the input excitation. If the dynamic
transfer curve is nonlinear over the signal excursion range, the output will not be sinusoidal
when the input is sinusoidal. This type of distortion is called non-linear distortion or harmonic
distortion.

0 ip
Fig. (a) Dynamic transfer characteristics of a transistor

In the presence of non linearity, the input-output relation can be expressed as
i =G i, +G i +G, i+ (A)
where the first term represents the linear term followed by the non-linear terms. For instance if
the input is sinusoidal of large amplitude, say

i, = I, sinwt (B)

Then Equation (A) becomes
i =G I sinot +G,I5 sinfot+ G, I3 sin’ot+ -
which can be expressed in the general form as
i, =B, + B, sinwt+ B, sin2wt + B, sin3wt + - (©)
In Equation (C)
* B, isthe dc term
* B, sinwt is the fundamental component whose frequency is same as the input frequency
(l.ew)
* B, sin2wtisthe second harmonic component whose frequency is twice the input frequency
(i.e. 2w)

*  B,sin 3 wtis the third harmonic component whose frequency is thrice the input frequency
(i.e. 3 w) and so on.
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w is called the fundamental frequency, 2 w the second harmonic frequency, 3 w the third
harmonic frequency and so on.

Since the non-linearity of the dynamic transfer characteristics of the transistor results in the
generation of harmonics of the input frequency, the distortion is termed non-linear distortion or
harmonic distortion.

The Fourier analysis of the output signal reveals that as the order of the harmonic increases,
its amplitude decreases

ic. B,|>|B,|>|B,| > (D)

~—— Fundamental component

wt
n\/ 2n
Second harmonic component

0 /\ /\Zn of
VAV

/— Third harmonic component

0 /NN
S

/— Distorted output signal

VAN,
VY,

Fig. (b) Graphical representation of harmonic components and the distorted output signal

From the above equation we find that the second harmonic component has the largest amplitude
of all other harmonic components and it is the principal source of harmonic distortion.
Fig. (b) shows the graphical description of Harmonic components of a distorted signal.
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7.3.1 Second Harmonic Distortion

In the previous section we found that the second harmonic component has the largest amplitude
of all other harmonic components which is the principal source of harmonic distortion. Now Let
us proceed to estimate the magnitude of second harmonic distortion by considering the second
order non linearity.

The relationship between the collector current and base current is given by

. : .
i =G i+ G, 0 (7.50)
where, i_and i, represent the instantaneous collector and base current respectively and G, and G,

are constants.
Let the input base current be of the form

i, = 1, coswt (7.51)
i, is represented by /, cos wt for sake of computational simplicity; it could as well be 7, sin w?
where, /, is peak value of base current. Substituting Equation (7.51) in Equation (7.50)

i, = G, (I, coswt)+ G, (I, coswt) (7.52)
1 +cos 2 wt
But cos’wt = — s (7.53)
1 2 wt
i =G, coswt)+G,I %
I} I}
= G, (I, coswt)+ Golin | Gl cos 2 wt
" 2 2
G, G,I;
i = 2 + G coswt +sz’” cos2wt (7.54)
2
Let BO — GZIbm — B2
2
and B =G 1

1 1 " bm

where B represents the dc term while B, represents the peak value of the fundamental output
current and B, the peak value of the second harmonic component of the output current.
Now Equation (7.54) becomes

i, = B,t B, coswt + B, cos 2wt (7.55)

From Equation (7.55) observe that under second order non-linearity, we get

* B, adc term indicating that a part of the input signal is being rectified.
* B cos wt, an ac term which represents the amplified input signal and
* B, cos 2 wt, another ac term which represents the second harmonic component.

Thus, because of the dc term and the second harmonic component, the output signal will not
be an exact replica of the input signal.
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Now, the total instantaneous collector current

i..= Quiescent collector current + instantaneous collector current

i.= ICQ + (7.56)
Substituting for i from Equation (7.55), we have
i =1+ B+ B coswi+B, cos 2 wt (7.57)

We can estimate the amplitudes of B, B, and B, from the dynamic transfer characteristics
shown in Fig. 7.13.

IC(max)

IC(min) - -

ip

wt

Fig. 7.13 Computation of harmonic components

There are 3 unknowns in Equation (7.57), i.e., B, B, and B, and hence we consider three
points, i.e, / cman> Lo and / Clminy O the dynamic transfer characteristics. This procedure is known
as the 3-point method of calculating harmonic distortion.

From Fig. 7.13, we have,

at wt=0, e =1
‘7-[ .
and at wt= o i =1l (7.58)
at wt=u, . =
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Applying this condition to Equation (7.57), we get

Loy = Lep T By T B, + B, (7.59)
[CQ = ICQ +Bo_Bz
=> B, = B, (7.60)
as expected, and
Lowiny = Lot By— B, + B, (7.61)
Applying Equation (7.60) to Equations (7.59) and (7.61),
Ly = Lo T2 B+ B, (7.62)
and Ic(mm) = ICQ +2B, - B, (7.63)

Subtracting Equation (7.63) from Equation (7.62)

[C(max) - ]C(min) =2B 1
I —I. .
or Bl _ C(max) C (min) (764)
2
Adding equations (7.62) and (7.63)
IC(maX) + IC(min) = 2 ]CQ + 4 BO
]C(max) + IC(min) -2 ICQ
B,=B, = ; (7.65)

% second harmonic distortion is given by

_ Magnitude of second harmonic component

x 100 %
2 Magnitude of fundamental ’
_ | BZ | 0
D, = — x100% (7.66)
1B
Substituting for B, and B, we get
1
E [IC(max) + IC(min) ] - ICQ
= 0,
D, ‘ I —I._ % 100 % (7.67)

In a similar manner, the second harmonic distortion can expressed interms of collector-emitter
voltages as

1
‘ 5 [VCE(max) + VCE (min) ] - VCEQ
D, = ‘ Ve v

x 100 % (7.68)

(max) | CE(min)
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Example 7.6

The following readings are available for a power amplifier. Calculate the second harmonic

distortion in each case.

(a) VCEQ = 10 V VCE(max) = 18 V VCE(min) = 1 V
(b) VCEQ =10V VCE(max) =19V VCE(min) =1V
Solution
1
5 [VCE(max) + VCE (min) ] - VCEQ
(a) D, = x 100 %
: VCE (max) VCE (min)
%[ISV—HV]—IOV
= x 100% = 2.94 %
18V—1V ° °
Loviivi—iov
(b) D, = |2 x 100% = 0%
19V-1V
Example 7.7

A transistor supplies 0.85 W to a 4 kQ load. The zero signal DC collector current is 31 mA and
the dc collector current with signal is 34 mA. Determine the second harmonic distortion.

Solution

Given,

P ~=08W

o(ac)

R =4kQ

Under zero signal, the collector current is the quiscent collector current.

I, = 31mA

When the signal is present, the dc collector current is / ot B,

ICQJrB0 = 34 mA
B, = 34 mA—-31 mA=3mA
B0 = BZ=3mA

The given P is the power delivered by the fundamental component.

L(p)

L
Po(ac) -

V2

Since B, is the peak value of the fundamental

2

oLy = B
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2
_ Bl
o(ac) [ﬁ] ><IQL
B_12 _ I)o(ac)
2 RL
s _ 2P, B 2x0.8 W 0 mA
P TR\ 4k T
% D, = @ x 100%
| B |
= x 100% = 15%
20 mA ’ °

Example 7.8

Non-linear distortion results in the generation of frequencies in the output that are not present in
the input. If the dynamic curve can be represented by the equation i = G, i, + G, i,> and if the
input signal is given by i, = (I, cos w ¢ + I, cos w,t), show that the output will contain a DC term
and sinusoidal terms of frequencies w,, w,,2 w ,2 w,, (w, + w,) and (v, —w,).

Solution

Given

~.
|

= G i,+G,i; (A)
and i, = 1, cosw t+1, cosw,t (B)
Substituting Equation (B) into (A)

. 2
i,= G (I, cosw i+l cosw,t)+ G, (I cosw, t+1,cosw,r)

i.= Gl coswt+G Lcoswt+G,(I}cos’w t+ 1} cos’w,t+21 I,cos wtcosw,t) ©
oS f = 1+ cos 2wt
! 2
oS ot = 1 4 cos 2 w,t
2 2
cos(w, +w,)t+cos(w, —w,)t

cosw t cosw,t =
2

Using these relations in Equation (C)

G (14-cos2w,t) .

. (14-cos2w,t)
i = G I coswt+ Gllzcoswtherlff +G,1; >
cos(w, +w,)t+cos(w, —w, )t

2

2G,1 1,
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G I* G,I G, I;
= G, [ cosw t+G I cosw,t+ %vL% cos 2wt + 22 -

G, I

+ = cos 20,0+ G, 1 I cos(w tw,)t+ G, I I cos(w—w,)t

2
211

_ % @ +n)

> +G, I coswit+ G I cosw,t+

cos 2w ¢

G, 1,
+ % cos 2wt + G, 1, I, cos(w,+w)) t+ G, I I, cos(w—w,)t (D)

Observe that Equation (D) has a dc component besides the cosine terms with frequencies w |,
w,, 20,20, (0, +o,) and (0, - ,)

4 7.4 HIGHER-ORDER HARMONIC DISTORTION

In section 7.3.1, we have considered only second-order non-linearity. In a power amplifier since
the magnitudes of voltages and currents will be large, it is necessary to consider higher-order
non-linearities also.

We can express the output current by a power series of the form
= G i 2 i3 ST
i = Gi, G i+t Gi’+Git+-+ (7.69)

c

i = Ibm cos wt

Now Equation (7.69) can be written as
I =G, coswt)+G(I, coswt)+G, (I, coswt)’+G,(I, coswt)+:-+-- (7.70)
Using proper trigonometric identities, Equation (7.70) can be compactly represented as

i, =B,+B coswt+B,cos2wt+ B, cos3wt+B,cosdwt+ - (7.71)

Observe the presence of higher-order harmonic terms corresponding to 2w, 3w, 4w etc., in
Equation (7.71).

The total instantaneous collector current

iC = ICQ + ic
i.= ICQ +B,+ B coswt+ B, cos2wt+ B, cos 3wt +B,cosdwt (7.72)

Truncating after the 4™ harmonic term.

There are 5 unknowns B, to B, which can be computed graphically using the
5-point procedure.

Calculation of Total Harmonic Distortion

% second harmonic distortion,

2|

D, = = x 100% (7.73)

* |3l
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% third harmonic distortion

D, = 181, 100% (7.74)
and % fourth harmonic distortion is

B
D, = Bl 100v (7.75)
| B |

Total harmonic distortion (THD) or distortion factor is

THD = D= +/D; +D; +D; (7.76)

In general

D

JD}+D} 4D} +D? +--- (7.77)
when all the harmonic components are considered.
Now, let us calculate the total power output.
P =P +P +P +P, +- (7.78)

where, P, is the power delivered to the load by the fundamental component and
P. is the power delivered to the load by the i” harmonic component (for i=2,3, ...)

P, = (Fundamental rms current)? x load resistance
2
B
P 1 [le] RL
82
p = 71 R, (7.79)
Similarly for i=2,3,4 ...
B’
P = [7 R, (7.80)

Substituting Equations (7.79) and (7.80) in Equation (7.78), the total power output is given by

Blz RL BZ2 RL B32 RL

P: 4+ —— 4+ ————— 4 e 4 ..
2 2 2
BIZRL BZ ’ B3 ’
P = 2L | 22| 42| 4 (7.81)
2 B B,

P =P (1+D2+D2+-) (7.82)
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From Equation (7.77)
D2 — D22+D32+D42 R
.. Substituting in Equation (7.82)

P =P (1+D% (7.83)
or P = P (1+THD?) (7.84)
Note:

*  The analysis given above can also be performed in terms of the components of output
voltage. For distinction, we can use the symbols 4, 4, 4,, 4,, -+ to represent the dc,
fundamental, second harmonic, third harmonic etc components respectively of the output
voltage.

* Thesymbols /1,1, I, 1,, - can be equivalently used instead of B, B,, B,, B,, B,, **

respectively to represent the components of output current.
* Similarly the symbols V, V,, V,, V., V,, --- can be used instead of 4, 4, 4,, 4,, 4,, *
respectively to represent the components of output voltage.

Example 7.9

The input excitation of an amplifieris i, =/, sinwt. Prove that the output current can be represented
by a Fourier series which contains only odd sine components and even cosine components.

Solution
From Equation (7.69) the output current is given by
i =G i, +Gii+G i)+ (A)
Given, i, = 1, sinwt (B)
Substituting Equation (B) in Equation (A)

. . . 5 . s
i =G 1, sinwt+G, (I, sinwt)’+ G, (I, sinwt) +

= Gl [bm sin wt + G2 [im sin? wt + G3 Izm sincdwt+ -+ (C)
: 1—cos2wt . 1 ' .
But sin® ot = 5 and sin’ wt = 2 (3 sin wt —sin 3 wt) (D)

Substituting Equation (D) in Equation (C)

l—cos2wt  G,I,,
J’_

= ; 2 ; i
i =G I snot+G, I (3 sin wt — sin 3 wt) +

c 2 4
GI: G \
= Gllb sin wt + 2% bm —z—meOSza)l-i-é G3[? sin wf — GSIbm sin3 wf + -
" 2 2 4 73 =
G,I} 3 P
- 22bm * Gl]bm + %G3Ib3m] sin wt — 2t sin 3 wt — 22bm cos2wt+ -+ (E)
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Equation (E) shows that the output current has only odd sine components and even cosine

components.

Example 7.10

A single transistor amplifier with transformer coupled load produces harmonic amplitudes in the

output as follows:

B,=15mA B,=4mA
B, =120mA B,=2mA
B,=10mA B =1mA

(a) Determine the percentage total harmonic distortion.
(b) Assume that a 2" identical transistor is used along with a suitable transformer to provide
push-pull operation. Use the above harmonic amplitudes to determine the new total

harmonic distortion.

(c) IfR, =25, calculate the total power output in each case.

Solution

(a) From Equation (7.77), total harmonic distortion is given by

Substituting in Equation (A),

(b) With push-pull connection, even harmonic distortion becomes zero (see Section 7.7)

D

D

2

D

JDi +D} +D;} +D:

18,1 _ 10 _ 0833 or 8.33%
1B 120 oo
Bl _ 4 0333 or 3.33%
|B,| 120 o
1Bl _ 2 _ 00166 or 1.66%
B, 120

| By |

1
= — =0.0083 0. 83 %
1B 120 o ’

J0.08337 +0.0333% 4-0.0166° +0.0083

0.0916 or 9.16%

D, =D,=0

From Equation (A), the total harmonic distortion is

D

D?+D:

|/0.0333% +0.0083> = 0.0343 or 3.43%

(A)
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Observe that in push-pull configuration, the total harmonic distortion is only 30% of the single
ended configuration.

(c) The total power output from Equation (7.83) is

P = P (1+D?) (B)
'R
where P = —L from Equation (7.79)
(120x107*)* x 25
P = =0.18 W
2
For part (a), D = 0.0916
P, = 0.18(1+0.0916°) =0.1815 W
For (b) D = 0.0343
P, = 0.18 (1 +0.0343%) = 0.1802 W
Example 7.11

Calculate the harmonic distortion components and the total harmonic distortion for an output
signal having fundamental amplitude of 3 V, second harmonic amplitude of 0.3 V, third harmonic
amplitude of 0.15 V and fourth harmonic amplitude of 0.06 V. Also find the power delivered by
the fundamental component of output voltage if R, = 15€2.

Solution
Given 4,=3V 4,=03V A4,=0.15V 4,=0.06V.
D. = |A2|=£=010r10"/
24 3 ’
D, = |A3|—E—005 59,
s = |A1| = 3 = U. or 0
D 4] _ 0.06 0.02 or 2%
= = —— = U. or
Soo4 3 ’
.. Total harmonic distortion is
D = \|D}+D?+D}
= 0.1’ +0.05° 40.02*
D = 0.11350r 11.35%

Power delivered by the fundamental component of output voltage

p A BV
2R, (Q(15Q)

=03W
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Example 7.12
The following readings are obtained for a power amplifier.
Verming = 24V Vg =20V V() =10V

Calculate the second harmonic distortion.

Solution
From Equation (7.65) using voltages in place of currents, the second harmonic voltage is given by
o VCE(maX) + VCE(min) -2 VCEQ
A4, = 4
2042.4—(2x10
= 4 ( ) =06V

From Equation (7.64), in terms of voltages, the fundamental output voltage is

VCE(max) - VCE(mjn) 20—-24
Al - 5 = 5 =88V
.. Second harmonic distortion is
D, = 4] _ 06 =0.0682 or 6.82%
P4 88 7 '

Example 7.13
The following readings are obtained for a power amplifier

Vero=10V V=14V V=6V

Calculate the second harmonic distortion.

Solution
Since, the output is taken between collector and emitter,
Vmax = VCE(max) = 14 V
min = VCE(min) = 6 V

Fundamental component of output voltage is

VCE (max) VCE (min) 14— 6
4, = = —4v
1 2 2
_ VCE(max) + VCE(min) -2 VCEQ _ 144+6—-20 B
4, = - e

.. Second harmonic distortion is zero.
In this example, since the output voltage swing is symmetric about Veros the amplifier is linear
and hence second harmonic distortion is zero.
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Example 7.14

For a given power amplifier the output current varies as follows: I =2.5A, 1 .= 1.8 A with
I,= 2Aand R, =8 Q. Find

(a) Second harmonic distortion,
(b) Power delivered by the fundamental component of output current to the load,
(c) Total power delivered to the load.

Solution
]max = ]C (max) = 25 A
lmin = IC (min) =18A

I, =2A R,=8Q
(a) 2" harmonic component of current is

_ L may iy =21 o _ 2541.8-(2x2)

2 =0.075 A
4 4
1 — 1 2.5—-1.8
B — C(max) C(min) — — 035 A
1 2 2
*. Second harmonic distortion
p, = 1Bl 0075014 or21an
) | Bl | 035 . or 470
(b) Power delivered by the fundamental
P1 _ BlzRL
2
0.35°x 8
= =049 W
2
(c) Total power delivered to the load
P =P +P,
B;R 2
P = %:M =0.0225 W
Now P = 0.49+0.0225=0.5125W.
Example 7.15
For a power amplifier the output current variations are / g = O Ao L iy = 1A with / 0= 3Aand
R, =5 Q. Find,

(a) Second harmonic distortion,
(b) Power delivered by the fundamental component of output current and
(c) Total power delivered to the load.
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Solution

Output current is the same as collector current

I = 5A and /

C(max) C(min) =

1A

(a) Fundamental component of current is

B, = M:%l:“

2" harmonic component of current is

B - Ly L cming =2 Lo ~ 5+1-(2x3)
2 4 - 4 -

1Bl
Y

0A

0

This is expected since the output current is symmetrical and the amplifier is linear.
(b) Power delivered by the fundamental.

p o= BR 2S5y
! 2 2
(c) Power delivered by the second harmonic is 0 W.

- Total power delivered to the load P= P +P,=10W.

Example 7.16
The following distortion readings are available for a power amplifier.
D,=0.2 D,=0.02 D,=0.06
with I1,=33A and R.=4Q
(a) Calculate the THD.

(b) Determine the fundamental power component.
(c) Calculate the total power.

Solution
(a) Total harmonic distortion (THD) is

D = \D;+D;+D;
= (0.2’ +(0.02)* +(0.06)* =0.2097 or 20.97 %
(b) Fundamental component of current is
I, = B =33A
R. =R =4Q
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B} (3.3A)
P = 5 R =T (AQ=21T8W
(c) P = P(1+D*)=(21.78 W) [1 +(0.2097*] =22.74 W

4 7.5 CONVERSION EFFICIENCY

Power amplifiers convert the dc power of the supply V. into ac (signal) power at the load. The
ratio of the ac power delivered to the load to the dc power supplied to the power amplifier is
called the conversion efficiency or theoritical efficiency. Since, power conversion takes place in
the collector circuit of the power transistor, it is also referred to as the collector circuit efficiency.
This is a figure of merit for the power amplifier and denoted by

ac or signal power delivered to the load

0 — 0
ol dc power supplied to the amplifier x 100%
%y = —=Lx100% (7.85)
I)i(dc)
From Equation (7.10)
p = Vern Loy
o(ac) 2
The dc power input is given by
Pi (dc) = VCC ICQ
Substituting in Equation (7.85)
Verip Lew
%y = ———=x100% (7.86)
2 Vee I
Verip Lew
or %y = 50 ——L oy, (7.87)

Vcc 1 co
Let us now obtain the conversion efficiency of the series fed and the transformer coupled class
A power amplifiers.
7.5.1 Conversion Efficiency of Class A Series-fed Power Amplifier
Refer Fig. 7.8 in Section 7.2.1.

v _ VCE(max) - VCE(min)
CE(p) 2

Substituting in Equation (7.87)

50 VCE(max) _VCE(min) I c(p

)
% = %
o 2VCC[CQ ’
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2 — Ny
or % 77 _ 5 VCE(max) VCE(mm) Cc(p) %
VCC ICQ

With reference to Fig. 7.8
in Fig. 7.14.

Substituting /., =1, in the above equation.

A, at best can be equal to / o for distortionless output as shown

25 V max 7V min
%77 _ CE( V) CE (min) %
cc

From the above equation and Fig. 7.14 it is easy to see that efficiency is maximum when

VCE(min) - 0 and VCE(maX) = VCC
Yo = 25% (7.88)
Ic
dc load line, slope =— L
R
Q\
V
VCC CE

B e L.

VCE(min) ;'_VCE(p)_> E‘_VCE(p)_’; VCE(max)
Fig. 7.14 Maximum values of current and voltage for distortionless output

This is the maximum obtainable efficiency for a series-fed class A power amplifier.

The low value of efficiency results from the continuous power dissipation in the collector
circuit of the transistor.
7.5.2 Conversion Efficiency of Transformer-Coupled Class A Power Amplifier
Refer Fig. 7.12 in section 7.2.2. From Equations (7.35) and (7.36).



Power Amplifiers 537

VCE(max) + VCE(min) VCE(max) - VCE(min)
V= > and V=~ (7.89)

With reference to Fig. 7.12, 1 o A best can be equal to / 0 for distortionless output.

Substituting / 0= 1 ) and Equation (7.89) in Equation (7.87)

%77 _ SOVCE(p) IC(p) o,
VCC ICQ
VCE(max) - VCE(min) ]

2

50 x %

VCE(max) + VCE(min)
2

VCE(maX) - VCE(min)

%mn = 50 % % (7.90)
77 VCE(max) + VCE(min)
Maximum efficiency can be obtained if V., .= 0
%n = 50% (7.91)

max

Thus the maximum attainable efficiency for a transformer-coupled class A power amplifier is

50%. It is double that of the series-fed class A power amplifier.

circuit which is due to the smaller value of dc primary resistance R

The higher value of efficiency results from the reduced power dissipation in the collector

1 (de)®

Example 7.17

(a) Calculate the input power, output power and efficiency of the amplifier shown for an input

voltage that results in a base current of 5 mA rms. Assume silicon transistor with =40 and
Ve =0.7V.

(b) Show under zero signal condition that the dc power input to the circuit is the sum of dc power

dissipated in the load, and power dissipated in the collector.

O VCC: 18V

1.2kQ 16 Q
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Solution

(a) The dc equivalent circuit is shown below.

]B
IC
Applying KVL to the collector circuit.
VCC
VCE
DC input power
P i(de)
P i(dc)
rms base current is given as
[B(rms)
. rms collector current is
I

C(rms)

Vee=Vey 18V=07V

J =
50 R, 1.2kQ

=14.42 mA

I, =p l,,=40 x 14.42 mA =576.8 mA

IC RL + VCE

VCEQ = VCC 7]CQ RL

18 V- (576.8 mA) (16 Q) =8.77V
Vcc % ICQ

18 V x576.8 mA

104 W

5 mA

=B I, = (40) (5 mA) = 200 mA

Peak collector current or peak load current is

[C(p)
[C(p)

]C (2}

\/5 x rms collector current

V21, =2 x200mA
282.8 mA

(A)



ac power delivered to the load is

o(ac)

Conversion efficiency

%n

(b) The dc power dissipated in the load
P

L(dc)

Power dissipated in the collector

P

C
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Ik R, (282.8mA)’(16Q
cmtt( V169 _ W (B)
2 2
Fow 100% = 22V 00% = 6.15%
X = X =
P °104W o
P, R,=(576.8mA)* x 16 Q=53 W (€)
Veso Loy = (8.77V) (576.8 mA) = 5.1 W (D)

From equations (A), (C) and (D), observe that

P

i(dc)

=P

+ P

L(dc) C

Example 7.18

In the circuit shown below, the input signal results in a peak base current of 1 mA

(a) Calculate the ac output power

(b) Calculate the dc input power dissipated by the circuit

(c) Calculate the efficiency.

Solution

(a)

IB(p)

IC(F)

o(ac)

1 mA
B 1,,,=(50) (1 mA) =50 mA
I’ 50mA)>
R = g(m Q) =20 mW

2 ¢ 2
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50 R, 15kQ
I, = B 1,,=(50)(1.153 mA) =57.65 mA
V.1 _=(18V)(57.65mA)=1.037 W

=1.153 mA

i(de) cctco
© Bowy _ 20mW ) 0103 or 1.93%
C = = = V. or I.
T Py 1037W ’
Example 7.19

For the circuit of previous example,

(a) calculate the maximum output power
(b) if R, is adjusted so that the O point lies at the centre of the DC load line, calculate the
input power for a maximum output power of 1.5 W. What is the efficiency in this case?

Solution
VCZE( ) é( )
P _ ) ) R
(a) o(ac) 2RC 2 C

ICQ = 57.65mA as before.

To obtain maximum undistorted output should not exceed / o

’ [C(P)

ie. I, = I,=57.65mA

Maximum ac output power is

1% o (57.65mA)

Pl = > R 5 (16 ) =26.59 mW
(b)Since the Q point is at the centre
— VCC — 18V —
Voo = 5 5 7Y
Vcc _VCEQ . ..
1 = T R [ From KVL equation of collector ciruit ]
C
16Q ’
P = Vel =(018V) (0.5625 A) =10.125 W
F o) 15w

= = = 0,
p = 2= e 014820 14.82%

i(dc)
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Note:
For the biasing condition given in part (b), the ac power delivered to the load is maximum when
Ve = Vewp and 1, =1,
Under this condition the maximum ac output power is

Ve Lo _ (OV)(0.5625A)

Py = ; > =2.53W
The corresponding efficiency is,
_ 2BW 95 or 5%
T j0a25wW T U Ore

which is equal to the ideal value.
Therefore to obtain maximum efficiency when the Q point is at the centre of the dc load line,
the input signal strength should be large enough to result in

VCE(p) = VCEQ and [C(p) :]CQ

Otherwise the efficiency will be smaller than 25% even if the O point is at the centre of the dc
load line.

Example 7.20

For the circuit shown, the dc base current is 5 mA and the ac input signal results in a peak base
current swing of 4 mA. Assume silicon transistor with § = 30. Find

(a) acpower delivered to the load
(b) dcpower drawn by the circuit
(c) conversion efficiency

VCC= 10V

RL:8Q
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Solution

Given,

“SmA [ —4mA B M
lp=SmA I, =4mA  f=30 =3

For transformer-coupled class A power amplifier
Vieo = Ve =10V (see Fig. 7.12)

CEQ
Iy = B1,,=30x5mA=150 mA

co

Peak collector current
Ic(p) = ﬁ]B(p) =30 x4 mA =120 mA

(a) From Equation (7.40), ac power delivered to the load is

2
,o VCE(p) _ e R
o(ac) ZR'L 2 L
2
B R =R £—8§2 3=72Q
ut L= Ry B 6r=T
2
P = (120mA) ~ (729Q) — 050 W
ol(ac 2
(b) dc power drawn by the circuit is
Py = Vee Ip=(10V) (150 mA) = 1.5 W
(c) Conversion efficiency
% = ORI
o - (]
Pi(dc)
= 02W 0% = 34.70
T psw < 100%=347%

Example 7.21

A transformer-coupled class A amplifier drives a 16 Q loud speaker through a 4:1 transformer.
With V.= 36V the circuit delivers 2 W to the load. Find,

(a) power across the transformer primary,

(b) rms voltage across the load,

(c) rms voltage across the transformer primary,

(d) rms values of load current and primary current, and

(e) conversion efficiency if the dc collector current is 150 mA.
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Solution
I
+
v, R.=16Q
]L
7 (A)
Given,
Nl _ _ —
Fz =4 R =16Q V. =36V [,=150mA
Power delivered to the load R, is, P, =2 W
(a) Power across transformer primary.
Assuming 100 % transformer efficiency, the power across transformer primary is
ppri - po(ac) = PL =2W (B)
(b) rms voltage across the load
v
_ (rms)
P = R

L
Views = VB R, = JQW)(16Q) =5.65V

(c) rms voltage across the transformer primary.
From Equation (A)

V

1(rms)

z|=
L

VL (rms)

4V, =(4)(5.65V)=22.6V

Vl (rms) - L (rms)
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(d) rms load and primary current
P =1

L L (rms) ) L
1 g L W =353.55mA
Lirms) RL o 16Q - : m
From Equation (A) M = M =4
IC(rms) N2
Ay 353.55mA
Ic(rms) e - 88.39 mA
(e) Conversion efficiency
pO ac
Y%y = — x 100% (©)
i(de)
Pl = Vel =36V x 150 mA=54W
2W
. From (B) and (C) %n = SAW x 100 =37.03%

Example 7.22

A transformer-coupled class A amplifier drives a load of 8 Q through a 3:1 transformer. With
V.= 24V, the circuit delivers 2 W to the load. The transformer efficiency is 80%. Find,

(a) power across the transformer primary,

(b) rms voltage across load and transformer primary

(c) rms values of load current and primary current

(d) conversion efficiency if dc collector current is 260 mA.

RL:8Q




Solution

Given,

(a)

pri

(b)

(c)

(d) rms load current

rms primary current

(e) Conversion efficiency

o(ac)

L (rms)

1(rms)

VL (rms)

1(rms)

L(rms)

/

L(rms)

1

C(rms)

C(rms)

Y1

P i(dc)

Y1
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N I,
N2 - IC (A)
3 Ny = 0.8 or 80% R, =8Q
24V [CQ=26OmA P =2W

b

R)(ac)
2 osw

08

JER = J2W)8Q) =4V

ﬂ_3
N,
3V, g =3x4V=12V
R, 8Q
ﬂ_3
N,
3 3 :
P
%09 % 100%
P

vV XICQ:24V><26OmA:6.24W

cc

6.24 W

x 100% =40%

Example 7.23

Find the turns ratio of the transformer required to connect four parallel 16 €2 loud speakers so that
they appear as an 8 kQ effective load.
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I
NiiN, .
E # h
\__V_—/
R,
Solution
16Q
R = (16Q(16Q1 16| 169):T:4Q
Given, R, = 8k
N 2
R, = —1] R
L [N2 L
RN L T 2000 = 44
N, VR ~\ 4Q st
Example 7.24

A transformer-coupled class A power amplifier is required to deliver a maximum of 5 W to a 4 Q
load. The quiescent point is adjusted for symmetrical clipping and the collector supply voltage is

Vee=20 V. Assuming ideal characteristics and taking V', .- =0, find
(a) the transformer turns ratio,
(b) peak collector current,
(c) quiescent operating point /. ,, Veso» and
(d) collector circuit efficiency.
VCC =20V
O
-
=S R =40
Ry 21 S
Jic
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Solution

Given, V=20V R=4Q P =5W V,

CE(min) =

0

The output voltage waveform is shown below.

Vermax) = Vee t Veewy = 2Vec

From the figure

Vegwy = Vee=20V
(a) Assuming ideal transformer
o(ac) = PL = 5 W
But from Equation (7.40)
2
p _ VCE(p)
o(ac) 2R2
Ve 20V)?
P R D T
2P, 2x5W
2
’ 1
R - [_] XRL
2
N, R; 40Q
” [N 2} - R, AT vio
N:N, = 10:1
(b) Peak collector current
o(ac) = IzC(rms) RL’

JER TSRy LSS
C(rms) Ri 409 .

ap

Peak collector current
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(c) Quiescent operating point

Vepo = Vee=20V
I, =1,=05
s QO-pointisat (20V,0.5A)
(d) Collector circuit efficiency
% = B 1009
P,

i(dc)

=V .1 _=20Vx05A=10W

i(dc) cCcco

SW
Y%n = % 100% = 50%

10W

Observe that since we have assumed ideal conditions the conversion efficiency is 50% as

expected.
Example 7.25
The following data is available for a class A transformer-coupled power amplifier.
Vg = 185 volts Ly = 250 mA
Vg = 1.5 volts Ly = 25 mA
Vee = 10 volts I, = 140mA
R = 8Q

L
Find:

(a) AC power delivered to the load
(b) Conversion efficiency
(c) Transformer turns ratio

Solution
(a) For a class A transformer-coupled power amplifier,

VCE(maX) - VCC + VCE(p)
Vermin = Vee™ Ver
Solving for VCE(p) we get
_ VCE(maX)_VCE(min) _ 18.5V—15V
VCE(p) - > = >
I -1 . _
Similarly = leeay T icwmin 250mA —25mA

=85V

=112.5mA

Clp) 2

(A)
(B)



Power Amplifiers 549

AC power delivered to the load

P _ Verip Lo
o(ac) 2
_ B5V)125mA) oo
2
Pa(ac)
(b) %n = x 100 %
Pi(dc)
P i(dc) - Vcc x [CQ
= (10V) (140 mA) =14 W
% 0478 W 100 % = 34.14%
ft —_— X —
°T = 14w o TR
(c) Vern = Lo R,
v, 8.5V
R = —& = =75.56 Q
Io, 112.5mA
N 2
- (2]
N2
N, R, 75.56Q
— = |+t = =3.07
N, R, 8Q
Example 7.26

Calculate the efficiency of transformer-coupled class A power amplifier for a collector de supply
of 15V and outputs of

@) Vi, =375V

®) Vegy =75V

(©) Vg, =15V

Comment on the result.

Solution
Given Ve = 15V

The conversion efficiency of transformer-coupled class A power amplifier is given by

o _ VCE(max) - VCE(min) .
A) 77 B 50 VCE(max) + VCE(min) A) (A)

where VCE(max) o VCC+ VCE(p) (B)
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VCE(min) = Vcc_ VCE(p) (C)
(a) VCE@)= 3.75 volts
VCE(maX) = Vcc + VCE(p)
= 15V+3.75V
= 18.75V
VCE(min) = VCC - VCE(p)
=15V-375V
= 1125V
Y%p = 50 18.75V—-1125V
1875 V+11.25V
= 12.5%
®) Ve, =75V
Vesmay = 13V TS5V
=225V
Ve = 13V =75V
=75V
Yy — 50 225V-175V 550,
225V+175V
©) Vg, =15V
Vesmay = 13VHI5V=30V
cHmny = 1OV -15V=0V
%mn = 50x% 0V-0 50%
30 V+0
From the above calculations we find that, efficiency increases with increase in Vs and a
maximum efficiency of 50% is obtained when, Very = Vee =15 V.

4 7.6 CLASS B PUSH-PULL POWER AMPLIFIER

As mentioned in Section 7.1.2 in class B power amplifier, the O-point is located at cutoff. This
means that the base-emitter voltage is at zero volts.

As aresult the transistor conducts current for only one-half cycle of the signal cycle. To obtain
output for the full cycle of the signal it is necessary to use two transistors, one conducting during
the positive half cycle and the other during the negative half cycle as shown in Fig. 7.15. The
configuration of Fig. 7.15(a) requires two dc power supplies where as a single dc power supply is
sufficient for the configuration of Fig. 7.15(b).
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Vee

|

One-half
circut

Vi AV o—e »——‘_ Load VL Qv

One-half
circut

l

—Vee

(2)

Vee

|

One-half
circut

oy i

One-half Load v, AV
circut L
(b)

Fig. 7.15 Push pull amplifier
(a) Using two dc power supplies (b) Using single dc power supply

7.6.1 Operation of Class B Push-pull Power Amplifier

Figure 7.16 shows the circuit of class B push-pull power amplifier. Push-pull configuration is
used to eliminate harmonic distortion introduced by the non-linearity of the dynamic transfer
characteristic of the amplifying device.
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The input transformer is a 1 : 1 : 1 transformer which is used to provide two equal voltages
which are 180° out of phase with each other. The voltage divider network consisting of R and R,
is used to keep O, and Q, in the verge of conduction. Note that the Q point is slightly above cut-
off and as a result there will be no cross-over distortion. The output transformer is used to provide
impedance matching between the amplifier output and the load.

Input
transformer
R, Output
’ A transformer
+
+
r(~) S S n=v,

o

D—>

iy,
Fig. 7.16 Class B push-pull power amplifier

During the positive half cycle of the input signal v, the voltage at C is positive going while the
voltage at D is negative going. Since the transistors are biased at cutoff, the base-emitter junction
of O, gets forward biased whereas the base-emitter junction of O, goes further below cut-off.
Thus ic1 increases above zero (note that / 0=0 while ic2 is zero.

N,

i = Vz ic1 (7.92)

It is easy to see that during the negative half cycle of the input signal v, O, is off and O,
conducts.

N,

i = - Vz ic2 (7.93)

The negative sign for i, is due to the fact that I, and i, are in opposite directions.

Combining equations (7.92) and (7.93) we can write

— i for 0 £ ot <

A
a

——1 form <wt <2w
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or i, = L=y (7.94)
2

The input and output voltage and current waveforms are in Fig. 7.17.

VS
0 n’\27 3n\/4n ot
Iey oo
:/\: ot
0 I
ZY R
:/\: /\ wt
0 ! ! !
i oo
A |
T
=ik
A y
IRVERY

Fig. 7.17 Input and Output waveforms of class B push-pull amplifier

Elimination of Even Harmonic Distortion with Push-pull Operation

From Equation (7.72) total instantaneous collector current of transistor Q, is

iC1 =ICQ+B0 +B, cos wt+ B, cos 2wt + B, cos 3wt + B, cos 4wt + -+ (7.95)

Observe in the circuit of Fig. 7.16 that I, and i are flowing in opposite directions. Therefore,
they differ in phase by 180°.

Hence ic2 (wt) = ic1 (wt + 1) (7.96)
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Therefore, the total instantaneous collector current of transistor O, can be obtained by replacing
wt by (wt + ) in Equation (7.95)

io,=Io+ B,+ B, cos (wi+m)+ B, cos 2 (wt + )

+ B,cos 3 (wt+m)+ B, cos 4 (wt + ) + - (7.97)
z'c2= I,+B,+ B, cos (wt + ) + B, cos (2wt +2)
+ B, cos Bwt+3 )+ B, cos (4wt +4m) + --- (7.98)
We know that
O+ nm) cosf for even n 799
cos nw) =
—cos6 for odd n (7.99)
Applying Equation (7.99) to Equation (7.98), we have
ic2 =1.,* B,— B, coswt+ B, cos 2wt— B, cos 3wt + B, cos 4wt + -+ (7.100)
From Equation (7.94)
. Nl
i = 72{ ([CQ+BO +B, cos wt + B, cos 2wt + B, cos 3wt + B, cos 4wt + -+ )
- (ICQ + B,— B, coswt+ B, cos 2wt — B, cos 3wt + B, cos 4wt + --+ )} (7.101)
N,
i = 71(231 cos wt + 2B, cos 3wt + -+ ) (7.102)
2
. 2]Vvl
or i = Tz(B] cos wt +B, cos 3wt + -+ ) (7.103)

Observe from, Equation (7.103) that the output current is free from even harmonic components.
The principal source of distortion is the third harmonic component which is very small in
comparison with the fundamental. These results are possible only if the transistors O, and Q, are
identical. If their characteristics differ, then complete cancellation of even harmonic components
will not take place.

Advantages of push-pull configuration :
Following are the advantages of push-pull configuration.

*  The output current is free from even harmonic components and therefore the circuit gives
more output per transistor for a specified amount of distortion.

*  There is no dc current in the primary winding of the output transformer. This eliminates
core saturation. Core saturation introduces non linear distortion, which arises from the
curvature of the transformer magnetisation curve. Note that core saturation may occur in
class A single ended transformer coupled amplifier as indicated in Section 7.2.2.

* V. is generally obtained form an ac source using rectifier and filter. Inadequate filtering
gives rise to ripple voltages in V.. In the push-pull configuration the ripple currents
produced by these ripple voltages are in opposite directions in the primary of the output
transformer and therefore cancel out.
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7.6.2 Phase Splitting Circuits

In the push pull amplifier circuit of Fig. 7.16, the input transformer was used to provide two
signals of equal magnitude and opposite polarity. An alternate circuit which can be used for this
purpose is shown in Fig. 7.18.

Vee

Rc
Ry

10y

C

R, % G
Rg

Fig. 7.18 BJT phase splitting circuit

Due to voltage follower action,
v,="

Since the emitter resistor is unbypassed, the voltage gain of the CE stage is

h Re
Vi Ry
If R .is taken equal to R, then
VvV, ==V (7.104)

Note that V| and V; are equal in magnitude but opposite in phase. Thus the voltages V', and V,
are equal in magnitude with 180° phase shift between them. Another phase splitting circuit using
op-amp is shown in Fig. 7.19.

The inverting amplifier introduces 180° phase shift where as the phase shift introduced by the
voltage follower is zero degrees. Thus V| and V, are 180° outof phase.
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Fig. 7.19 Phase splitting network using op-amp

7.6.3 Conversion Efficiency of Class B Push-pull Power Amplifier

Assuming that the dynamic transfer curve is linear, the output waveforms can be constructed as
shown in Fig. 7.20 for a single transistor, say Q.

I, C(max) ---------- -3

Iemin) --

VcE(min) VeE(max)

Fig. 7.20 Output voltage and current waveforms in a single fransistor of class B push-pull
amplifier
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The conversion efficiency is given by

B
% = % 100% (7.105)
i(dc)
AC Output Power [P, |
VCE(p) IC(p)
Py = = 5 (7.106)
From Fig. 7.20, Verwy = Verma — Vermin
But VCE(max) = VCC
Verwy = Vee ™ Vermin (7.107)

DC input power [P, |

The dc power input to the power amplifier is given by

P = Vel (7.108)
where [, is the average or the dc current drawn from the power supply V... Note that the collector

current waveform of each transistor is a half rectified sinusoid with a peak value, / @

. . . . .
Thus the average current in each transistor is —<2) . Since there are two transistors, the dc
4

current drawn from the supply V.., by both the transistors is

C?

I, = 2 [average current in each transistor]

dc
ZIC(P)
= — 7.109
. (7.109)

Using this relation in Equation (7.108) we have

2
P ==V._I (7.110)

i(dc) 7T CC ~C(p)

Using Equations (7.106) and (7.110) in Equation (7.105) we get

%n = 3 x 100 %
; Vcc [C(p)
a v
% = ;“’” x 100 % (7.111)
cc
Efficiency is maximum when
Verwy = Vee (7.112)
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This condition occurs when

V = 0 [From equation 7.107]

CE(min)
Using Equation (7.112) in Equation (7.111) we have
4
%n = ZX 100% =78.54% (7.113)

Observe that the efficiency is higher than that of class A transformer coupled power amplifier
which is 50%. This increase in the efficiency results from the fact that in the class B push-

pull power amplifier, under no signal condition, there is no power dissipation since / o= 0and
therefore no current is drawn from V...

7.6.4 Power Dissipated by Output Transistors

In class B push-pull power amplifier, the dc power drawn from the source, V., is equal to the
sum of the ac power developed at the collector and the power dissipated in the collector circuit of

the output transistors.

Py = Poay T P (7.114)

or Py =Py P (7.115)
where P, 0 is the power dissipated by the two output power transistors. The power dissipated by
each transistor is then

By
Py = —F (7.116)

P, is also called as the collector dissipation, since the power is dissipated in the collector
circuit of the transistors.

7.6.5 Maximum Power Considerations

Now let us calculate the maximum ac output power, maximum dc input power and maximum
power dissipation in the output transistors.

Maximum ac Output Power
The ac output power is given by

Vegen 1

_ CE(p) “C(p)
P = — 5 (7.117)
Verp
where, Ic(p) = R—,L (7.118)

where, R/ is the load resistance reflected to primary.
Using Equation (7.118) in (7.117), we get

Vs
_ (p)
Pn(ac) 2R (7.119)
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The ac output power is maximum when, V, o= Veer Now the maximum ac output power is
VZ
P = & 7.120
o(ac)max 2R£ ( )
The corresponding peak ac current is
_ VCC
Loy = E (7.121)
Maximum dc Power Input
The dc input power is given by
ide) Vcc Idc (7.122)
2
where I, = ;I )
I, is maximum when I == Vee
de C(p) R 2
Now the maximum dc current is
2 Ve
Idc(max) = ; _/L (7123)
Using this relation in Equation (7.122) we get
_ 2V
i(dc) max - ; R_,L (7124)
Maximum Circuit Efficiency
o(ac)max
Yo = 5 % 100%
i(dc)max
Vee
2R, 100 %
= X
2 Ve
T R,
Y4
Yom o= ZX 100% = 78.54% (7.125)
Note that to obtain maximum efficiency, the input signal should result in maximum output
swing i.e., V.. =V __.Otherwise efficiency will be less than 78.54 %.
CE(p) cc

Maximum Power Dissipation

For class B operation, the maximum power dissipated by the two output transistors occurs when

2
Vi =— Voo = 0636V, (7.126)

CEp)
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The maximum power dissipation is given by

2V

20(max) .7[2 Rl (7127)

These results are derived in example (7.27).

It is important to note that

*  Maximum ac output power occurs when ch(p) =V

*  Maximum power dissipation in the output transistors occurs when Vewp = 0036 V.

Thus maximum power dissipation in the output transistors does not occur when the ac output
power is maximum but it occurs at an ac output power which is less than its maximum value.

Example 7.27
Show that in class B push pull power amplifier:

(a) The maximum power dissipated by the two output transistors occurs when

Vegp = 0636V
(b) The maximum transistor power dissipation is,
_ 2
20ma) g2 R!
(©) Py = 0.4P o(ac) max

Solution

(a) In class B push-pull power amplifier, the dc power drawn from the source V. is the sum of the
ac power developed at the collector and the power dissipated in the collector circuit.

Pi(dc) = Po(ac) + PZQ (A)

where P, 0 is the power dissipated in the collector circuit

P 20 P i(de) P o(ac) (B)
From Equation (7.110)
2
P idoy ; Vee IC(p)
VCE(P)
But 1 o = R—,L
2V..V
P = CC " CE(p) (C)
i(dc) J.[Rz
Also p = Verip Lo

o(ac) 2
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Vee
_ (r)
or Pl = 2R (D)

Substituting equations (C) and (D) in Equation (B).
2
2Vee Verp) VCE(p)

o= 73R, 2R, (E)
Collector dissipation is zero under the folllowing two conditions
1. When Vewp =0
This happens under zero signal condition
2
2. When 2ec V,CE(p) - VCE(IP)
TR, 2R,
4
= VCE(p) = ; VCC
Thus, the collector dissipation is zero at Vewp =0 and Vs = = V.- The maximum collector
dissipation occurs at a value of Vs in the range 0 < Vewp < 4 Vee
4
Let us now find the value of V,,  corresponding to maximum power dissipation by setting
dP,
—2 _
dVegp)

From Equation (E)
dp?Q 2Vec VCE(p)

= T 0
dVCE(p) T RL RL
2V
Vewyy =~ =0.636 ¥, (F)

(b) The maximum collector dissipation, Py is obtained by substituting Equation (F) in
Equation (E)

L [2’VCC ]2

2 [2VCC]
2R'L T

P2Qmax T R}‘ T
AVee 2V
n’R, 7R,
2V

PZQ (max) = TCZ R; (G)
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Using Equation (E), the plot of P, o versus Vi, is shown in Fig. A.

p 2Q(max) |~ """t 2 T

Verw)

0 2Wee 4Vee

T T

Fig. A Plot of P,, versus Vg, for class B push-pull power amplifier

From Fig. A, we observe that

(i) At zero signal (V.

s~ 0) collector dissipation is zero

.. C : 27
(i1) The collector dissipation increases and reaches a maximum when Ve = e
T

(i) The collector dissipation then decreases and becomes zero once again when
4V,
CEp) g

(c) From Equation (7.120)

2
P o(ac)max % (H)
From equations (G) and (H)
202 ]
Pomw TR, | 4
oms | Vee | @
2R,
Paomm 4
Poacymax
or Py = 0.4 P o (D

We are now going to make a very interesting observation. Suppose it is required to deliver a
maximum of 20 W to the load from a class B push-pull power amplifier. From Equation (I), the
maximum collector dissipation is 8 W, which is equally shared by O and Q,. Thus, the collector
dissipation in each transistor is 4 W, which is 1/5 of the total ac power delivered to the load.
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Thus in class B push-pull power amplifier, the ac power delivered to the load is five times
the collector dissipation in each transistor.

7.6.6 Class B Push-pull Power Amplifier using Complementary Symmetry
Transistor Pair

Figure 7.21 shows the circuit of class B push-pull power amplifier using complementary symmetry
transistor pair. Q, is an npn transistor and @, is a pnp transistor. The transistors O, and Q, are
assumed to have identical characteristics. Note that both the transistors are biased at cut-off, since
no dc bias is applied to the base-emitter circuit.

= Vee

. pnp cc

Fig. 7.21 Complementary symmetry push-pull circuit

During the positive half cycle of the input signal v, O, will be biased in to conduction and Q,
remains off.

The negative half cycle of v, biases Q, into conduction and Q, remains off.

L, = —le2

Combining these,

i, for 0<wt<m

b for < wt<2m (7.128)

— iez
It is important to note that, both O and Q, are operating as emitter followers, with a voltage
gain nearing unity. As a result the load voltage is essentially the same as the input voltage.
The analysis given in sections 7.6.3 to 7.6.5 for transformer coupled class B push-pull
power amplifier can be directly applied to this circuit. Since the circuit operates without output
transformer we have to apply the following modifications.
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14 =V

CE (p) Lp)
Loy = 1L
! p—
and R =R,

The output voltage and current waveforms are same as that given in Fig. 7.17 for transformer
coupled class B push-pull power amplifier, with iq and ic2 replaced by iq and ig2 respectively.
The advantages of this circuit are:

Due to the absence of input and output transformers the circuit is

e Simple

*  Less expensive

*  Less bulky and

* light weight.

The main drawbacks of this circuit are:

*  The circuit requires two dc power supplies.

e Since both transistors are biased at cut-off cross over distortion is present.
e Itis very difficult to get matched transistor pair.

*  Poor impedance matching due to the absence of output transformer.

* Even harmonic distortion may be expected if the two transistors are not perfectly
matched.

*  Theripple content of the dc supply, which is present due to inadequate filtering, will reach
the load.

7.6.7 Practical Complementary-Symmetry Class B Push-pull Circuit using
Darlington Transistors

Figure 7.22 shows the circuit of practical complementary-symmetry class B push-pull circuit using
darlington transistors. During the positive half cycle of v , the npn Darlington transistor conducts
and the pnp Darlington transistor conducts for the negative half cycle of v,. The waveforms of
Fig. 7.17 applies to this circuit also.

The main features of this circuit are:
*  The biasing resistors R, and R, keep the Darlington transistors in the verge of conduction.
As aresult, cross over distortion is absent.

*  The low output impedance of the Darlington transistors properly match the low impedance
of the load which is usually a loud speaker.

*  The Darlington transistors provide higher output current.

*  Asmall amount of negative feedback provided through the emitter resistors R, (typically
1 Q) helps to keep the harmonic distortion at a minimum.
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2

npn
Darlington

pnp
Darlington L
Vee

Ry

Fig. 7.22 Circuit of practical complementary-symmetry class B push-pull circuit

7.6.8 Quasi-Complementary Class B Push-pull Power Amplifier

A practical power amplifier is required to deliver large current in to low impedance load. The
current driving capacity of a pnp transistor is less than that of npn transistor. Hence it is preferable
to use npn transistors for both high-current-output devices.

Figure 7.23 shows the circuit of quasi-complementary push-pull class B power amplifier. The
push pull operation is provided by the complementary transistors O, and Q,. O, and Q, are the
matched output transistors.

During the positive half cycle of the input signal v, Q, is driven into conduction while O,
remains off. The load current is supplied by the Darlington transistor consisting of O, and Q..

During the negative half cycle of v , O, is driven into conduction while Q| remains off. Now
the feedback pair comprising of O, and Q, supplies the load current.

Biasing resistors R , R, and R, keeps the Darlington pair and the feedback pair in the verge of
conduction. Resistor R, can be adjusted to minimize cross over distortion.

Both the Darlington pair and the feedback pair operates with low output impedance. This
ensures a proper impedance matching between the amplifier output and the load. The quasi-
complementary push-pull amplifier is the most popular form of power amplifier. The waveforms
given in Fig. 7.17 are also applicable to this circuit.
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Fig. 7.23 Quasi-complementary class B push-pull power amplifier

Example 7.28

A single transistor is operating as an ideal class B amplifier with 1 kQ load. A dc meter in the
circuit reads 10 mA. How much signal power is delivered to the load.

Solution
Since a single transistor is being used, the collector current waveform is shown below.

Ic

lewyp------- =

wt




Given I

de
R

L

Since / - is a half rectified sine wave.

1

de

cp)
Power delivered to the load,

o(ac)

10 mA
1 kQ

1

C(p)

/4
wl,=31.4mA

=% R

C(mms) =~ L

Since the output transformer is not specified, assume

R,

For half rectified sine wave,

C(rms)

o(ac)

or

o(ac)

R

L

1

)]

2

_ ley |, _ B14MAY (1KQ)
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4 L
0.246 W.

4

Example 7.29

An ideal class B push—pull power amplifier with input and output transformers, has V.= 20V,
N, =2 N, and R, = 20 Q. The transistors have %, = 20. Let the input be sinusoidal. For the
maximum output signal at V., = V.., determine:

E(p) cec?

(a) the output signal power

(b) the collector dissipation in each transistor

(c) conversion efficiency

Solution
Refer Fig. 7.16

Given Vee
RL
N2
N,
or —
N,
v

CE(p)

20V
20 Q
2N,

0.5

Ve=20V
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VC?E(p)
= — A
(@ Y (A)
N 2
R =|—| R =05%x20Q=5Q
N,
From Equation (A)
= —(ZOV)Z =40 W
w(2)65Q)
(b) P 20 P i(de) " oac) (B)
2
Py = T Vee Law)
v
Using I, = —CE,(p) =X
“w RL RL
2V 2
Weget, P, == —Fc= 2 QOVY 5093w
e 7T R T 5Q
From Equation (B),
Py, =5093W-40W=1093 W
By 1093 W
P, = > - ——=546 W
(©) %y = fowo 100% = x 100 %
@) 50.93W
%mn = 78.54% as expected
Example 7.30
A class B push-pull amplifier operating with V.= 25 V provides a 22 V peak signal to an 8 Q
load. Find
(a) rms and peak load (output) currents.
(b) rms and peak collector currents.
(c) dc current drawn from the supply
(d) Input power
(e) Output power
(f) Circuit efficiency
(g) Power dissipation in the transistors
Solution
Given
Ve = 25V
Vi = 22V (peak load voltage)
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R, = 8Q
Note that the output transformer is not specified. For transformer less class B power
amplifier
Vesn = Vi

oy = i

R =R,
(a) peak load current is

Viw 22V
I = =<~ =275A

w R 8Q

rms load current is

I — —_
L(rms) \/5 \/E

(b) rms and peak collector currents are same as rms and peak load currents

Limy = Lyoms= 1945 A
Ly = L,=275A
(c) dec current drawn from the supply is
2
I, = = Io, = % 2.75A)=1.75A
dc current drawn by each transistor = ];C =0.875A

(d) Input power refers to the dc input power.
Py = Vee L, =25 V) (175 A) = 43.75 W

(e) Output power refers to ac output power

Py = 2 5 =3025W

(f) Circuit efficiency refers to conversion efficiency

P 30.25W
%n = =L x 100% =

2U.2oW o )
i(de) 375W 100% = 69.143 %.

(g) Power dissipation in the output transistors is

Py = Py P =43 75 W-3025W=135W
Power dissipation in each transistor is
P
p, = 20 DBSW _(osw
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Example 7.31
For a class B push-pull power amplifier with V.. =25 V driving an 8 €2 load, find

(a) Maximum input power

(b) Maximum output power

(c) Maximum circuit efficiency

(d) Maximum collector dissipation and

(e) The input voltage at which maximum power dissipation occurs.

Solution

Given
Vee = 25V
R =8Q

L

Since output transformer is not specified, assume
R = R,=8Q

(a) From Equation (7.124), the maximum input power is

Piams = 7 R "7 80 PV
(b) From Equation (7.120) the maximum output power is
Vie  (25V)
P = = =39.06 W
o(ac)max 2 R’L (2) (8 Q)
(c) Maximum circuit efficiency is
Po(ac)max
Yn = ———x100%
i(dc)max
D00 W 100% = 78.53% d
= ————x =
4974 W () . o as expecte
(d) From Equation (7.127), the maximum collector dissipation is
2 Vi 2 (25V)
Py = - R—,L =7 g0 =1583W
Maximum collector dissipation in each transistor is
P,
= Doowy _ DBW 415y

O(max) )
(e) From Equation (7.126), the input voltage at which maximum power dissipation occurs is
Vi = Vg = (0.636) V.
(0.636) (25V)=159V
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Example 7.32
Calculate the efficiency of class B push-pull power amplifier for a supply voltage of V,.=22V,
driving a 4 Q load with peak output voltages of

(@ V,,=22V
b V,,=20V
() V,,=4V
(d) Compare and comment on the results.
Solution
Given Ve =22V
Since output transformer is not specified
R = R,=4Q
From Equation (7.111),
V
T "CE(p)
° = — %1009
%o 4 7. Z
For transformerless circuit, VCE(p) = VL(p)
4 VL(p)
Y%n = — % 100 % A
=Y o (A)
(@ o = =22V
von = Z |22 100% = 78.54%
o = 4 22V 0= 0
b)V,, =20V
von = T ol 100% = 71.4%
o7 1 |22v 0 a7
© V=
%= T ] 100% = 14.27%
on = 4 |22V o= l14. 0
(d) Observe from Equation (A) that, efficiency increases with V’ L(p) and becomes maximum
i.e., 78.54 % when VL(,,) Vee
Example 7.33
In a class B amplifier, V', . =1V and V.= 18 V. Calculate the collector circuit efficiency.
Solution
Given =18V V1 =1V

CE(min)
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%n = % VIC/EC(:)XMO%
From Equation (7.107),
VCE(p) - Vccf VCE(min)
=18V-1V=17V
Now %n = = 1V 100%=74.18%
4 18V

Example 7.34

Calculate the power dissipated in the individual transistors of a class B push-pull power amplifier if
Vie=20Vand R, =4 Q.

Solution
Given Ve = 20V

Since output transformer is not specified,

R =R =4Q
Collector dissipation
P 20 P i(de) P o(ac) (A)
Since the output signal amplitude is not given, let us assume maximum power output
VCE(p) = VCC

Very Ve (20V)?

P = = = =50W
o(ac) 2R; 2R, (2)(49Q)
2
P ey ; VCC [C ®
VCE(p) VCC
But Ic(p) = R—L = R_L
2V2.  2x(20V)
= = =63.66 W
Piae TR, Tx4Q

Substituting in Equation (A)

P,, = 63.66 W—-50 W=13.66 W

Power dissipation in each transistor is
P, 13.66 W

20
P = —= =
0 2 2

=6.83 W
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Example 7.35

Calculate the peak power dissipated in each transistor of a class B push pull power amplifier if
Ve=15VandR =5

Solution
Given Ve = 15V R =5Q
Peak power dissipation in the output transistors is
2V
P2 = = _cc
0 (max) R,
_ 2 (A5V) =9.12W
7 5Q '
Peak power dissipation in each transistor is
P _ PZQ(maX)
0 (max) )
9.12W
= 5 - 4.56 W

Example 7.36

A class B transformer-coupled push pull power amplifier is to supply 5W to a 18 Q load
with V. = 30 V. Assume transformer efficiency of 75 %. Determine:

(a) Turns ratio of the output transformer
(b) Power dissipation in each transistor and
(c) Conversion efficiency

Solution
Given Ve =30V
Power delivered to the load (secondary),
P =5W
R, = 18Q
N = 0.75

Power delivered to secondary

Power developed in primary
L
I)o(ac)
P, 5W

P, = ——=2-=66TW
@ e 075
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2

( ) RI lNI R
a = =L
L N2 L
Mo R
N2 RL
2
But = —VCE(p)
o (ac) 2R/L
VCE ® = Vcc_ VCE(min)
Taking V., =0, for maximum power output,
Vesw = Vee=30V
Vi _ Vi _(BOVY
From (B R = —— = =
rom (B) L 2P, 2P  2x66TW
Substituting in (A)
N, ]6747Q
N, | 18Q
(b) P2Q = Pi(dc)_Po(ac)
2
P idey ; Vee ]C(p)
V v,
where I, = —CE,(p) =X
RL RL
_ 2V _ 2x(30V)? esw
@ g R, ax6747Q
Substituting in (C)
P, =85W-667TW=18W
po= Lo BV 0w
o] 2 2 :
(c) Conversion efficiency
Y%y = Yow 10004
Pi(dc)
6.67
%n = 5 % 100% = 78.47%

as expected for maximum power output condition.

(A)

(B)

©

Example 7.37

Analyse the operation of the push pull amplifier shown in Fig. (a).
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VL

Solution

With R, R, R, and D removed, the circuit becomes class B push pull power amplifier without
input and output transformer as shown in Fig. (b). Note that this circuit is complementary
push-pull class B power amplifier shown in Fig. 7.21 of section 7.6.6.

Ve
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In the circuit of Fig. (b), since V,, = 0 for both O, and Q,, they are biased at cut-off, which
results in cross-over distortion as described in Section 7.1.3. To eliminate cross-over distortion,
the transistors should be biased slightly above cut-off to an extent of the base-emitter cut in
voltage, typically 0.7 V for silicon transistors.

In the given circuit of Fig. (a), the drop across diode D provides the required forward bias for
the base-emitter junction of both the transistors. The diode D, is forward biased though resistors
R, and R, connected between V.and — V.. R, is adjusted to minimize cross over distortion.

For ac operation, with reference to Fig. (a), the dc voltages + V.. and — V. are grounded
and the capacitors C, and C, are shorted. Therefore the collectors of the two transistors are at
ground potential. For each transistor, the input is applied between base and ground (collector is at
ground) and the output is taken between emitter and ground. Therefore, O, and Q, act as emitter
-followers. As aresult, v =v..

Example 7.38
In the circuit of Example 7.36 Let = V.= £ 30V, R =8 Q, R =R =R =100 Q,

C, = C, =100 pF. If the rms input voltage iscg V, calculate
(a) rms and peak load (output) voltages
(b) rms and peak load (output) currents
(c) dc current drawn from the supply
(d) dc input power
(e) ac output power
(f) conversion efficiency and
(g) power dissipated in each transistor

Solution
Given *V.,.=%30V = V =30V
R, = R,=8Q [No output transformer]
rms input voltage V =8V

i (rms)
(a) Since Q, and Q, are configured as emitter followers, as explained in Example 7.37

rms load voltage = rms input voltage.

ie. V =V =8V

L(rms) i(rms)

Peak load voltage is

VL(p) - \/E VL(nnS) = (\/§> @8V)=1131V
(b) rms load current is

IL(rms) = R = 8_9 = 1 A

Peak load current is
VL(p) - 1 1 3 1V
L® R, 8Q

=1414 A



(c) dc current drawn from the supply is

1

dc

For transformer less circuit
p)
CE(p)

1

dc

dc current through each transistor is

1 dc
2
(d) dc input power is
Pi(dc)
(e) ac output power is
o(ac)
Alternatively, o(a0)
(f) Conversion efficiency is
%n
(g) power dissipation in both transistors is
P,

Power dissipation in each transistor is

Py

Power Amplifiers

B 2

= — 1y,

= IL(p) and

= Vo

_ 2 — 2 (1414A)=09A
g W g v :
09A

= T=0.45A

=V I, =(0V)(0.9A)=27TW

_ VCE(p) IC(p) _ VL(p)IL(p)
2 2

11.31V)(1.414A

_( )( ) .
2

= Vo) Limy = B V) (1A) =8 W

Fo 100 % kil 100 % = 29.63 %
= X = X =

P A 0T £7DI 70
= PPy =2TW -8W=19W

P, 19W
= —=——=95W

2 2
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Example 7.39

In the circuit of Example 7.37 let V.= 30 V, R, = 8 Q. Find

(a) Maximum dc input power
(b) Maximum ac output power
(c) Maximum conversion efficiency

(d) Input voltage for maximum power operation
(e) Power dissipated by the output transistors at this voltage
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Solution

Given
V. =30V

cc
R = R =8Q [ No output transformer |.

(a) From Equation (7.124), the maximum dc input power is
2 Voo 2 (30V)?

P m = = R_L = Tsa 71.62 W
(b) From Equation (7.120), the maximum ac output power is
Ve 30V)?
P = Z;CL = ((2)(832) =56.25W
(c) Maximum conversion efficiency is
%y = Bomes 10005 = 3025W 400
max P demax 71.62W

78.54% as expected
(d) Output voltage for maximum power operation is

VL(p) = Veoy = V=30V

Since Q| and Q, are emitter followers, the corresponding input voltage is

Vip = Vi =30V

(e) Collector dissipation in both transistors at this input voltage is

P, =P

20 i(dc)max - o(ac)max

71.62 W —-5625W=1537TW

Power dissipation in each transistor is

P, 15.37TW

p = 22 = =7.685W
(9] 2 2

Example 7.40

For the circuit of example 7.39, calculate the maximum power dissipated by the output transistors
and the input voltage at which this occurs. Comment on the result.

Solution
Given Ve = 30V
RL’ =R =38 Q
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From Equation (7.127), the maximum power dissipation in the output transistors is

2V 2(30V)

P = = =229 W
20mx R 7(8Q)
Maximum power dissipation in each transistor is
Pommy  22779W
Py = y - > =11.395W
From Equation (7.126), the corresponding output voltage is
Vi = Ve = 0.636 V.= (0.636) (30 V) = 19.08 V

Due to emitter follower action the corresponding input voltage is

Viy = Vi = 19.08V

From the results of example 7.39, we find when Vi =30V, the ac power output is maximum
and the corresponding total power dissipation is 15.37 W.

In the present example, we found that, the total power dissipation has a maximum value of
22.79 W when Vi =19.08'V, which does not correspond to maximum power output.

Thus as stated earlier the maximum power dissipation in the output transistors does not occur
when the circuit is delivering maximum power output but it occurs at an output power which is
smaller than the maximum value.

4 7.7 CLASS D POWER AMPLIFIER

A class D power amplifier is designed to operate with digital or pulse-type signals. It has an
efficiency of more than 90% which is highly desirable for a power amplifier. The name class D
arises from the fact that, the circuit is designed to operate with digital or pulse-type signals.

Figure 7.24 shows the block diagram of class D power amplifier.The sinusoidal input signal
V. is compared with saw tooth waveform in a comparator. The comparator output switches from
low to high level whenever the voltage level of sawtooth waveform goes above the voltage level
of the input waveform. The comparator output switches from high to low level when the sawtooth
voltage level falls below the input voltage level. Thus the output of comparator is a digital
waveform as shown in Fig. 7.25.

The high output of comparator turns on the amplifiers transistor devices which are usually
power BJTs or power MOSFETs. The transistors are turned off by the low output of comparator.
The transistors provide output current only when they are turned on with little power loss due
to their low on-state voltage. Once again the output of the amplifier is a pulse-type signal. The
low-pass filter converts the pulse-type signal back to sinusoidal signal. It is important to note that
the output signal is a large amplitude sinusoid whose frequency is same as the input sinusoid.
The circuit operates with veryhigh efficiency since most of the power applied to the amplifier
is transferred to the load. A small amount of feedback is applied to improve the linearity of the
circuit.
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Sawtooth h
generator
Comparator, Amplifier Low pass %
filter o
Vio .

Feedback

A

Fig. 7.24 Block diagram of class D power amplifier

/ Sawtooth (chopping) waveform

| t
\/ / Input waveform

A Comparator out-put

/ Digital waveform

Fig. 7.25 Waveforms in class-D power amplifier

4 7.8 POWER TRANSISTOR HEAT SINKING

Due to power dissipation in the power transistor, the temperature of the collector-base junction
rises. If the junction temperature exceeds the maximum permissible value, the transistor will get
destroyed due to thermal runaway. Thus the temperature of the collector-base junction places
an upper limit on the allowable power dissipation. Typical maximum junction temperature for
silicon transistors is 150-200°C and for germanium transistor, it is 100—110°C. Note that the
power dissipation capability of silicon transistors is higher than that of germanium transistor.
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The average power dissipated in a transistor may be approximated by

P, =V, I (7.129)

CE ~C

It is important to note that, the power dissipation capacity of a transistor decreases with increase
in junction temperature. This is called power derating. For instance, as specified in the data sheets,
the maximum power dissipation of the transistor 2N1936 is 4 W at 25°C and it decreases to zero
at a junction temperature of 175°C.

One way to increase the power rating of a transistor is to get rid of the heat faster. Heat sinks
are used for this purpose. With heat sinks, the surface area of the transistor case increases which
helps the heat to escape more easily into the surrounding air.

Figure 7.26(a) shows the push-on heat sink. When the heat sink is pushed on to the transistor
case, heat radiates more quickly because of the increased surface area of the fins.

Figure 7.26(b) shows the power-tab transistor. The metal tab provides a path out of the
transistor for heat. This metal tab can be fastened to the chassis of electronic equipment. Because
the chassis is a massive heat sink, heat can easily escape from the transistor to the chassis.

In large power transistors, the collector is connected directly to the case as shown in
Fig. 7.26(c) to allow the heat escape as easily as possible. The transistor case is then fastened to
the chasis. To prevent the collector from shorting to the chassis ground, a thin insulating washer
and a thermal conductive paste are used between the transistor case and the chassis.

NS\

METAL TAB COLLECTOR
CONNECTED
TO CASE

PIN 1. BASE
2. EMITTER
CASE COLLECTOR

(a) (b) (c)

Fig. 7.26 (a) Push-on heat sink
(b) Power-tab transistor
(c) Power transistor with collector connected to case

Figure 7.27 shows a typical power derating curve for a silicon transistor. The curve shows that
the power derating takes place linearly after a certain temperature specified by the manufacturer.
Note that for silicon transistor the power dissipation reduces to 0 W at a case temperature of
200° C.
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100

dissipation (w)

Pp: Maximum power

0 T T 1 T T 1 1
25 50 75 100 125 150 175 200

Case temperature Cc)

Fig. 7.27 Typical power derating curve for silicon transistor

The slope of power derating curve is called the derating factor denoted by, D, expressed in
watts or milli watts per degree centigrade of temperature.

Decrease in power rating

D = -
Increase in case temperature
P, — P
D=2 (7.130)
T.—-T

1 o

where P, = Maximum power dissipation at temperature 7

PD1 = Maximum power dissipation at temperature 7|

For instance, From Fig. 7.27 we find that when the case temperature rises from 75 °C to

200 °C, the maximum power dissipation decreases from 100 W to 0 W.

D = ﬂ—osw#’c
-~ 200°C—=75°C

Example 7.41

A silicon transistor is rated for 100 W at 25 °C. Calculate the maximum dissipation at a case
temperature of 125° C if the derating is required above 25° C with a derating factor of 0.5 W/°C.

Solution
P, = 100 W 7;=25°C
T, = 125°C D=0.5W/°C
b PDO—PDl
LT,
1OOW—PDl
05W/°C =

125°C-25°C
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~
Il

100 W — (100 °C) (0.5 W/°C)
50 W

D1

Example 7.42

A silicon transistor is rated for 100 W at 25 °C. If the derating factor is 0.6 W/°C, calculate the
maximum power dissipation at a case temperature of boiling temperature of water.

Solution
P, =100 W T =25°C
D =0.6W/°C T, = 100°C (Boiling temperature of water)
P, =P,
P
0.6 W/°C = 1()0VV——PI
100°C—-25°C
P = 100 W—(75°C) (0.6 W/°C) =55 W

€ 7.9 THERMAL ANALOGY OF A POWER TRANSISTOR

The heat produced at the collector-base junction passes through the transistor case to the heat sink
and then radiates in to the surrounding air. The temperature of this air is known as the ambient
temperature which is around 25 °C but it can be much higher on hot days.

Let T, = Junction temperature
T, = Case temperature

T, = Heat sink temperature.

T, = Ambient temperature.

All these temperatures are measured with respect to absolute zero.
If is found experimentally that the steady-state temperature rise at the collector junction is
proportional to the power dissipated at the junction.

ie T-T, «P,

o -1 =0,p, } (7.131)

> o - Ll (7.132)
JA PD

6,, is the thermal resistance from junction to ambient (total thermal resistance). Since heat
flows from junction to case, case to heat sink and then from heat sink to ambient, using electrical
analogy of thermal resistances, we can write

0, =0,.+0,+6, (7.133)
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where = transistor thermal resistance (junction to case)

GJC
0., = Insulator thermal resistance (case to heat sink)
0,, = heat-sink thermal resistance (heat sink to ambient)

Figure 7.28 Shows the electrical analogous circuit using the thermal resistances.

97c
Ocs
Pp
-------- 7
B4 e
Tys
TA _
Absolute Zero 1.y Y. ____ .}
Fig. 7.28 Thermal-to-electrical analogy
From Equation (7.132)
T]_ =pP,0, +T, (7.134)

Note that the junction temperature floats on the ambient temperature. Also higher the ambient
temperature lower is the allowed value of device power dissipation. The following example
illustrates how the heat sink increases the power handling capacity of the device for a given rise
in junction temperature.

Example 7.43

A power transistor using heat sink is required to dissipate 50 W. The thermal resistance values are
as follows.

0

S4

2°C/W
= 0.8°C/W
= 0.5°C/W

cs
JC
(a) Calculate the rise in Junction temperature.

(b) If6 ,=40° C/W without heat sink, what would be the rise in Junction temperature.
Comment on the result.
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Solution

(a) With heat sink
0JA = GJC + GCS + GSA

= 05°C/W+08C/W+2°C/W=33°C/W

Rise in Junction temperature is

r-T,=rP,0,=050W) (3.3°C/W)=165°C
(b) Without heat sink
0, = 40°C/W
T —T, = (50 W) (40° C/W)=2000° C !!!

This excessive high temperature will certainly destroy the transistor.

Example 7.44
A silicon power transistor operating with heat sink has the following data.
Transistor rating: : 150 Wat25°C
Transistor thermal resistance, 6, 1 0.5°C/W
Insulator thermal resistance, 6 : 0.6°C/W
Heat-sink thermal resistance, 0 : 1.5°C/W

Y|
What maximum power can be dissipated if the ambient temperature is 40°C and

T =200°C?

Jjmax

Solution
HJA = OJC+ GCS+0SA
= 0.5°C/W+0.6°C/W+1.5°C/W=2.6°C/W
o T,—T, ~200°C —40°C 6154w
p 9, ~  26°C/W
Example 7.45

What maximum power can a silicon transistor dissipate into free air at an ambient temperature of
80° C. The junction temperature should not exceed 200° C. Take 6,, 40° C/W.
Solution
In this case the transistor operates without heat sink.
T,—-T
PD _ J9 A
JA
200°C—-80°C
40° C/W

3IW
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&

7.1

7.2

7.3

7.4

7.5

7.6

7.7

For the class A series-fed power amplifier shown below, calculate the dc input power,
ac output power and efficiency. The input voltage v, results in a base current of
7.07 mA(rms).

O VCC=22V

20 Q

25

=
Il

The following data is available for a class A series-fed Power amplifier.
Vepnae =14V, V=6V, I. =T7mA, . =3mA

CEmax
(a) calculate the ac power delivered to the load.
(b) conversion efficiency if V.= 10 Vand /.= 5 mA.
What transformer turns ratio is required to match a 16 €2 speaker load so that the effective
load resistance seen at the primary is 10 K?
A class B Power amplifier is delivering an output voltage of 10 V peak to a 8 Q load. If
the dc power supply is 30 V, calculate

(a) dc power input, (b) ac power delivered to the load. (c) conversion efficiency and
(d) power dissipated in the collector of each transistor.

A class B Power amplifier is driving a load at 16 €. If the supply voltage V.= 25V,
calculate

(a) maximum ac power output

(b) maximum dc¢ power input

(c) collector dissipation in each transistor.

A class B power amplifier has a dc supply voltage of V.= 30 V. Calculate the efficiency
when the output voltage is

(a) 30 V peak (b) 15 V peak (¢) 7.5 V peak

The following readings are obtained for a Power amplifier during measurement of
distortion.

V DBV e =2V V=15V

CE min

Calculate the second harmonic distortion.



Chapter 8

OSCILLATORS

Oscillators are an important class of circuits and are used in almost every electronic systems. For
example, oscillators are employed to produce sinusoidal signals that are used as carrier in radio
and television broadcasts. Oscillators are also used to produce the square wave used as clocks
in computers and other synchronous digital systems. This chapter covers the basic principle of
operation and design aspects of RC, LC and crystal oscillators.

4 8.1 BASIC PRINCIPLE OF OSCILLATORS

An oscillator is a circuit designed to provide periodic output with no input signal. It requires only
the DC power. An oscillator is basically an amplifier with positive feedback.

Fig 8.1 shows an amplifier, a feedback network and an inverting network not yet connected to
form a closed loop.

1 Xj Amplifier —o x,=Ax;
A
X = =X 02
Inverting
netwok
Feed back
network ~
xr= B, 8

Fig. 8.1 Tllustration of basic principle of oscillators

The amplifier provides an output signal x_in response to the signal x, applied directly to the
amplifier input terminal. The output of the feedback network is x = B x,= A x, and the output of
the inverting network is x = —x,=—4 f x,. Now

x;' —ABx
Loop gain = N ZABx =—Ap (8.1)
kY

i i
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Let, the things be adjusted such that x is identically equal to the externally applied input
signal x. Now if the external source x, is removed and terminal 2 is connected to terminal 1, as
shown in Fig. 8.2, the amplifier will continue to give the same output as before. We say that the
amplifier is producing an output on its own or it is oscillating.

X=X .
Amplifier 0 Xy=Ax;
A
Feed back
network
=P, 5

Fig. 8.2 Block diagram of oscillator

x/ = x, means that, the instantaneous values of x, and x, are exactly equal at all times. Since x f.’

and x, are in phase, the feedback is positive.
The condition xf.’ = x, is satisfied only by the sine wave since, it preserves its shape when passed
through any linear network. Thus the set up shown in Fig. 8.2 produces sinusoidal oscillations.

Substituting x/.’ =x, in Equation (8.1) we have

Loopgain = -A4f8=1 (8.2)
—Af =1+,0 [Rectangular form]
or —ApB = 1]0°0r360° [Polar form] (8.3)
In general ~AB= |-AB |6 (8.4)
Comparing Equations (8.3) and (8.4) we get
|—d4p| = [4p|=1 (8.5)
and 0 = |48 =0°or360° (8.6)

The conditions given in Equations (8.5) and (8.6) are called Barkhansen Criteria for sustained
oscillations. These conditions are stated as follows.

* The frequency at which a sinusoidal oscillator will operate is the frequency for which
the phase shift 0 of the loop gain is 0° or 360°.

¢ Oscillations will be sustained at the oscillator frequency if the magnitude of loop
gain is equal to unity.
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4 8.2 PRACTICAL ASPECTS

In practical oscillators, initially the magnitude of loop gain is set to a value slightly greater
than unity. As a result the amplitude of oscillations begins to grow. When the amplitude
reaches the desired level, the automic gain control mechanism reduces the gain so as to
make the magnitude of loop gain become equal to unity.

The frequency of oscillation is decided by the elements of the feedback network.

The function of inverting network is performed by the feedback network itself.
i.e., the feedback network introduces a phase shift of 180°.The amplifier produces a phase
shift of 180°. As a result the total phase shift becomes 360° satisfying the angle criterion
of Barkhausen.

4 8.3 CLASSIFICATION OF OSCILLATORS BASED ON THE ELEMENTS

USED IN THE FEEDBACK NETWORK

Based on the elements used in the feedback network, oscillators can be classified as follows.

(a)
(b)
(©)

RC oscillators
LC oscillators
Crystal oscillators.

In RC oscillators, the feedback network uses RC components to generate oscillations.
RC oscillators are used to generate oscillations in the audio frequency range.
[20 Hz — 20 kHz].

In LC oscillators, the feedback network employs LC components to generate oscillations. LC
oscillators are used to generate oscillations in the radio frequency range [100 kHz — 100 MHz].
In crystal oscillators, the feedback network uses piezo electric crystal to generate

oscillations. Crystal oscillators are used to generate oscillations in the frequency range
[10 kHz to 10 MHz].

4 8.4 RC-PHASE SHIFT OSCILLATOR

RC-phase shift oscillator is a low frequency oscillator. It is used to generate oscillations in the
audio frequency range. The feedback network consists of three identical RC-sections as shown

in Fig. 8.3.
C C C
|( |( |(
TR I\ I\ °
From To
Amplifier —> R R R Amplifier
Output Input
O > : : O

Fig. 8.3 Feedback network in RC-phase shift oscillator
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Figure 8.4 (a) shows a single RC-section and its phasor diagram is shown in Fig. 8.4 (b).

Ve
fyf Vo=IR
¢ I\ | ¥ 0 I
C ¢
14 ; R Vs "
p . o We=IXp V0N
(a) (b)
Fig. 8.4 (a) Single RC-section
(b) Phasor diagram

The phasor diagram is drawn taking the current / as the reference vector and using the fact that,
in a resistor, the voltage and current are in phase and in a capacitor, the current leads the voltage
by an angle 90°. Note that the voltage V, leads V| by an angle ¢.

From the phasor diagram

L= TR TR
2
Usi vy - —- 1
S8 <7 wC 2af.
tang = — (8.7)
MmP = SIIRC '

The values of R and C are selected so as to give a phase shift of 60° at the desired frequency
of oscillations. Since all the three RC-sections are identical, the total phase shift introduced by the
feedback network is 180°.

€ 8.5 TRANSISTOR RC-PHASE SHIFT OSCILLATOR

Figure 8.5 shows the circuit of transistor RC-phase shift oscillator. It consists of a single stage
RC-coupled CE amplifier and a feedback network comprising of three identical RC-sections.

The input to the feedback network is the amplifier output voltage V and the output of the
feedback network is the current / /.’. Note that the circuit employs voltage sampling and current
mixing (shunt mixing). Hence the topology is voltage shunt feedback.

If the output voltage of the feedback network were directly connected to the amplifier input,
the relatively low input resistance (4,,) of the amplifier appreciably loads down the feedback
network. Hence voltage shunt feedback is more suitable.
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The resistor R’ of the last RC-section is returned to the ground via the input resistance of
amplifier stage. Thus the total resistance of the last RC-section is R' + h, . For the three
RC-sections to be identical it is essential that

R =R +h, (8.8)
or R =R-h, (8.9)

+

5;

Fig. 8.5 Transistor RC-phase shift oscillator

The values of R and C are selected such that each RC-section gives a phase shift of 60° at the
oscillator frequency. The total phase shift from the three RC-sections will be 180°. The CE stage
introduces a phase shift of 180°. As a result the total phase shift around the loop is 360°, thus
satisfying the angle criteria.

The frequency of oscillations is given by

= (8.10)
2nRC\/6+4k
h k = Re 8.11
where = R (8.11)
X/ I;
Loop gain = ——=—— (8.12)
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For the magnitude of loop gain to be greater than unity, the short circuit current gain 4 e of the
transistor must satisfy the condition

h, > 4k+23+ 2 (8.13)
- k

The minimum value of /,, can be obtained by differentiating 4, with respect to & and equating
the result to zero. This yields %, .= 44.5 corresponding to k = 2.7.

A transistor with a small-signal common-emitter short circuit current gain less than 44.5
cannot be used in the phase-shift oscillator.

4 8.6 MERITS AND DEMERITS OF RC-PHASE SHIFT OSCILLATOR
The merits of RC-phase shift oscillator are:

*  The circuit is simple and easy to design.

*  The circuit is less bulky, light weight and less expensive due to the absence of inductor.
* [t can be used to generate oscillations in the audio frequency range.

e It generates sinusoidal oscillations.

The demerits are:

* RC network has relatively low quality factor. This results in frequency drift when the
circuit parameter values vary due to ageing, temperature, etc.. Hence this circuit has poor
frequency stability.

* To generate high frequencies, the required feedback network capacitance becomes too
small which will be comparable with the stray capacitances. Hence it has no marked
advantage over LC oscillators at high frequencies.

*  Variable frequency operation is obtained by changing the three capacitors simultaneously.
Such a variation should keep the impedance of the phase shifting network constant
and keeps the magnitude of § and 4  constant in order to have constant amplitude of
oscillations at all frequencies. But it is very difficult to meet the above requirement over
a wide frequency range.

Example 8.1

In an RC-phase shift oscillator R =1k R.=1kQ and C=0.1 uF. Calculate the frequency of
oscillations.

Solution
i = 1
20RC.\/6+4Fk
i~ B 1kQ
R 1kQ
1
f= =503.29 Hz

27 (1kQ) (0.1 pF)/6+4
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Example 8.2

In an RC-phase shift oscillator R.=3.3 k€2 and R = 1.5 kQ. Calculate the required value of C
for a frequency of 2 kHz.

Solution
- |
R YN TYY
- 1
” C T SasRJorak
L R _33kQ
R 15kQ
|
T 2xeon(ske)Jeraza M
Example 8.3

An RC-phase shift oscillator uses a transistor with 4 = 100. If R.= 10 k€ and R =2 k€2. Will
this circuit oscillate? '

Solution
Condition for sustained oscillations is

29
e 4k+23+ T
Ro 10kQ
R 2kQ

S
\

by

h, > 48.8

\

@ B)+23+ %

Since the & ” of the transistor is 100 which is greater than 48.8, the circuit oscillates.

Example 8.4
In an RC-phase shift oscillator R .= 5 k€ and R = 3.3 k€. Find the range of values of C if it is
required to vary the frequency from 100 Hz to 20 kHz.
Solution
1
2nRC\[6+4k

1
2nfRJ6+4k
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k = Re _ SkQ2 =1.515
R 33kQ
JO6+4k = 6+ (4)(1.515) =3.472
For f = 100 Hz
1
= =138.9 nF
2 7 (100) (3.3 kQ) (3.472) n
For f = 20kHz
1
C = =0.6945 nF

277 (20,000) (3.3kQ) (3.472)

Range of C value: 0.6945 nF to 138.9 nF

Example 8.5

Find the values of R ., R, R" and C for an RC-phase shift oscillator for a frequency of oscillation

of 1000 Hz. A transistor with 4 o= 200 and h[g =2 kQ is available.

Solution
Selection of R and R’
R =R +h,
R = R-h,
For R’ to be positive,
R = ie
ie., R > 2kQ
Let R = 2.7kQ
Now R = 27kQ-2kQ
R = 7009

Selection of R,
The condition to get sustained oscillations is

29
h, > 4k+23+ i

29
200 > 4k+23+7

We are free choose the value of &k to meet the above requirement.

With k£ =1, we have

200 > 4+23+29
200 > 56
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k =1 satisfies the condition for sustained oscillations.
Re

—? R.= kR=2.7kQ

=18.6nF

1
C=————
2m RfJ6+ 4k

Note: R, R, and R, can be calculated using the biasing requirement.

Example 8.6
For the transistor RC-phase shift oscillator, derive:
(a) the expression for frequency of oscillations.
(b) the condition required for sustained oscillations.
Solution
(a) Expression for frequency of oscillations
The output equivalent circuit of the phase-shift oscillator of Fig. 8.5 is shown in Fig. A. Note

that the resistor R’ is returned to ground via the input resistance /., of the amplifier stage. o is
treated as an open circuit assuming &, ~ 0. oe

aQ
Q

c
|(
I\

=
hfe I (D Re R R PR R
hie

Let us convert the current source into its equivalent voltage source as shown in Fig. B.

T~

Fig. A

Re ¢ 9 C
( : I{ ‘ I(
\ I\ I\

hfe Iy Rc I R L

Fig. B
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Loop 1
_hferRc =[[R.+R-jX.]-LR
1

where X, = —
wC
Dividing through out by R and taking
R
k= -5 and a= Xe we have
R R

~h Lk = L [k+1-jal-1,

Loop 2
0 = - R+IL[2R-jX.]-LR
or 0=-[+L[2-joa]-1
Loop 3
0 = -LR+L[2R-jX_.]
or 0=-L+L[2-ja]
> L =1[2-ja]
From Equation (C)

I = L[2-ja]l-1
Substituting for /, from Equation (D) we have

I = L[2-ja]* -1
I = LI2-ja)? 1]
I, = L[3-a*—j4a]

Substituting Equations (D) and (E) in Equation (B) we have

(A)

(B)

©

(D)

(E)

—h, Lk = L[3-0?—j4a][k+1—ja]l-1[2-ja]
—hy Ik = L{{1+3k—=(5+k) o] —j[(6+4k)a— o]} (F)
Il 1
Loop gain = S =3
I —hy k

From Equation (F)

For the loop gain to be real
(6+4k)o—a? 0
o = (6+4k)

5, [1+3k-(+k)a® |- j[(6+4k)a—c’]

(G)

(H)
@
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J6+4k J)

X 1 1
R wCR 2afRC

)
Il

But o =

Using this relation in Equation (J) we have

1

27tf—RC A 6+4k

1

= K
! 2nRC\6+4k "
(b) Condition for sustained oscillations
Substituting Equation (H) in Equation (G) we get
I —hg k
or = - / (L)

I, 1+3k-[5+k}’

Dr = 1+3k-[5+k]o2

Using a>=6 + 4 k we have

Dr = 1+3k—[5+k][6+4Fk]
Dr = —[4K+23k+29]

Now M = hfe d
| 4K +23k+29
h e
= —"— (M)
4k+23+=—
k
To get sustained oscillations the magnitude of loop gain should be greater than unity.
I
ie., u > 1
11,
h
"5 >
4k+23+=—
k
29
or h/e > 4k+23+ i (N)
Example 8.7

Show that for oscillations to start in an RC-phase shift oscillator, the minimum # n value of the
transistor should be 44.5. ‘
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Solution
The condition required for sustained oscillations is

29
h, > 4k+23+ (A)

h 2 is a function of k. Taking the equality condition in Equation (A), differentiating / 2 with
respect to k and equating the result to zero we have '

dh
Zr g 29 _ 0
dk k*
P = 2 k=27
=, o k=2
Using this value in Equation (A) we have
29
h, > 4Q27)+23+ —
fe @7 2.7
h, > 445
= hfe(min) = 445

4 8.7 WEIN BRIDGE OSCILLATOR

Wein bridge oscillator is an RC oscillator and is used to generate sinusoidal oscillations in the
audio frequency range. Figure 8.6 shows the circuit of wein bridge oscillator.

It consists of an Op-Amp non inverting amplifier in the forward path and a lead-lag network in
the feedback path. Series R, C| network is a lead network and the parallel R, C, network is the lag
network. The name wein bridge is due to the fact that, the feedback resistors R, and R, of Op-Amp

amplifier and the Lead-Lag network forms a bridge as shown in Fig. 8.7.

oV, .[\._7.

+ Lead-Lag network

Fig. 8.6 Wein bridge oscillator using Op-Amp amplifier
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At the oscillator frequency, the lead-lag network is designed to introduce zero degree phase
shift. The Op-Amp non inverting amplifier introduces zero degree phase shift. Hence the total

phase shift around the loop is zero.
The expression for the frequency of oscillation is obtained from the balancing condition of

the bridge.

Fig. 8.7 Bridge circuit

The balancing condition is given by

B _R G

= +
and the frequency of oscillation is given by
1
= — 8.14
IfR =R,=Rand C,=C, = C, then
1
= 8.15
/ 2nRC (8.15)
In order to obtain sustained oscillations the gain of the amplifier should be at least equal to 3
R
1+ =3
R4
or ECY =2 (8.16)

4

Example 8.8
The following component values are given for the wein bridge oscillator of the circuit of
Fig. 8.6.

R =R =33kQ C = C,=0.001 pF

R,=47kQ R, = 15kQ
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(a) Will this circuit oscillate?
(b) Calculate the resonant frequency.
(c) Suggest the RC elements to increase the frequency by two fold.

Solution
@ R, 15kQ
— . . R,
The circuit oscillates since R > 2.
4
(b) R =R,=R=33kQ C,=C,=C=0.001 uF
B 1
/ 2nRC
= 1 =4.82 kH
T 27 (33kQ) (0.001 pF) z
f = 2(4.82kHz) = 9.64 kHz
f = = RC= !
2nRC 2w f
Let us not change C
C = 0.001 uF
1 1
Now R = =16.5 kQ

27 fC 27 (9.64 kHz) (0.001 uF)

Example 8.9
Design the component values of wein bridge oscillator of Fig. 8.6 for a frequency of oscillations
of 4 kHz.

Solution
Let R =R=R and C=C=C
feo 1
2nRC
Select C = 0.01 uF
R = : ! =3.97kQ

T 27/C  27(4kHz)(0.01 uF)

For sustained oscillations

|
\%
\®)
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R, > 2R,

Let R, = 10kQ
then R, =2 20kQ
Select R, = 30kQ

3

A 30 kQ potentiometer can be used for R, . R, is adjusted until undistorted sustained oscillations
are obtained.
The circuit diagram is shown below.

R 30 kQ
L ok oV,
+
0.01UF 39710

3.97 kQ —= 0.01 uF

Example 8.10
For the wein bridge oscillator of Fig. 8.6 derive the expressions for

(a) Frequency of oscillations
(b) Condition for sustained oscillations
Solution

(a) Expression for Frequency of Oscillation

The feedback network of wein bridge oscillator is shown below. We have taken R, = R, = R and
C,=C=C.

1
Let Z =R+
© ! joC
I+jwoRC
Z,= = (A)

joC
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R C
(
v R v
v, R ==C
and Z, =
Z, =
Using voltage division rule we have
/-
Feedback factor is
g =
ﬁ =

(B)

T Z,+7,

R
L+ijC}
P+ijc}+{ R }
joC 1+ joRC
JwRC
[1+jwRC] +jwRC
JoRC
[1-0’RC* |+ j30RC
joRC
jPorc-j[1-o’R*C*] }
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Bt - i (©)
v 3wRC+j[ 0’ R C* 1]

0

For zero phase shift between v, and ¥, the required condition is

@PRC—1=0 (D)
or w*R*C? =1
= oRC =1
1
?~ Re
1
o /= 2%rC E)

(b) Condition for Sustained Oscillations
Substituting equation (D) in equation (C) we get

1
B =3 (F)
For the oscillations to start the magnitude of loop gain must be at least equal to unity.
ie., |AB] =1
4] 2 L
p
or |4] = 3 Q)

But for the Op-Amp non-inverting amplifier

R3
= = 14+ —
=4 =1+

Using this relation in equation (G) we have

1+

| x> ==

or >2 (H)

Example 8.11

List the similarities and differences between RC-phase shift and wein bridge oscillators.

Solution

The similarities and differences between the RC-phase shift and wein bridge oscillators are given
in the following table.
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S. No. RC phase shift oscillator Wein bridge oscillator
This is an RC oscillator used to generate | This is also an RC oscillator used to generate
1. |sinusoidal oscillations in the audio |sinusoidal oscillations in the audio frequency
frequency range. range.
) The feedback network contains three The feedback network contains lead-lag
" |identical RC sections. network.
Each RC section is designed to introduce | The feedback network introduces zero degree
3 60° phases shiftat the oscillator frequency. | phase shift at the oscillator frequency.
" | The total phase shift in the feedback
network is 180°.
4 This circuit uses inverting amplifier | This circuit uses non-inverting amplifier
" | which introduces a phase shift of 180°. | with no phase shift.
The frequency of oscillation is The frequency of oscillation is
5. 1 1
f=3 f=
TRC.\6+4k 2aRC
Condition for sustained oscillations is Condition for sustained oscillations is
6 h, >4 k+23+29/k 423
Variable frequency operation is obtained | Variable frequency operation is obtained
7. | by varying all the three capacitors of the |by varying both the feedback network
feedback network simultaneously capacitors simultaneously

@ 8.8 LC OSCILLATORS (TUNED OSCILLATORS)

LC oscillators employ parallel LC circuit to generate sinusoidal oscillations. Parallel LC circuit is
also called tuned circuit or resonant circuit. The frequency of oscillations is determined from the
resonant condition of the tuned circuit. These oscillators exhibit high O than RC oscillators resulting
in good frequency stability. They use relatively small reactive elements in the tank circuit. They are
used to generate oscillations in the frequency range from 100 kHz to hundreds of megahertz.

Figure 8.8 shows the basic configuration of LC oscillators. Based on the nature of the reactive
elements X, X, and X, two types of LC oscillators are obtained as indicated in Table 8.1. The
amplifier can be an FET amplifier, BJT amplifier or an Op-Amp amplifier.

1

143

Fig. 8.8 Basic configuration of LC oscillators
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Table 8.1
Oscillator type Reactive element
X, X, X,
Colpitts oscillator C C L
Hartley oscillator L L C

4 8.9 TRANSISTOR COLPITTS OSCILLATOR

Figure 8.9 shows the transistor colpitts oscillator. It consists of a CE amplifier which introduces a
phase shift of 180°. Resistors R, R, and R are used to establish the desired operating point

°Vee

Fig. 8.9 Transistor colpitts oscillator

The feedback network consists of a tapped capacitive voltage divider C, and C, in parallel
with the inductor L. The voltage across C, is fed back to the amplifier input through the coupling
capacitor C...

RF choke is a large inductor. Its function is two fold:

e It acts as a dc short to the power supply V. i.e., it allows the dc current to easily pass
through.

e [t acts as an open circuit for ac. This ensures that the top end of the tank circuit is not
connected to the ac ground.
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Due to split capacitor arrangement, the tank circuit introduces 180° phase shift. As a result the
oscillations at points P and Q are 180° out of phase. The total phase shift around the loop is 360°
since the transistor amplifier introduces an additional phase shift of 180°.

The output is coupled to the load through a transformer. Transformer coupling has the following
advantages:

e [t provides electrical isolation between the oscillator output and load.
e [t provides impedance matching between the oscillator output and the load.

The frequency of oscillations is given by

1
= ——— 8.17
s 2nLC, (®.17)
_ Cl Cz
where Ceq = —C1 i, (8.18)
The condition for sustained oscillations is
h, 2 & 8.19
W2 G .19
Example 8.12
The following data are available for the colpitts oscillator of Fig 8.9.
C, = 1nF C,= 99 nF L =15mH
L= 0.5mH C.= 10 uF hfe=110

(a) Calculate the frequency of oscillation
(b) Check to make sure that the condition for oscillation is satisfied.

Solution
At the oscillator frequency L. acts as an open circuit and C,. acts as short circuit. Hence they
do not appear in any of the calculations.

1

® /= anjic,
c GG (1 nF)(99 nF)
“  C+C, 1nF+99nF

1
f= = 130.6 kHz

27,/(1.5 mH)(0.99 nF)

=0.99 nF

(b) Condition for sustained oscillation is

=
\Y
ke

>
Il
—_
—_
o



2 ~ 99nF
G 1 nF
C2
Note that h, > —

The condition for oscillation is satisfied.
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Example 8.13
In a transistor colpitts oscillator C,=1nF and C,= 100 nF. Find the value of L for a frequency
of 100 kHz.
Solution
;= 1
2n,/LC,
1
> L= ———
2rf]C,
CC 1 nF)(100 nF
_ GG _ (LnF)(1000F) )=0.99nF
“ ¢ +C, 1 nF+100 nF
1
= 5 =2.55mH
[2 7 x 100 kHz] [0.99 nF]
Example 8.14

In a transistor colpitts oscillator L = 1 mH, /2, = 150. Find the values of C| and C, required for a

frequency of oscillation of 120 kHz.

Solution
1

/= Jnjic,

1

1

GG

e C+C,

The condition for sustained oscillation is

h, =

>
[e)
\Y%
Ao Ao

a
IA

or 150 C

7 RrsTL [ 120 kita] [l ]

=1.75nF

(A)
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Let C, = 100 C, (B)
Using this relation in Equation (A) we have
c - log
“ 101 C,
101 101
= C = —C =|—|(1.75nF
1 100 eq (100)( n )
C, = 1.7675 nF
From Equation (B)
C, = (100) (1.7675)
C, = 176.75 nF
Example 8.15

A colpitts oscillator uses a transistor with h, = 120. Find the values of C,, C,and L for a
frequency of oscillation of 150 kHz. '

Solution
Selection of C, and C,
The smaller capacitor C, should be larger than the transistor parasitic capacitances and the stray

wiring capacitances.
The parasitic and stray capacitances are in the order of few tens of pico Farad.

Let C, = 1000 pF =1nF
C
hy, 2 Fj
C, < h,C
C, £120C,
Let C, = 100 C,
C, = (100) (1 nF) = 100 nF

Calculation of L
1

/= 2nic,

1

> L= ———
27 /] C,
ccC 1 nF)(100 nF
c - LG _(nhHAWnk) 5o ¢
@ C+C, 101 nF
]
Now L = =1.137 mH

[27x150%10°]7 [0.99x107 ]
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Example 8.16
For the transistor colpitts oscillator derive the expressions for

(a) Frequency of oscillations
(b) Condition for sustained oscillations

Solution

The small signal ac equivalent circuit on the output side of the colpitts oscillator of Fig. 8.9 is
shown in Fig. A. The description for the construction of the equivalent circuit is given below.

e Inductor L appears between points P (collector) and Q.
e Point Q is returned to ground via the input resistance 4, of the CE stage.

1. o .
e —— istreated as an open circuit assuming /2, = 0.

oe

RFC acts as an open circuit and C,. as short at the oscillator frequency.

P

e () %

Fig. A
Let us convert the current source in parallel with C, into its equivalent voltage source. The
resulting circuit is shown in Fig. B.

G L

o

— ]

=

]
rO e
!

>
=
B3

Fig. B

1
~h, 1, LwC} (A)

The negative sign is due to the fact that, current driven by the voltage source is upward but the
actual direction of current in the current source is downward.
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Using current division rule in the circuit of Fig. B, we have

[
{ja)q}

b 1
+h,
JoC
1
R T
T 1+ joCh,
1
Let Z=—\h
] a) C] e
L
_ LJjwG
! +h,
JoC
Z — hie
I+jwC h,
The simplified circuit is shown in Fig. C.
G L

- —
5

L
Fig. C
V V
= T 1-o’LC
, tjoL+z Ytz
chz jC!)Cz

Substituting for /" and Z we have

1
—h,lI
fe b|:jwczi|

l—a)zLC2+ h

ie

joC, 1+jwCh,

(B)

©
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. : —hfelb[llnijCIhie]- o)
[l—w LCJ [1+ja)C1 hl.e]+]wC2 h,

Dr =1-w’LC+jwCh,—~jw’LC C h, +joC,h,

[1-0’LC]+jh,[wC +wC,—~w’LC C]

—h, L1+ joC h,]
Now, [ = - : - (E)
[1-0*LC, |+ jh,|0C+0C,— 0’ LC C, ]

Substituting this relation in equation (B) we have

[ 1 } ~h, L1+ joCh,]
] =
" [+ jeCh, || [1-0’ LG, |+ jh,[0C +0C, -0’ LCC, ]

hy,

L= 0P LC, = jh[0C +0C, > LCC,] (F)

Since LHS is real, the right hand side should also be real. This requires that
h, [wC+wC,—w’LC,C]]=0 (G)
Since h,# 0, we have
owC+wC-w’LC C=0
o[C +C)] = &LC C,

C +C,
Let C = GG 1))
© “« = C+C,
Using this relation in equation (H) we have
1l =wlLC
eq
1 )
or 0 =
LC,
A 1 K)
or = —F—
27,/ LC,
Using Equation (G) in Equation (F) we have
pe e
w’LC,-1
h, = 0*LC,—1 (L)
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From Equation (H)

C +C C,
2LC = 4—2=1+—
) ) C C
w*LC—-1 = &
2 Cl
Now Equation (L) becomes
C
hf) = _2
fe Cl
In practical oscillators, to ensure sustained oscillations the ratio —- is kept smaller than / L,
1
G
hfe = C (M)

4 8.10 TRANSISTOR HARTLEY OSCILLATOR

Figure. 8.10 shows the transistor Hartley oscillator. It consists of a CE amplifier which introduces
a phase shift of 180°. Resistors R , R, and R, are used to establish the desired operating point.

* ° Vee

RFC

0 Tank circuit

L R, Ly é Vo ch
P I

a
\
/

)|
/
3

Fig. 8.10 Transistor Hartley oscillator
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The feedback network consists of a tapped inductive voltage divider L, and L, in parallel with

the capacitor C. The voltage across L, is fed back to the amplifier input through the coupling
capacitor C,..

RF choke is a large inductor. It serves two functions.

e Itactsas adc short to the power supply V.. i.e., it allows the dc current to easily pass
through.

e [t acts as an open circuit for ac. This ensures that the top end of the tank circuit is not
connected to the ac ground.

The capacitor C, creates ac ground at the junction of L, and L, .
Due to split inductor arrangement, the tank circuit introduces 180° phase shift. As a result the

oscillations at points P and Q are 180° out of phase. The total phase shift around the loop is 360°,
since the transistor amplifier introduces an additional phase shift of 180°.

The output is coupled to the load through a transformer. Transformer coupling has the

following advantages:

e It provides electrical isolation between the oscillator output and the load.
e [t provides impedance matching between the oscillator output and the load.

The frequency of oscillations is given by
1

I s m (8.20)
where qu =L+L+2M (8.21)
M is the mutual inductance between L, and L, .
The condition for sustained oscillation is
L+M
L, = L+ M (8.22)
Neglecting the mutual inductance, the condition for sustained oscillations is given by
h, > L% (8.23)

Example 8.17

The following circuit parameter values are given for the Hartley oscillator of Fig. 8.10.

L, =750uH L ,=750upH M =150 pH

1
Ly.=05mH  C=15pF  C,= 10uF h,=50

L

(a) Calculate the frequency of oscillations.
(b) Check to make sure that the condition for oscillation is satisfied.

Solution

(a)

1

I L, C
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L,=L+L,+2M

= 750 uH + 750 uH + (2) (150 uH) = 1800 uH
1
= =306.29 kHz.
s 271,/ (1800 uH) (150 pF)
(b) Condition for sustained oscillation taking mutual inductance into account is
s LtM
h, = 50

fe
L+M 750 uH+150 uH
Ly+M 750 uH+150 pH

N ) L+M
Note that e > L+ M

.. The condition for oscillation is satisfied.

Example 8.18

In a transistor Hartley oscillator, L = 10 uH L= 10 pF. Find the value of C required for an
oscillating frequency of 150 kHz.

Solution
r= 1
2n\ L, C
1
2
[2n/] L,
L =L +L +2M
q 1 2

&

> C =

Since M is not given we can take M =0
Leq =10 uH + 10 pH =20 uH

1
C = =56.28 nF

[27x150x10°]" [20 uH]

Example 8.19

In a transistor Hartley oscillator C =0.01 pF and £ 1, =50. F ind the values of L and L, required
for a frequency of oscillation of 150 kHz.

Solution
1

/= 27 L, C
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1
L [
“ [2nf]2C
1

- > =112.5 uH
[27%150x10° | [0.01x10° |
Neglecting mutual inductance
eq = Ll +L2
L +L,=1125puH (A)
Condition for oscillation to start is
L
h, = —
. L2
50 > Cl
=1,
= < 50
L,
Lo
Let L 10
> L =10L, (B)
Using this relation in Equation (A) we have
11L, = 112.5uH
L, = 1023 uH
From Equation (B)
L = 1023 uH
Example 8.20

A Hartley oscillator uses a transistor with 4 . = 40. Find the values of ,, L, and C for a frequency
of oscillations of 100 kHz.

Solution
Selection of C
Select C Larger than parasitic and stray capacitances
Let C = 10nF=0.01 pF
Calculation of L and L,

5 2z /] C
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1
= 3 =253.3 pH
[27x100x10° |7 0.01x107° |
Neglecting mutual inductance
Leq = Ll +L2
L +L, = 2533 uH (A)
Condition for sustained oscillations is
h, > Cl
e = L
L
40 > L,
L
or L, < 40
Let L =10
L,
=> L =10L, B)
Using this relation in Equation (A) we have
11L, = 2533 uH
L, = 23.02 uH
From equation (B)
L, = 10L,=(10)(23.02 uH)
L = 2302pH

Example 8.21
For the transistor Hartley oscillator derive the expressions for

(a) Frequency of oscillation
(b) Condition for sustained oscillation

Solution

The small signal ac equivalent circuit on the output side of the Hartley oscillator of Fig. 8.10 is
shown in Fig. A.
The description for the construction of equivalent circuit is given below:

e  (Capacitor C appears between points P (collector ) and Q.
e  Point Q is returned to the ground via the input resistance #,, of the CE stage.

1 . . L .
o — is treated as an open circuit and C, as short circuit at the oscillator frequency .

oe

e  Mutual Inductance between L and L, is neglected.
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-/
S

Ll %hie

Fig. A

Let us convert the current source in parallel with L, into its equivalent voltage source as shown

in Fig. B.
— 7 T
V(D %L & %hie
T

V=-hl [joL,] (A)

%h
N
—~0

Fig. B

The negative sign is due to the fact that, current driven by the voltage source is upward but the
actual direction of current in the current source is downward.
Using current division rule in the circuit of Fig. B, we get

I[jolL]
I = ———— (B)
h,+joL,
Let Z = joL | h,
oL, |h
7 = [J .1] ie (C)
h,+joL,

The simplified circuit is shown in Fig. C.
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o Z

L
Fig. €
. 4 - 4
- - 2
joL,+——+z 1707 L,C 5
JjoC joC

Substituting for /" and Z we have
= hply [jWLz]
1-0*L,C  joLk,
+
joC hi, + joL,

[~hely | [joL, ]| [ B+ joL ] [joC]

1 D
[17w2L2 C] [hie+ij1]+[ij1hie] [ja)C] ®)

Dr= [1-w’L,C]l h +joL [l-0’L Cl-w*L Ch,
= h [1-0’L,C—*L Cl+jo L [1-w*L,C] (E)

Substituting this relation in Equation (D) we get

[hely ] [0’ LyC [+ joL, ]
b |[1-0° L, C—0” L, C |+ jo L, [1-0” L, C|

I =

Substituting this relation in equation (B) we have

B { jolL, } [hely || L, C| [+ oLy ]
| herioL ] b, [1-0?L, C -0’ L, C+ joL, [1-07L, C]

1e

- jhpo’ L L,C
b [1-0°L,C=0’L, C|+ jo L, [1-07L, C]
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Eliminating j from the numerator we have

o hpwL L,C -
—jh 1=’ L, C-0’ L, C|+0L,[1-0” L, C]
Since the LHS is real, the RHS should also be real.
This requires that
h,[1-w*L,C—w*L C]=0 (G)
Since i, # 0, we have
l—w?L, C—w*L, C=0
w* C[L+L,] =1 (H)
Let L,=L+L, )
Now  w? Cqu =1
1
or w =
L, C

eq

1
Or 1= 0 [L,C .

Condition for sustained oscillations

Substituting Equation (G) in Equation (F) we get

h,w'L L,C
or 1 = : 5 (K)
wL[1-0’L,C]
From Equation (H)
'L, C+w’L, C =1
= l-0’L,C = w’L C

Using this relation in Equation (K) we get

L
or h v L L)
In practical oscillators, to ensure oscillations, the ratio 7 kept smaller than /4 e
2
L
h, = —- (M)
e L2
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4 8.11 CRYSTAL OSCILLATOR

A crystal oscillator is basically a tuned circuit oscillator. It has the same circuit topology as the
colpitts oscillator except that it uses a piezo electric crystal instead of an inductor. The crystal
quartz usually has a greater stability in holding constant at whatever frequency the crystal is
originally cut to operate. Crystal oscillators are used in communication transmitters and receivers
where high frequency stability is required.

4 8.12 PIEZO ELECTRIC EFFECT

Many naturally available crystals like Rochelle salt, tourmaline, quartz etc., exhibit piezoelectric
effect. Piezoelectric effect is an electromechanical phenomenon. If the crystal is mechanically
vibrated it develops an AC voltage across the ends of the face of the crystal. If an AC field is applied
across the face of the crystal it vibrates mechanically. The natural resonant frequency of the crystal
depends upon the dimensions of the crystal and also on the mechanical orientation of the crystal
structure. The resonant frequency of the crystal is inversely proportional to the thickness of the
crystal. Thus the frequency of oscillations increases as the thickness of the crystal decreases.
Quartz crystals are the natural choice in sinusoidal oscillators due to the following reasons:

e  They are mechanically strong.
e They have good piezoelectric sensitivity.
e  They are less expensive.

4 8.13 CHARACTERISTICS OF QUARTZ CRYSTALS

Figure 8.11(a) shows the piezoelectric crystal mounted between the plates and connected across
an AC source of variable frequency. Figure 8.11(b) shows the electrical equivalent circuit of the
mechanically vibrating crystal.

/ Mounted
piezoelectric 1
crystal >
R
AC source /
f variabl —
) @ e () €y ==
q y T source M T~ I
L, T
(a) (b)

Fig. 8.11 Mounted piezoelectric crystal and its electrical equivalent circuit
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= Electrical equivalent inductance of crystal mass.

= Electrical equivalent capacitance of the crystal compliance.

= Electrical equivalent resistance of the crystal structure’s internal friction.
Capacitance due to mechanical mounting of the crystal.

= ~
EQ a
|

For a 2 MHz crystal the typical values of these parameters are:

R = 82Q L
C = 0.0122pF C

M

0.52H
4.27 pF

This crystal has a quality factor of 80,000. Note that high quality factor implies, high frequency
stability.

The frequency response of a crystal is obtained by plotting the current / through the crystal

as a function of the frequency of ac source. Figure 8.12(a) shows the frequency response of the
mounted crystal.

|71 |z |

I max

Imin

(b)

Fig. 8.12 (a) Frequency response of piezoelectric crystal
(b) Crystal impedance versus frequency

When the frequency of the ac source is equal to the frequency f;, the current through the
crystal becomes maximum (/__). This condition is called the series resonance and f; is called
the series resonant frequency. Series resonance occurs when the reactance of L is equal to the
reactance of C in the series RLC branch.

1

i.e., L= —
ie W oC
1

w* = T
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1
w = \/ﬁ
1
f= fgz—mﬁ (8.24)

Since the current is maximum, the impedance of the crystal is minimum.

When the frequency of the ac source is equal to the frequency f, >/, the current through the
crystal becomes minimum (/_. ). This condition is called parallel resonance and f,, is called the
parallel resonant frequency. Parallel resonance occurs when the reactance of L is equal to the sum
of the reactances of C,, and C.

1 1
ie. L= +—
e ¢ wC, oC
o[
Lc, C
Taki L L"‘i 8.25
aking C - c, ' C (8.25)
c, = —u& 8.26
o Py +C (8:26)
We have w? = !
’ LC,
1
a) =
JLC,
f=f = (827)
or =f = —F .
? 2nLC,
Since the current is minimum, the impedance of the crystal is maximum.
Variation of | Z | versus frequency is shown in Fig. 8.12(b).
1 1
Al i C >C —_ < =
so since C,, , c. C
From Equation (8.25) we get
1 1 CnC
_— = =
c, C r
Now from Equation (8.27)
1
= = 8.28
N (829

Note that f, and f are very close to each other.
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4 8.14 CRYSTAL REACTANCE

Figure 8.13 shows the variation of crystal reactance with frequency. Note that crystal exhibits
inductive reactance only between f; and f,.

X

Inductive
(+ve)

Jp S

Capacitive

(=ve)

Fig. 8.13 Crystal reactance versus frequency

Since f; is very close to f, the crystal reactance is inductive only at f, = f,. When the inductor
is replaced with the crystal in the colpitts oscillator, it oscillates only at that particular frequency
of resonance where the crystal reactance is inductive.

4 8.15 TRANSISTOR CRYSTAL OSCILLATOR

The crystal can be operated either in the series resonant mode or in the parallel resonant mode.
These two modes are discussed in the following sections.

8.15.1 Crystal Oscillator in Series Resonant Mode

Figure 8.14 shows the circuit of crystal oscillator in which the crystal is operated in series resonant
mode.

The circuit uses a transistor CE stage. R , R, and R, are selected so as to establish the desired
O point. C, bypasses the emitter resistor R . The coupling capacitor C. is selected such that it acts
as a short circuit at the oscillator frequency. RFC acts as a short for dc current and open circuit for
ac signal. Thus it prevents the oscillations from reaching the dc supply V.

Crystal is used as series element in the feedback path, so that it operates in series resonant mode.
Crystal has minimum impedance at the series resonant frequency f;. Hence maximum feedback
from collector to base occurs at this frequency. Thus oscillations are sustained at the series resonant
frequency f,.

Once the oscillations are set up the frequency of oscillations is held stabilized at f by the
crystal. Changes in supply voltage, transistor device parameters etc have no effect on the circuit
operating frequency. The frequency stability of the circuit is set by the frequency stability of the
crystal, which is very high.
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Vee
RFC
R |71 |{ Output
! i} A o P
XTAL Ce

R —=<Cg

1

Fig. 8.14 Transistor crystal oscillator operating in series resonant mode

8.15.2 Crystal Oscillator in Parallel Resonant Mode

Figure 8.15 shows the circuit of crystal oscillator in which the crystal is operated in the
parallel-resonant mode.

The purpose of R, R,, R, and RFC has been already explained in the previous section.
Crystal is used as shunt element in the tank circuit so that it operates in the parallel resonant
mode. Note that the tank circuit is same as that of colpitts oscillator with inductor replaced by the
crystal.

Maximum voltage is developed across the crystal at its parallel resonant frequency since it
has maximum impedance at this frequency. Also the crystal behaves as an inductor at its parallel
resonant frequency. The crystal along with C, and C, gives the tank circuit effect at this frequency.
Thus oscillations are sustained at the parallel resonant frequency f, . Series combination of C| and
C, acts as a voltage divider for the output voltage. The voltage across C, is fed to the emitter of
the transistor. Note that the feedback voltage is maximum at the parallel resonant frequency of the
crystal.

C, is the bypass capacitor, which acts as a short circuit at the oscillator frequency, creating ac ground
at the base. As a result, oscillations will not reach the base and there is no feedback at the base terminal.

The frequency of oscillations is held stabilized at f, by the crystal. Changes in supply voltage,
transistor device parameters etc have no effect on the circuit operating frequency. The frequency
stability of the circuit is set by the frequency stability of the crystal, which is very high.
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4 O VCC

RFC

Ry
——0 Qutput
C
1 XTAL
—Cs Ry

RE I C2

Fig. 8.15 Transistor crystal oscillator operating in parallel resonant mode

4 8.16 MERITS AND DEMERITS OF CRYSTAL OSCILLATOR

The merits of crystal oscillator are:

625

e  The frequency stability of the crystal is very high. It is around one part in 10° i.e., 0.0001% per
day. For example the frequency drift of a IMHz crystal is 1Hz per day which is very neglible.
e Crystal with frequency upto 10 MHz can be constructed with very high frequency

stability.

e The temperature stability of a crystal is very good. i.e., the frequency drift due to
temperature change is negligibly small. Typically the frequency drift for 1°C rise in

temperature of the crystal is around 10—12 Hz per mega hertz.

e  Quartzcrystals are readily available in nature. The crystal is very small in size, inexpensive

and lighter in weight.

e  Crystal replaces inductor in the tank circuit. As a result, crystal oscillator circuits are less

bulky, inexpensive and lighter in weight.

The demerits of the crystal oscillator are:

e  C(rystals are very delicate and hence require careful handling.

e The thickness of the crystal is inversely proportional to the frequency. Hence higher

frequency crystals are thinner in size and are mechanically weak.

e  The frequency of the crystal depends on the crystal dimensions and how the crystal is cut.
Hence for a given crystal, its frequency of oscillations is fixed. Whenever a new frequency
of oscillation is required, the whole circuit is to be redesigned and the crystal is to be

replaced.
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4 8.17 APPLICATIONS OF CRYSTAL OSCILLATOR

Following are the some of the applications of crystal oscillators:

To generate clock signal for computers and other synchronous digital systems.

To generate carrier frequency in communication transmitters.

To generate local oscillator frequency in communication receivers. Crystal kept in
temperature controlled oven is used to generate highly precise clock which is used for
time standards.

Example 8.22

A crystal has the following parameters:
L =0.334H C = 0.065 pF
C, = 1pF R = 5.5kQ

(a)
(b)
(©)

Calculate the series resonant frequency.
Calculate the parallel resonant frequency.
By what percent does the parallel-resonant frequency exceed the series resonant frequency?

(d) Find the Q of the crystal.
Solution
@ fi =
a -
§ 21 LC
1
= =1.08016 MHz
271/ (0.334)(0.065x10™'2)
w, = 27nf =6.7868 M rad /sec
1
b P
®) Jr 2n\LC,
ccC 0.065 pF) (1 pF
c - v ( p)(p)zo‘061pF
’ c+C,, 0.065 pF+1 pF
1
f, = =1.1150 MHz
" 27,(0.334) (0.061x10°2)
w, = 27 f,=7.005M rad /sec
. _ fP_fS
(©) % difference between f, and f, = I x 100%
S
~ 1.1150-1.08016 < 100 % = 3.22 %
1.08016 B

/. is more than f by 3.22%
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L (6.7868x10°)(0.334)

d = =412.14
@ 7R (5.5x10%)
Example 8.23
(a) Prove that the ratio of the parallel to series resonant frequencies is given approximately by
1+ ¢ .
2C,

(b) If C=0.04 pF and C, =2 pF, by what percent is the parallel-resonant frequency greater
than the series resonant frequency ?

Solution
1
a =
@) /s 2\ LC
;= 1
" 2nLC,
Lo |C
I C,
ccC,
But C, = c+C,
fr c+C
Now o= OX| =
fs cc,
1/2
fr C
= = |1+— A
7 c. (A)
Since ol < 1, we can write Equation (A) using binomial expansion as
M
L ®)
Js 2C,
(b) C=0.04pF C, =2pF
.04 pF
Loy D04RE
Ss 2x2pF

f,=1.01f or f, is 101 % of f,
- [, 1s greater than f; by 1%.
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(& Exercise Problems 000

8.1 In a transistor RC phase shift oscillator R = 3.9 kQ and C = 0.01 uF. If R. = 4.7 kQ
calculate the frequency of oscillation.

8.2 Find the values of R and C for a transistor RC-phase shift oscillator for a frequency of
3 kHz. R.= 5 k€2 and for the transistor hfe =100.

8.3 Design the component values for a Weinbridge oscillator for a frequency of 1.5 kHz.

8.4 In a transistor Hartley oscillator L, = L, = 10 mH, M = 50 uH and C = 0.01 pF. Calculate
the frequency of oscillations.

8.5 In a transistor Colpitt’s oscillator C, = C, = 0.01 uF, L =20 mH. Calculate the frequency
of oscillation.

8.6 A Quartz crystal has the following data:
L=05H R=1kQ C=2pF C, =20pF.
Calculate the following:

(a) Series resonant frequency
(b) Parallel resonant frequency
(c) Quality factor



Chapter 9

FET AMPLIFIERS

Junction field-effect transistor (JFET) is basically a voltage controlled device. The output current
of the device is controlled by the input voltage. FET has an excellent voltage gain and high input
impedance. Because of high input impedance, the ac equivalent model is simpler than that of BJT
which makes the ac analysis of FET amplifiers less complex. In this chapter analysis of common-
source, common gate and common drain JFET amplifiers have been carried out. The analysis of
DMOSFET and EMOSFET amplifiers have also been considered. A few design examples are
included at the end of this chapter.

4 9.1 BASICS OF JUNCTION FIELD EFFECT TRANSISTOR

A Junction field-effect transistor, abbreviated as JFET or simply FET, is a three terminal
semiconductor device in which the current flow is due to only one type of carriers i.e., either
electrons or holes. Hence it is a unipolar device.

The name field-effect transistor is derived from the fact that the current flow is controlled
by an electric field setup in the device by an externally applied voltage. Unlike BJT which is a
current controlled device, the FET is a voltage controlled device.

Figure 9.1 shows the circuit symbols of n-channel and p-channel FETs. The three terminals of
the FET are Drain (D), Source (S) and Gate (G) which are analogous to the collector, emitter and
base of the BJT respectively. In n channel FET, the current flow is due to only electrons whereas
in p-channel FET it is due to only holes.

D
Go—»I G
S

(a) (b)

Fig. 9.1 (a) Circuit symbol of n-channel FET
(b) Circuit symbol of p-channel FET
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€ 9.2 FET CURRENT EQUATION
Figure 9.2 shows the biasing arrangement for an n-channel FET. Observe that the gate is made
negative with respect to source and the drain positive with respect to source.

— VDD

Fig. 9.2 Biasing arrangement for n-channel FET

In FET the drain current /) is controlled by the gate-source voltage V.. The relationship
between /, and V. is defined by shockley’s equation given by

2
%
ID = [DSS|: _ﬂ:| (9-1)
When V=0 and V, > | v, l, !
I, =1, 9.2)

1, 1s the maximum drain current in the FET which occurs when V=0 and V> | v, |

When Vg = Vp
I, =0

v, is called the pinch-off voltage
v, is negative for n-channel FETs and positive for p channel FETs.

€ 9.3 TRANSFER CHARACTERISTICS
Transfer characteristic is the plot of 7, versus V.. Figure 9.3 shows the transfer characteristics of
FET. Transfer characteristics is defined by the shockley’s equation.

Ip

Ipss

Vp 0

Fig. 9.3 Transfer characteristics of FET
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Observe that /, has the maximum value of [, when V. = 0. It decreases for negatively

increasing V.. and becoming zero at V= V.1t should be noted that 7, is a non linear function
of V.
GS

4 9.4 DRAIN CHARACTERISTICS
Figure 9.4 shows the drain characteristics of FET.

Ip (mA)
. Locus of pinch-off values
Ohgc ; Saturation Region
Region!
Ipss 8 ; Vas =0V
1/
5
4 Vos=-1V
3
2 Ves=-2V
) / Ves=-3V
| VGS =—4V-= Vp
0 5 10 15 20 25 Vps (V)

Fig. 9.4 Drain characteristics of FET

The region to the right of the pinch-off locus is called the saturation region. In this region

I, varies very little with V. but changes significantly with V. This is the linear amplification

region for the FET. When biased in this region, FET amplifies the applied signal with minimum
distortion.

Therefore the biasing requirements for n-channel FET to work as a linear amplifying
device are:

0> V>V, 9.3)

and Vs > | Vp| 94
€ 9.5 FET SMALL-SIGNAL MODEL

The small-signal ac model of FET is required in the ac analysis of FET amplifiers. The small-
signal ac model is developed using the following facts.

e  The impedance between gate and source terminals of an FET is very high. Typically it is
in the order of 1000 MQ. Hence FET can be represented by an open circuit between gate
and source terminals.

e  The drain current is controlled by the gate-source voltage.
1.e., 1, o Vgx

or 1, =g, VgS 9.5)
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g, 1s called the transconductance of FET. g is alternatively represented by Ve Vi stands for

forward transfer admittance.

As per Equation (9.5), FET can be modelled as a voltage controlled current source,

1,=g,V, between drain and source terminals.
e In the saturation region, /, changes slightly with

ie I oV

d ds

1
or ]d = [Z} Vds

r,1s the output impedance of FET.

., 1s the output admittance.

(9.6)

(9.7)

As per Equation (9.6), FET can be modelled as a resistor r,, connected between the drain and

source terminals. Typically 7, lies in the range 20 k€ — 100 kQ.
The lower case suffixes are used to imply that 7 , Vs Vi 8, and r, are all ac values.

Figure 9.5 shows the small-signal ac model of FET. This model applies for both n-channel

p-channel and FETs.

Go—m—m o

V, nggs r'd

gs

So . .

Fig. 9.5 Small signal ac model of FET

Example 9.1
An FET has V= 4mSandy =33.33 uS
(a) Findg andr,
(b) Sketch the small-signal ac model of FET
Solution
(a) g, = V,= 4 mS
1 1

r, = —

47y, 333348

r, = 30kQ

(b) The small-signal ac model is shown below.
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Go - » Jro D
Vgs 4 x 10’3 Vgs 30 kQ Vs
So — 23 . —o S

¢ 9.6 GRAPHICAL DETERMINATION OF g _

The transconductance g is given by the slope of the transfer characteristics at the Q point.

Al
g, = " (9.8)
" AV,

Qpoint

Graphical determination of g is illustrated in Fig. 9.6.

. ° v,
Vp Ves,  Vas, 0 @
Fig. 9.6 Graphical determination of g,
From Fig. 9.6 we have
Al =1 b, ~ 1 b,

A VGS = VGS2 - Vcsl

ID -1 D,
Now g, = o0 9.9

VGS2 - VGS1

& 97 MATHEMATICAL EXPRESSION FOR g

g, 1s given by the slope of the transfer characteristics at the O point. But slope of transfer
characteristics is given by the derivative of /, with respect to ¥, at the Q point.
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a1, (9.10)
g, = :
dVGS Q-point
2
But I = IDS{ _h}
VP
Voo || -1
Now g =21 {1—%} {7} (9.11)
P P

. Ves . . .
In Equation (9.11), f is positive, for both n-channel and p-channel FETs. To get positive

P . .
value for g , let us omit negative sign and write | Vp| instead of Vv,

21 V.
Hence g = —">- {1 —ﬂ} (9.12)
When V=0,
g — 2[DSS
A
Note that this is the highest possible value of g |
21
Let g, = VDSS (9.13)
|7,
Using Equation (9.13) in Equation (9.12) we have
g, = &, [1—%} (9.14)
P

Observe from Equation (9.14) that, g decreases from g to 0 when V¢ is increased negatively
from 0 to V,. ’
From Equation (9.14) we have

&,
gm = |:_ V :| VGS+gmo (915)

Equation (9.15) represents a straight line in V., — g plane with slope _Em, and intercept g .
The plot of g _versus V.. is shown in Fig. 9.7. p
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Em

Emo

Fig. 9.7 Plot of g, versus V

Example 9.2

Explain the graphical determination of r,.

Solution

The output impedance is defined as the slope of the horizontal portion of the drain characteristics
at the Q point.

AV,
, o= Blos
AL

Vs =const

The calculation of 7, is illustrated in the following figure.

1 D (mA)

VDS2 VDS,
r, =
I DS, 1 Ds,

Vgs=—1V

Typically r, is in the range of 20 kQ — 100 kQ. Under the ideal situation, the curve is perfectly
horizontal. As a result, A /) = 0 and hence r, = .



636 Analog Electronic Circuits

¢ 98 RELATION BETWEEN /,AND g_

From Shockley’s equation we have

= {1 Vos Iy
Vp IDSS
|4
But g =g, {l—ﬂ}
0 Vp
— [D
gm - gmo I

DSS

Observe from Equation (9.17) that, g varies as the square root of /7,

€ 99 JFET COMMON-SOURCE AMPLIFER USING FIXED BIAS

CONFIGURATION

(9.16)

(9.17)

JFET common-source amplifier is analogous to BJT common-emitter amplifer. Figure 9.8 shows

the circuit of common-source amplifier using fixed bias configuration.

Vpp

Rp

Fig. 9.8 JFET common-source amplifier using fixed bias configuration
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Due to high input impedance of JFET, the dc current through R . is almost zero. Thus a constant
bias voltage —V .. is applied between the gate and source terminals. Hence the name fixed bias
configuration.

The input coupling capacitor isolates the dc supply V.. and the ac input signal V.. The output
coupling capacitor isolates the dc supply ¥, and the load. They are properly selected so as to
represent short-circuits at the lowest frequency of operation.

AC Egquivalent Circuit

The ac equivalent circuit is obtained by short circuiting the capacitors C, and C, and reducing the
dc sources ¥, and — V. . to zero, as shown in Fig. 9.9.

* +

D

G
+o o

RD 1%
o

Vi Re N
I + ] o

|
4 i Zo

Fig. 9.9 Ac equivalent circuit of JFET common-source amplifier

Let us replace the JFET by its small-signal ac equivalent circuit. The resulting circuit is shown
in Fig. 9.10.

G D
+° ? I ? ' °,
Vi R G Vgs Sm Vgs rd R D Vo
— _ S _
—f a1
7 V4

Fig. 9.10 Ac equivalent using small-signhal ac model of JFET

Input Impedance (2))

Observe in Fig. 9.10 that, there is an open circuit between the gate and source terminals. Hence
the input impedance is nothing but R ...

ie Z =R (9.18)
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Output Impedance (7))
To find the output impedance we have to set V, to zero. Note that V; = V. Hence, with ¥, = 0,
g,V,=0. Thus the current source g Ve is represented by an open circuit as shown in Fig. 9.11.

Py ® 0 D
Current s
source rg Rp
open o
circuited
j o

Fig. 9.11 Circuit to find Z,

From the circuit of Fig. 9.11, the output impedance Z is given by

Z =r,||R, (9.19)
Voltage Gain (A))
V
A4, = 7” (9.20)
From Fig. 9.10, l
V=1V (9.21)

EmV,

L 4 L O

Fig. 9.12 Output ac equivalent Circuit

Appling KCL at the node D we have
gm Vgs + Il +]2:0
V

o

[
1 },.d an 2 RD



FET Amplifiers 639

Using these relations in the above equation, we get

v V.

V., + = +—-==
Enle T TR
A R
gm gs o rd R
B rd+R
gm Vgx - 0
. V[ i Ry }
o = _gm
r,+R,
or V,= -8,V [rlIR, (9.22)

Using Equations (9.21) and (9.22) in Equation (9.20), we have

AV _ VgSV[rd ||RD]
gs

4, =—g,[r,|IR,] 9.23)

The negative sign in Equation (9.23) reveals that, V; and V are 180° out of phase.
Note that common-source configuration is an inverting amplifier.

Forr,>10 R,
Whenr,=10 R,
r, IR, = 0909 R,

Hence when r,210 R, we can take

r IR, = R,
From Equation (9.19)
Z =R, (9.24)
From eqution (9.23)
A4, = ~-g R, (9.25)

Important characteristics of common-source configuration

Based on the results derived, we can attribute the following characteristics to common-source
configuration

* High input impedance [Z,* R ]

* Medium high output impedance [Z ~ R, ]

* Medium voltage gain [4, = —g R, ]

* 180° phase difference between input and output voltages.
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Example 9.3

For the FET amplifer shown below:
(a) Calculate Z and Z,
(b) Calculate 4,

(c) Calculate Z, Z and A4, neglecting the effect of », and compare the results.

10 uF

1.5 MQ

Solution
First we have to find g _and r,

(a) z
z

o

(b) 4,

(©) 7

20V
4kQ
10 uF
.
IDSS:15mA
VP:—6V
Yos =25 U8
Z()
—8&,, Vv,
21, 2(15mA)
= = =5mS.
‘Vp‘ 6V m
=V, =-2V
-2V
= 1—7 =
SmS{ “ov. 3.33mS
S B
Vo, ©25uS :
= R,=1.5MQ

= r,||R,=40kQ || 4kQ = 3.63 kQ.
= —g [r,]|R,] =—[3.33 mS] [3.63 kQ] = — 12.08

=40kQ and 10R, =40kQ.

Since r, = 10 R, we can ignore the effect of ,. Neglecting r, we have:

Zi

= R, = 1.5MQ
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Z ~ R,=4kQ

A, ~ —g R, =—[3.33mS] [4kQ]=—13.32.

vV

Q

The results are compared in the following table

Parameter | Withr, With out r,
Z 1.5 MQ 1.5 MQ
A, —12.08 —13.32
Z 3.63 kQ 4 kQ

Observe that the results closely agree since r, = 10 R .

€ 9.10 JFET COMMON SOURE AMPLIFIER USING SELF-BIAS
CONFIGURATION
Figure 9.13(a) shows JFET common-source amplifier using self bias. Observe that, this circuit

requires only one dc supply ¥, to establish the desired operating point. The dc voltage across R,
will serve as the biasing voltage between gate and source terminals.

VGSQ - IDQ Ry
The functions of C, and C, have already been explained in section 9.9. C. is the source bypass
capacitor. For ac operation it creates a short circuit across R, thus preventing ac negative feedback
through R;. Without C, the negative feedback through R, reduces the voltage gain. Also C;
allows the dc bias current /,, 0 through R, by acting as an open circuit.

Fig. 9.13(a) JFET Common source amplifier using self bias configuration
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The ac equivalent circuit is drawn in Fig 9.13(b) by short circuiting the capacitors C|, C, and

C, and reducing V,  to zero.

Fig. 9.13(b) AC equivalent circuit of the amplifier of Fig 9.13(a)

The ac equivalent circuit is redrawn in Fig. 9.14 by replacing the JFET with its small-signal ac

model.

Vi R Ve Em Vi rd Rp Vo

"o [_» . — § . . .
| — |
Z;

Fig. 9.14 AC equivalent circuit using small signal model

Observe that this circuit is same as that given in Fig. 9.10. Therefore all the results derived in

section 9.9 can be readily applied to this circuit.

When the effect of r g is considered.
=R
G

IR,
AV = _gm [l"d”RD]

NN

Forr,210 R,
Zo ~ RD

A ~ - gm RD
The negative sign in the expression for 4, reveals that V and V are 180° out of phase.

(9.26)
(9.27)
(9.28)

(9.29)
(9.30)
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Example 9.4
For the JFET amplifier shown below:
(a) Calculate Z and Z
(b) Calculage 4,
(¢) Find V if V.= 10 mV(p-p)
(d) FindZ,Z , 4, and V neglecting the effect of 7,

18V

3.3kQ
4.7 uF
r |‘ o) Vg
4.7 uF ] S mA
pss=om
e
]DQ =2.5mA

Zi

Solution
Let us find g _and 7, using the given data

Now g,

(a) Zi

(b) 4,

5MQ Vp=—5V
T 1kQ

47 uF

I T Yos =20 uS

. {1 B VGSQ}
mg Vp

21,5 2(83mA)
‘Vp‘ Y

~ L, R=~(2.5mA) (1kQ)=-25V

=32mS

3.2mS o225V = 1.6mS
.2 5V =1.0m

I =50kQ
v, | 20uS

R =5MQ

r|| R

50 kQ || 3.3 kQ = 3.09 kQ
—g [r,||R,] =—(1.6 mS) (3.09 kQ) = — 4.944
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(c) V. =A4,V=(-4944) (10 mV) =-49.44 mV(p-p)
(d) r, =50kQ and 10R, =33kQ
Since r, > 10 R we can neglect r,. With r, neglected, we get the following results.
Z = R.,=5MQ
Z = R,=33kQ
A4, =-g,R,=-(1.6mS) (3.3kQ)=-528

V= (=5.28) (10 mV)=—52.8 mV(p—p)

Example 9.5
For the JFET amplifier shown below:

(a) Calculate Z and Z,

(b) Calculate 4,

(c) Calculate V if V,= 50 mV (rms)

(d) Calculate Z, Z , 4, and V , neglecting 7,

20V

22 uF ' H Vo
v, H l: IpsSs=15mA

Vp=-6V
2 MQ
Yos =40 uS
Zi Zo
) {1 Vs, }
gm gmo Vp
VGSQ = IDQ N
Since R, =0, VGSQ =0
g”ﬂ = gm

2 @Q)GmA)
6V ’
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ro= yi = s =25k
(a) Z = R_=2MQ

Z =r,|R,=25kQ | 2kQ = 1.85 kO
(b) A, = —g [r,||R,]=—[1.67mS] [1.85 k] = 3.08
©) Vo= 4,V =(-3.08)(50mV) = 154 mV (rms)
(d) r, =25kQ and 10R, =20 kQ

Since r,> 10 R, we can neglect r, .

Results with r, neglected

Z = R,=2MQ
Z = R,=2kQ

A, = —g R, =—[1.67mS] [2kQ]=—-3.34
V = AV =(=3.34) (50 mV) = — 167 mV (rms)

¢ 911 JFET COMMON-SOURCE AMPLIFIER WITH UNBYPASSED R,

Figure 9.15 shows the circuit of JFET common-source amplifier with unbypassed R. Since C; is
not present, ac feedback occurs through R,. Note that the feedback voltage across R, is in series
with V and the feedback is negative.

Vpp
Rp
&)
R S
& |
+ 7l I
S
Ro Vo
Vi R
s
N 1 -
o ‘ . __L ‘ o
Zi a Z,

Fig. 9.15 JFET Common-source amplifier with unbypassed R

The ac equivalent circuit using the small signal ac model of JFET is drawn in Fig. 9.16
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+O

G D
+ e
Ves
Ip
Vl- RG T RD
Z; Z,
Fig. 9.16 Ac equivalent of the amplifier of Fig. 9.15
Input Impedance (z,)
From the input circuit of Fig. 9.16, we have
Z =R,
Voltage Gain (A))
v,
A4, = 7[
Vo - _ID RD
To find 7, let us apply KCL at node X.
[D - I,+gm Vgs
Writing KVL to the path consisting of R , », and R, we get
-I,R, — I'r,~1 R, =0
I'r, = -1 [R,+R]
'R, +R, |
I = _ ]D D s
L fa
Using Equation (9.35) in Equation (9.34) we get
'R, +R, |
]D = _ID },.d + gm Vgs

To find V let us apply kVL to the path consisting of V, V', and R we get

V,— V,~I,R.=0
V.=V-IR,

gs

(9.31)

(9.32)

(9.33)

(9.34)

(9.35)

(9.36)

(9.37)



Using this relation is Equation (9.36) we get

Ry +R;
ID ) r +gm [Vi_[ RS]
d
R,+R
4){1+ D S4—ngS} =gV
Ty
g,V
I = R +R
l+g, Rg+-—2—F5
,

d

Substituting Equation (9.38) in Equation (9.33) we get

ngDV;
Vv = —
1+ngS+RD+RS
i
V R
Now 4= 2% = - o
! l+g, R, +—2—=
¥
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(9.38)

(9.39)

The negative sign in Equation (9.39) reveals that J and V, differ in phase by 180°

Effect of Unbypassed R_on Voltage Gain

If R is bypassed by C,, it gets short circuited for ac operation. Therefore, substituting R; = 0 in

Equation (9.39),

we get A, =

_ R, 1
-t R, +7,

=-g,[, IR,

This result is consistent with Equation (9.28) derived in section 9.10.

Comparing this result with Equation (9.39), we find that, unbypassing of R, results in the

drastic reduction of voltage gain.

Expression for A, neglecting the Effect of r,
Consider Equation (9.39)

If r, = 10 (R, +R,)

m= S

+
29
=
%]
J’_
—
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gm RD

Now A T e R
m S

Output Impedance (Z))
To develope the expression for Z we apply the following steps to the circuit of Fig. 9.16.

e  The input voltage V, is set to zero. As a result R ; gets short circuited.
e A voltage source V is connected between the output terminals.

The resulting circuit is shown in Fig. 9.17.

+6@
o
>~

Fig. 9.17 Circuit to find Z,

From Fig. 9.17, the output impedance is given by

;- L
o Io
But V. =-1,R,
using this relation in Equation (9.41) we get
7 = _ ID Rd
0 1

To express 7, in terms of / , let us apply KCL at the node D. We get

m

I+ 1,-1~g V, =0

Let us find /" and Ve in terms of 7, and / . Applying KVL to the path consisting of R |

R we have
~I,R, — I'r,~(I,+1)R,;=0

~I'r, = L,[R,+R]+1 R,

(9.40)

(9.41)

(9.42)

(9.43)

, r,and
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R, +R R
I'= -1, {M}—IO [—S} (9.44)
Fd rd

Applying KVL to the path consisting of ¥, V', and R, we get
-V, = R, +1]=0

V. =-IR~IR, (9.45)

gs

Substituting Equations (9.44) and (9.45) in Equation (9.43) we get

R,+R R
Io+[d+]d|: - S:|+]o |:_S:|+ngv[d+gmloRS:0

r, r,
R R,+R
I {1+—S+gm RS} = -1, {Hngstu
o r rd
d
R
l+g, R,+—%
1, 2
= = (9.46)
1, R, + Ry
I+g,Rg+——
T

Substituting this relation in Equation (9.42) we get

|:l +g, R +RS} R,

-
zZ = Rd p (9.47)
{Hgm RS+S+D}
Ty ¥

Expression for Z Neglecting the Effect of r,
Consider Equation (9.47)

If r, 2 10R,
R
or £ <01
¥
R R, R,
then l+g R+—+—~ 1+g R+ —
m rd rd m rd

Substituting this relation in Equation (9.47) we get

Z ~R (9.48)

D
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Effect of Unbypassed R on Z,

Observe from Equation (9.48) that, if , > 10 R, unbypassing of R, has no effect on Z . If
r,<10 R, Z is only slightly affected as given in Equation (9.47).

Important Characteristics of Common-source Configuration with Unbypassed R,

Following are the important characteristics of common-source stage with unbypassed R,.

* High input impedance

¢ Medium high output impedance

* Low voltage gain

* 180° phase shift betwen output and input voltages

Example 9.6

For the JFET amplifier shown below:

(a) Calculate Z and Z -

(b) Calculate 4,-

(¢) Find ¥V when V= 50 mV(p - p)-

(d) Calculate Z, Z , A, and V neglecting the effect of 7.
(e) Compare the results-

18V

3.3kQ

10 MF IDSS =8 mA
+ ) Vp=—6V
VU IDSQ =2.5mA
v, 2 MQ 1 kQ
Yos =25 US
“o r ° T o
Z; - Z,
Solution
?1 _ GSo l‘:l
gm - g”lo A V U
e P U
2]DSS




(a)

Now

(b)

FET Amplifiers

2(8mA)
=~ —2=267mS
6V
VGSQ - _IDQRS
= - (2.5mA) (1kQ)
= 25V
N - 267ms |1- -2
ow g, .67 m "6V
= 1.55mS
1
r, = )Z
S T
25u8
Z = R,=2MQ
[1+ngS+RS} R,
zZ = li
° { Ry RD}
I+g, Rg+—+—+
i 1
Ry 1kQ
l+g R+ —=1+(1.55mS) (1kQ) + =2.575
8, Rt 7L ( ) (L) + 2=
R, R
l+g R+ —>+—2 =2575+ 33K, 657
" oo 40kQ
(2.575)(3:3kQ2)
= > 657 =3.198 kQ
gm RD
A, = -
l+g, RS+M
Ty
B (1.55mS) (3.3kQ)
1+(1.55mS) (IkQ)+ [m”kgj
40kQ

—1.924

651
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© V=47,
= (-1.924) (50 mV)
= —-96.2mV(p-p)
(d)TofindZ,Z , A,and V neglecting the effect of 7.

Z = R,=2MQ (Same as before)
r, =40kQ and 10R,=33kQ

Since ,> 10 R, we can use Equation (9.48) to calculate Z .
Z = R =33kQ

In order to use Equation (9.40) to find 4, the required condition is

D’

\

T4

10 (R, +R,)
10 (R, +R) = 10 (3.3 kQ + 1kQ) =43 kQ
But r, = 40 kQ

d
Though the above condition is not satisfied, », is nearly equal to 10 (R, + R,). Hence we can
use Equation (9.40).

- gm RD
v I+g, R

(1.55mS)(3.3kQ)
S 1+(1.55mS)(1kQ)

The results are tabulated in the following table

Parameter | Considering the effect of r, | Neglecting the effect of r,

Z 2 MQ 2 MQ
A 3.198 kQ 3.3kQ
A -1.924 -2

Observe that, the results are almost consistent since the approximating conditions are
satisfied.

€ 9.12 JFET COMMON-SOURCE AMPLIFIER USING
VOLTAGE DIVIDER CONFIGURATION

Figure 9.18 shows the circuit of JFET common-source amplifier using voltage divider
configuration.
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Fig. 9.18 JFET common-source amplifier using voltage divider configuration

The ac equivalent circuit is drawn in Fig. 9.19 by reducing V', | to zero and short circuiting the
capacitors C|, C, and C,. Observe that, the top end of R, goes to ground. As a result R and R, will
come in parallel between gate and the source.

Fig. 9.19 Ac equivalent Circuit of the amplifier of Fig. 9.18

The ac equivalent circuit is redrawn in Fig. 9.20 by replacing JFET with its small signal ac
model.

Z,' Z()

Fig. 9.20 Ac equivalent circuit redrawn using small-signal ac model of JFET
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Note that the ac equivalent circuit of Fig. 9.20 is exactly the same as that of JFET amplifier
using fixed bias configuration, shown in Fig. 9.10. Hence the results derived in section 9.9 can be
readily applied to this circuit. The only exception is that, R . should be replaced by R || R,. Let us

rewrite the results for reference.

When the effect of ris included
From Equations (9.18), (9.19) and (9.23) we have

Z = R/||R,
Zo - rdHRD
4, =-g,[rlIR)]

When the effect of r is neglected [For r, 2 10 R,
From Equations (9.24) and (9.25) we have

ZozRD

A ~ 7ngD
R, || R,

N
Il

€ 9.13 JFET COMMON-SOURCE AMPLIFIER USING VOLTAGE

DIVIDER CONFIGURATION, WITH UNBYPASSED R,

(9.49)
(9.50)
(9.51)

(9.52)
(9.53)
(9.54)

Figure 9.21 shows the circuit of JFET common-source amplifier using voltage divider configuration,

with unbypassed R..

Fig. 9.21 JFET Voltage-divider configuration with unbypassed R,

The ac equivalent circuit is drawn in Fig. 9.22 by reducing ¥, to zero, short circuiting

capacitors C, and C,and replacing JFET with its small signal ac model.
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G D
O X 3 o) ° ° o
+ + i]’ +
Vgs Em Vgs Td [d
v A B
Ry
Iy
- r’ . . ‘T -
Z; Z

Fig. 9.22 Ac equivalent circuit of the JFET amplifier of Fig. 9.21

655

The ac equivalent circuit of Fig. 9.22 is exactly the same as that of JFET self bias configuration
with unbypassed R, shown in Fig 9.16. Hence the results derived in section 9.11 can be readily

applied to this circuit. The only exception is that, R . should be replaced by R, || R,. Let us
the results for reference.

When the effect of ris included
From Equations (9.31), (9.39) and (9.47) we have

Z, =R, ||k,
A - _ gm RD
14
1+gm RS +M
i
|:l+gm Ry +RS} R,
Ty
ZO = R R
{1+ngS+S+D}
T
When the effect of r,is neglected
Form Equations (9.40) and (9.48) we have
4 - BB [whenr,>10[R, +R]]
g 1+gm RS
Z =R, [whenr,> 10 R, ]
Z = R/ |R,

recall

(9.55)

(9.56)

(9.57)

(9.58)

(9.59)
(9.60)
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Example 9.7

For the JFET amplifier shown below:
(a) Calculate Z and Z

(b) Calculate 4,

(c¢) Find V if V,=25 mV (rms)

Z;
Solution

En
&,
En
rd
(a) z
ZO
(b) A,

o018V
2 kQ
10 uF v,
E IDSS:12H1A
Vp:*3v
Yos =10 uS
—~47 uF Veso=-1V
ZI]
o d- oy
g Vg
2IDSS
17,
2 (12mA)
IV =8 mS
8 mS 1—ﬂ =533 mS
-3V
L ! 100 kQ
Y, lous

R, || R,=100 MQ || 10 MQ = 9.09 MQ
r, | R, =100 kQ || 2 kQ = 1.96 kQ

_gm [l"d || RD]
—[5.33 mS] [1.96 kQ] = — 10.44
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(c) Vo - AV Vz
= [-10.44] [25 mV]=-0.261 V (rms)

Example 9.8
Repeat example 9.7 with source bypass capacitor C; removed and compare the results.
Solution
g, =533 mS )
As calculated in example 9.7
r,; =100 kQ
(a) Z = R |[R,=9.09 kQ
10R, = 10 (2 kQ) =20 kQ
Note that r,> 10R,
Zu = RD
Z =2kQ
(b) 10 (R;+R,) = 10 (600 Q + 2 kQ) =26 kQ
Note that r, > 10 (R, +R))
A = — ﬂ
4 1+g, R
3 (5.33mS) (2kW)
~ 14(5.33 mS)(600 W)
= —2.53
© V= 4,7,

= (=2.53) (25 mV) =-63.25 mV (rms)

The results of examples 9.7 and 9.8 are compared in the following table.

Parameter | With bypassed R; | With unbypassed R Remarks
z 9.09 kQ 9.09 kQ Not affected
A 1.96 kQ 2kQ Slightly affected
A, —10.44 -2.53 Considerable reduction
in voltage gain

Inference: Unbypassing of R, in common-source configuration results in considerable
reduction in voltage gain.
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Repeat example 9.8 taking r, = 20 kQ keeping all other data remain unchanged.

Example 9.9
Solution
En
Vd
(a) Z
10R,
The condition, r,> 10 R, is satisfied
Zo
(b) 10 (R, +R)
Note that, r,
A

14

533 m$S
20 kO
R, || R,=9.09 kQ
(10) (2 kQ) =20 kQ

[as given in example 9.9]

R,=2kQ
10 (600 Q + 2 kQ) = 26 kQ
10 (R,+ R,)

A

gm RD
R, +R;

I+g, Rg+
Ta
(5.33 mS) (2kQ)
2.6kQ
20kQ

=-2.46

1+(5.33mS)(600Q )+

€ 9.14 JFET SOURCE-FOLLOWER [COMMON-DRAIN CONFIGURATION]

Figure 9.23 shows the circuit of JFET source-follower configuration. This circuit is analogous to

BJT emitter-follower configuration.

Vbp
o
D
G
G IZ
+ } C2
s HO
Rg +
V.
' Ry v,
S +— R
Z - Z

Fig. 9.23 JFET source-follower configuration
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The ac equivalent circuit is drawn in Fig. 9.24, by reducing V,  to zero and replacing C| and
C, by their short circuit equivalents.

Fig. 9.24 AC equivalent Circuit of JFET source-follower of Fig. 9.23

Observe from Fig. 9.24 that, the ac input signal V, is applied between gate and ground (drain)
and the ac output signal V, is taken between source and ground (drain). Since the drain terminal
is common to input and output signals, the circuit is called common drain configuration.

The circuit has a voltage gain of approximately unity. Therefore V ~ V. Note that the output
voltage (source voltage) follows the input voltage (gate voltage). Hence this circuit is also called
the source-follower.

The ac equivalent circuit is redrawn in Fig. 9.25 using the JFET small-signal ac model.

Fig. 9.25 Ac equivalent circuit of source-follower using JFET small-signal ac model
The ac equivalent circuit of Fig. 9.25 is redrawn in Fig. 9.26 for the convenience of analysis.
This Circuit is written based on the following details available in the circuit of Fig. 9.25.

e Thecurrentg, Ve flows from drain to source.
e Bothr,and R appear between source and drain terminals.
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Fig. 9.26 Ac equivalent circuit of Fig. 9.25 redrawn

Input Impedance | Z}]
From the input circuit of Fig. 9.26, we have
Z =R, 9.61)

Voltage Gain A )]
Applying KCL at the source node of Fig. 9.26 we have

N ANA
g m = gs rd RS

m = gs 0 rd RS
R.+r

gm VS‘ = VD { S d}
& Ry 1,

R 1,
Vo = & Vgs |:RS+rd:|

V[ I R (9.62)
Applying KVL to the path consisting of V,, Ve and V we get

or V=g

m

V.= V,=V= 0 (9.63)
or Vés = V-V (9.64)

Using this relation in Equation (9.62) we get
I/U = gm[I/l_I/o] [rdHRs]
Vo :ngi[rdHRs]_ngo[rdHRS]

vIl+e, [nlIRI] =g VIr R
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Now the voltage gain is
g 17 || Rs ]

v
A = S+ =7""" 9.65
4 V. 1+g, [, | R] ( )

Positive sign for 4, reveals that, V and V, are in phase. Note that source-follower configuration
is a non inverting amplifier.

Output Impedance [Z ]
To find the output impedance, we apply the following steps to the circuit of Fig. 9.26:

e  The input voltage V; is set to zero. As a result R . gets short Circuited
e  Avoltage source V is connected between the output terminals.

The resulting circuit is shown in Fig. 9.27.

Fig. 9.27 Circuit to Find Z,

From Fig. 9.27, the output impedance is given by

zZ = — 9.66
T (9.66)

Applying KCL at the node S, we have

Io + gm Vgs _Il _[2 = 0 (967)

I = . and [, = R,
Using these relations in Equation (9.67) we get

v, ¥,
[ +gV ——2-—==0 (9.68)

Let us eliminate Ve by applying KVL to the path consisting of V, Ve and V. We get
Vo= Vo= ¥,=0
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Since V; =0, we have
V.=-V (9.69)

8s

Using this relation in Equation (9.68) we get

V.
1[) - gVnV[)_ﬁ__OZO
I"d S
0 = V g’" Tt
Ty s
v 1
Now Z = 7 - 1 1 (9.70)
o gm + +-——
1 d RS
or Z = 1 1 (9.71)
+—+—
Em
In Equation (9.71), Z can be interpreted as the parallel combination of — , r and R,.
1
Z = —|Ir, Ry (9.72)
Expression for A Neglecting the effect of r,
Forr,Z 10 R;
I Ry = Ry
From Equation (9.65) we get
v g, R
A, = 7~ 0 9.73
Further, if g R, >> 1, then from Equation (9.73) we get
R
AV ~ gm S — 1
gm RS

Note that the voltage gain under this condition is unity which justifies the name source-
follower.
Expression for Z neglecting the effect of r,
Forr,Z 10 R,

r IRy = R

N

Using this condition in Equation (9.72) we get

o

1
Z ~ —|R, (9.74)
g

m



FET Amplifiers 663

1
Usually g Re>1 or — <R

As a result Z =

Observe that source-follower has low output impedance relative to that of common-source and
common-gate configurations.

Important characteristics of source-follower
Following are the important characteristics of source-follower
* Approximately unity voltage gain

* High input impedance

e Relatively low output impedance

* Input and output voltages are in phase.

Example 9.10

For the JFET common drain configuration shown below:
(a) Calculate Z and Z
(b) Calculate 4,
(¢) Find V if V=20 mV(p-p)
(d) FindZ, Z, 4, and V neglecting the effect of 7.

20V

[DSS: 10 mA

+H}7—» 0.1 pF Vp==5V
{ * rg=40kQ
V; % 2MQ 2.2kQ v Vosp=— 285V
pall ] >
| L
Z; Zy
Solution
él VGSQ l\',j
= el- u
gm gmo é VP g’
21 2 (10 mA
g, = o 2(10mA) ):4ms
o \ v, \ 5V
Ams |1 —2.85V 172 mS
= m - = 1. m
En 5V
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(a) Z = R.=2MQ

o

1
Z, = —lInlR
g d N

m

1
— = L 581.39Q
& 1.72 mS
Z = 581.39Q || 40 kQ || 2.2 kQ = 454.63Q
En [rd ||RS]

b 4, = SolalSsl
®) g l+g, [’”d ||Rs]

[1.72mS][40kQ|[22kQ]

= =0.7818
1+[1.72mS ] [40kQ2[|2.2kQ ]
(c) V. =A4,V.=[0.7818] [20 mV] = 15.636 mV(p - p)
(d) r, = 40kQ and 10 R =22kQ
Since r,> 10 R, we can neglect the effect of 7.
Z = 2MQ
1
Z = g_ || R, = 581.39 Q]| 2.2 k2 = 459.86 Q
g, R 1.72mS)(2.2kQ
L sk (mes)e2e)

v l+g, Ry 1+(1.72mS)(22kQ)
4,V,=(0.79) 20 mV) = 15.8 mV(p-p)

o
I

Example 9.11

For the source-follower with the drain circuit resistor R, shown below, derive the expressions for
Z,A4,and Z .

Vpp
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Solution

In the ac equivalent circuit, R, comes between drain and ground. The ac equivalent circuit is
drawn in Fig (A), using the circuit of Fig. 9.25.

Rp
o oG D
+ +
Vgs * nggs ryg
IS
Vi % RG *~—— o
+
% RS VU
o i_» —L <_‘ — o)
Z; Z,

Fig. (A)
A part of the output circuit is shown in Fig. (B).

— —

R —
% . +
D Em’d Vgs ¢

= Td+ Rp i+ Rp

rq
EmTdV gs
S
)

(B) (C (D)

The current source g Ve in parallel with », in Fig. B is converted into its equivalent voltage
source as shown Fig. (C). The voltage source is converted back into its equivalent current source
in Fig. (D).

gmrd
Let o= Bnle A
¢ g, = o *)

and r/ =r,*R, (B)
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The ac equivalent circuit is redrawn in Fig. (E) after substituting the circuit of Fig (D) in
Fig. (A).

o OG
+ . L
Vgs * g,ngs V,d
S
Vi Rg D o
+
R v,
+ 1
Zi Zo

®
Fig. (E)

The circuit of Fig. (E) has the same format as that of Fig. 9.25. Proceeding on the same lines
given in section 9.14 we can arrive at the following results.

Z =R, ©)
4 v, g [r'dHRS] D
v V. S l+g', [r'dHRS] )
1
Z, = g Il Ry (E)
Example 9.12
The following data are available for the circuit of example 9.11:
V,=20V R, =33kQ R =12MQ
R,=33kQ [, =6mA V,=-6V
r,=30kQ VGSQ:—3.8V

Calculate the values of Z , 4,and Z .

Solution
Z,-:RG: 12 MQ
rd’ = rd+RD= 30kQ +3.3kQ=33.3kQ
, N gm rd
&n " 1, +R,
3 | — VGSQ
gm gmo Vp
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2l 2(6mA)

- - 2 m$S
S T 6V .

g, =2mS [1—_ 38\’}0.733 mS
’ ~6V
o [o.733ms][30kQ]
Now gy = pokQ+3skq] | 00mS
g'm [r'd ||RS]

A= Tv g, [y IR

0.66mS [33.3kQ2||3.3kQ]

1+0.66mS [33.3kQ2|3.3kQ2]
0.66

1
Z, = /IR
o g d S

m

1 1
Z = 0.66mS:1'515kQ

Z = 1515kQ|33.3kQ | 3.3 kQ
= 1kQ

€ 9.15 JFET COMMON-GATE CONFIGURATION

JFET common-gate configuration is analogous to the BJT common-base configuration.
Figure 9.28 shows the circuit of JFET common-gate configuration. An alternate representation of
this circuit is also shown in Fig. 9.29.

2

i s D Y
o) L[ =

G % Rp
Vi Rg v,

P L [ 7 5
L |
Z; 7

Fig. 9.28 JFET common-gate configuration
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Fig. 9.29 Alternate representation of the circuit of Fig. 9.28

The ac equivalent circuit of Fig. 9.28 is drawn in Fig. 9.30 by replacing C, and C, with their
short circuit equivalents and reducing V, to zero.

S D

: Ll

Vi %Rs G %RD Vo

Z; Z,

+ 0o

4—‘ 70
Zo

Fig. 9.30 Ac equivalent circuit of common-gate configuration

Observe form Fig. 9.30 that, the gate terminal is common for measuring both V and V. Hence
the name common-gate configuration.
The ac equivalent is redrawn in Fig. 9.31 by replacing JFET with its small-signal ac model. Let
us make the following important observations from the circuit of Fig. 9.31.
* R, appears between source and gate. As a result, the open circuit condition between gate
and source has been obviously lost.
* R, appears between drain and gate.
*  The current source g Vgs and the FET output resistance r,, will both appear between the
drain and source terminals. The direction of g Vgs is from drain to source, as usual.
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rd
s VVVY D

O O
+ - C +

2V,
Vi % Ry Ves "e % Ry Vs
g r r +JG_ <_‘ _O

Zl Z,l Zo

Fig. 9.31 AC equivalent circuit using JFET small signal model

Input Impedance | Z |
Form Fig. 9.31, the input impedance, Z, is given by the parallel combination of R and Z'.
ie., Z =R Z (9.75)
where Z' is the impedance seen looking into source and gate terminals, excluding R, .
To find 7

The circuit between source and gate of Fig. 9.31 omitting R is redrawn in the convenient form in
Fig. 9.32, to find Z'.

]

+ 0

Fig. 9.32 Circuit to find Z/

Form Fig. 9.32, we find that

~|

(9.76)
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Also V==V, (9.77)
Applying KCL at the node S, we have
I+g V. =1 (9.78)
Substituting Equation (9.77) in (9.78), we get
I-g V=1 (9.79)

To express [, interms of V" and /, let us apply KVL to the path consisting of V, r, and R, .
We get
V—1r~IR=0
VR,
I = ————] (9.80)

1
g 1

Using Equation (9.80) in Equation (9.79), we get

VR,
I-g V=—-—"21
" o Ta
1
r, T
I+ Ry
7= 2L 9.81)
gnt
Ty
or o Yotk (9.82)
' I 1+g,.r,
Using this relation in Equation (9.75), we get
R
Z =R {“—D} (9.83)
' 1 + gm rd
Expression for Voltage Gain [ A ]
Y
A, = 71 (9.84)
From Fig. 9.31 we have
V==V, (9.85)
Combining Equations (9.77) and (9.85) we get
V=V (9.86)

1

Observe from Fig. 9.31 that, V is measured across R, connected between drain and ground
ie., V is the voltage across R, .
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From Fig. 9.32,
V.=1IR (9.87)
From Equation (9.81), we get

= ——4= (9.88)

r
v - L d
ry
gm RD+R7D
v, Ta
Now 4= = (9.89)
! 1+-2
¥

The positive sign for 4, reveals that V/ and V, are inphase. Observe that, common gate
configuration is a noninverting amplifier.

Expression for Output Impedance [Z |
To find Z , first we set ¥, to zero. This results in the following changes in the circuit of Fig. 9.31.
* R gets short circuited
e )V =—V=0
gs i
= g Vgs =0

m

Current source gets open circuited.
The resulting circuit is shown in Fig. 9.33.
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r'd

—WW— b

O O

' Cr

=
S

1l

=
S)

N
N

Fig. 9.33 Circuit to Find Z,

From Fig. 9.33 we find that
Z =r1,R, (9.90)

Expressions for Z, A and Z neglecting the effect of r,

Forrd210RD

Consider Equation (9.81).

. RD
Since — < 0.1
¥

R

1+ =2 =1
Ty
1 : .
Also — < g [Sincer,is large]

Ty

1

As aresult, g, t— ~g,
i

Using these approximations in Equation (9.81), we get

1
Z'x — (9.91)
g,
Now Z =R Z
1
Z =R/ — (9.92)

m

Now Consider Equation (9.89)

RD
gm RD + ~ gm RD
Ty

R
and 1+ =2 ~ 1
¥
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U

o A, ~ g R, (9.93)
From Equation (9.90)

Z

o

r,|R,~R, (9.94)

Important characteristics of common gate configuration

Based on the results derived, we can attribute the following characteristics to the common gate
configuration.

* Relatively low input impedance {Zi ~ R, || L}
* Medium voltage gain [4,~g, R,]

* Medium high output impedance [Z ~ R, ]

e Zero phase difference between input and output voltages [non inverting amplifier]

Example 9.13

For the JFET common-gate configuration shown below:
(a) Calculate Z and Z,

(b) Find4,

(c) Calculate V if V.= 1 mV(p—p)

(d) Calculate Z, Z , A, and V , neglecting the effect of .

15V
o

TI: __‘ Ipss = 8 mA
v, H}i ! Vp=—-28V

10 F l’d:40 kQ
H VGSQ:_ 1.75V
Ry
1.5kQ
Z;

Solution
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2y (B mA)

g, = —|Vp| =gy —>57ImS
g =571mS 1= 2LV o 14 ms,
" - 2.8V
R
(a) Z[ = RSH {W—D}
1+gmrd

15kQ | | __40kQ+3.3kO
1+(2.14mS) (40kQ2)

1.5kQ | 0.5kQ =375Q
Z =r,||R,=40kQ | 3.3kQ=3.04kQ

R
|:gm RD +D:|
Ty

(b) A4, =
i
{(2.14m8) (3.3kQ)+ 331‘9}
40kQ 7.1445
B | 3.3kQ ~1.0825 6.6
40kQ
(c) V.= A,V =[6.6][ImV]=6.6 mV(p-p)
(d) r, = 40kQ and 10R, =3.3kQ
Since r,> 10 R, the effect of 7, can be neglected.
1
Z =R || — =15kQ =356.12Q
! s g, | 2.14mS 336
Z = R,=3.3kQ
A, = g R,=[2.14mS] [3.3 kQ]=7.06
V.= A4,V =[7.06][1 mV]=7.06 mV(p-p)

Example 9.14

For the circuit shown below:

(a) Calculate Z and Z -

(b) Find 4,

(c) Calculate V, if V,=5mV (rms)-

(d) Calculate Z > Z , 4, and V , neglecting the effect of r,.
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0 22V
%90 MQ 22kQ
10 uF 10 uF
\| |(

1 kQ% ‘
R
§ Ipss=17.5mA
Vp—_
22 4F 10 MQ P=-4V
R Veso=—12V
Yos =303 1S

Solution

The given circuit is JFET common-gate configuration using voltage divider bias. The 22 pF
capactior is used to create ground at the gate terminal for ac operation. As a result, the voltage
divider resistors R and R, will get shorted to ground.

VGS
= 1 — 0
A

p

2y (2)(7:5mA)
S = Tv T av =3.75mS
= 375mS | 1-2Y | = 2,625 mS
g, J5m —av m
-~ 5o
T T 3038
_ Tt Ry
(a) Z = R L+gmrj
ko | 3BkQ+22KQ | o0
1+(2.625mS) (33kQ)

Z =r,||R,=33kQ|2.2kQ=2.06 kQ

R
|:gm RD +D:|
Ty

T
I+—

r
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{(2.625m8) (22kQ) + 2'21(9}
=5.47

B 33kQ
2.2k
142202
33kQ
(©) V. =A,V=[547] [5 mV]=27.35mV (rms).
(d) r,=33kQ and 10R,=(10)(2.2kQ)=22kQ
Since r,> 10 R, the effect of 7, can be neglected
1 1
Z = R[] — = 1kQ || ———— =275.86Q
: g, 2.625mS
Z =R =22kQ
A, =g R, = (2.625mS) (2.2 kQ)=5.775
V.= A,V,=[5775] [5 mV]=28.875mV (rms)

4 9.16 DEPLETION-TYPE MOSFETS [D-MOSFET]

MOSFET stands for metal oxide semiconductor field effect transistor. The name metal oxide is
due to the fact that, the gate is made up of metal and a thin insulating silicon dioxide (SiOz) layer
separates the gate from the channel. Since the gate is electrically insulated from the channel,
MOSFET has very high input impedance which is of the same order as that of JFET. As a result

the gate current / . is essentially zero for the dc-biased configurations.
The drain current and transconductance equations derived for JFET can be readily applied to

D-MOSFET. These equations are reproduced below for reference.

2
VGS
I, = I [1— VQ} (9.95)
P
= {1 - GSQ} (9.96)
gm gmo Vp :
21

DSS

v,

where g = = (9.97)

In JFET, Vs, can only be negative for n channel devices and positive for p channel devices.
Hence g, is always less than §,, . But for D-MOSFET, Vs, can be of either polarily.

For instance, if Vas, is negative for an n channel device, the device operates in the depletion
mode. In depletion mode, g, < 8,, and I, <1, as seen from equations (9.95) and (9.96).

On the other hand, if Vch is positive, the device operates in the enhancement mode. In

enhancement mode g > g, and [, >1 .
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Small Signal Model of D-MOSFET

The small signal ac model of D-MOSFET is exactly the same as that of JFET. The range of
is same as that of JFET. The only difference is in the value of g . Figure 9.34 shows the circuit
symbol and small signal ac model of D-MOSFET.

D G

V
gs 20V, ”
c I m” gs d

(@) 5 (b)

Fig. 9.34 (a) Circuit symbol of n channel D-MOSFET
(b) Small-signal ac model of D-MOSFET

It should be noted that the small signal ac model is same for both n-channel and p-channel
D-MOSFETS. Also all the results derived for JFET configurations can be readily applied to the
corresponding D-MOSFET configurations.

Example 9.15

For the D-MOSFET amplifier shown
(a) Calculate g and compare with g
(b) Calculate r,

(¢) Draw the ac equivalent circuit

(d) Find Z and Z,

(e) Calculate 4,

() Find V if V,=2mV(p-p)

110 MQ % 1.8 kQ

o 18V

10 uF Ipgg =6 mA
H Vp=-3V
) IO\TF | Vaso=0.35V
+ /l =20 1S
V()
V; 10 MQ

150 Q
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Solution

The given circuit is D-MOSFET common-source configuration using voltage divider bias. The
results derived in section 9.12 for JFET configuration can be directly used for this circuit.

| VGSQ
(a) 8, =~ &, 14
o P
21 2)(6mA
o e @EmA)
© |, 3V
g =4 S[l—m}=446ms
m — V
Note that, g >g since Vch is positive.
b L 50 kQ
(b) e = V. N 20uS o

(d) From Equation (9.49),

Z = R/|IR,
= 110 MQ || 10 MQ = 9.16 MQ

From Equation (9.50),
Z =r1,|R,=50kQ | 1.8kQ=1.73kQ
(e) From Equation (9.51),
AV = _gm [l"d || RD]
= —[4.46 mS] [50kQ2 || 1.8 kQ]=-7.71

0 V= A,V,=[-771][2mV] =~ 1542 mV(p-p)

Example 9.16

For the D-MOSFET amplifier shown below

(a) Calculate Z and Z,

(b) Find4,

(c) Calculate V if /=50 mV (rms)

(d) FindZ, Z , A,and V neglecting the effect of .



Solution

The given circuit is a D-MOSFET common source configuration with VGSQ =0 V. For the solution,

please refer Example 9.5.

20V

2.2 uF

.

FET Amplifiers

2:'2 WE E Ipsgs =5 mA
i =-6
v, Vp=—6V
v 2MQ Yos =40 uS
T o r ° ‘T o
| L
Zl - Z()
Example 9.17
For the circuit shown below
(a) Calculate Z and Z
(b) Calculate 4,
(¢) Find V if V=1 mV (rms)
(d) Determine Z, Z , A, and V neglecting the effect of r,.
20V
2 kQ
10 uF
10 uF "
K Ipgs= 12 mA
+ >
Vp=-35V
Vo
Vi 5 MQ 100 Q 2 MF VGSQ =-0.75V
rg=50kQ

T
—)
K
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Solution

The given circuit is D-MOSFET common-source configuration using self bias. The results derived
in section 9.10 for JFET configuration can be readily applied to this circuit.

1 - VGSQ
gm - gmo V

P

o
A
= Z(LmA) = 6.85 mS
3.5V ’
g = 6.85mS [1 - _0‘75\? =538 mS
" -3.5V
(a) Z = R.=5MQ [From Equation (9.26)]
Z =r,R, [From Equation (9.27)]
=50kQ |2 kQ=1.92 kQ
(b) A, =—-g [r,IIR,] [From Equation (9.28)]
= —[5.38 mS] [1.92 k2]
= —10.33.
© V=4,
= [-10.33] [l mV]
= —10.33 mV(rms)
(d) r, = 50kQ and 10 R, =20 kQ
Since r,>10 R, the effect of 7, can be neglected.
Z = R.,=5MQ
Z =R, =2kQ
4,=-g,R,
= —[5.38 mS] [2kQ]=-10.76
V. = [-10.76] [l mV]
= —10.76 mV (rms)
Example 9.18

For the amplifier shown below:
(a) Calculate Z and Z,

(b) Calculate 4,
(c) Determine V if V=2 mV (rms)
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]DSS: 12 mA
Vp=-3V
VGSQ:_ 1.45V

Vd: 40 kQ

Solution

The given circuit is D-MOSFET source-follower configuration without R . The results derived in
section 9.14 for JFET source-follower can be readily applied to this circuit.

1 - VGSQ
gm = gmo |4

P

2[DSS
g”’o B |Vp|
2(12mA)
= 5y ~8mS
g = 8mS =BV 43 ms
m _3V
(a) Z = 90 MQ || 10 MQ =9 MQ
1
Z = g_ 7, || R [From Equation (9.72)]
- L a0k 11k0= 197460
4.13mS
R
(b) A, _SulnllRs] [From Equation (9.65)]
I+g, [7; || Rs]
[4.13mS][40kQ||1.1kQ]
~ 1+[4.13mS][40kQ || 1.1kQ] 0815
© V=4,

= [0.815] [2 mV] = 1.63 mV (rms)
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€ 9.17 ENHANCEMENT-TYPE MOSFETS [E-MOSFET]

Figure 9.35 shows the circuit symbols of n-channel (n MOS) and p-channel (p MOS) E-MOSFETS.
The E-MOSFET is fabricated to operate only in enhancement mode. Hence V¢ , can only be
positive for n-channel device and negative for p-channel device.

D

g
Go—lj Go_|.:1

%)

(@ (b)

Fig. 9.35 (a) Circuit symbol of p MOS device
(b) Circuit symbol n MOS device

The drain current for E-MOSFET is given by the relation

I, = k[ Vo= Vs I’ (9.98)
Vs 18 the threshold voltage. It is important to note that, the drain current is zero for
V..<V and it significantly increases for V¢ 2 Vs K is a constant which is specified on the

GS GS(Th)
data sheet for typical operating point.

¢ 918 EXPRESSION FOR TRANSCONDUCTANCE g,

The transconductance is defined by

/4
g, = dl, (9.99)
d VGS QPoint
Differentiating Equation (9.98) with respect to V., we get
al,
dVg = 2k[V, Vs GS(Th)]
di
But g, = 2
d VGS Q Point
En ~ 2k[V, GsQ GS(Th)] (9.100)

€ 9.19 SMALL SIGNAL AC MODEL OF E-MOSFET

The small signal ac model of E-MOSFET is shown in Fig. 9.36. Observe that, the format of the
model is exactly identical to that of JFET.
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Fig. 9.36 Small Signal ac model of E-MOSFET
€ 9.20 E-MOSFET DRAIN-FEEDBACK CONFIGURATION

Figure 9.37 shows the circuit of E-MOSFET common-source amplifer employing drain feedback

The resistor R, provides ac negative feedback.
Vpp

Rp
ERE
+
N ¢ |I=
o > —
IS VO
|
|
7.

+
Vi

Fig 9.37 E - MOSFET drain-feedback configuration

The ac equivalent circuit is drawn in Fig. 9.38 by reducing ¥, | to zero and replacing C and C,

with their short circuit equivalents.

Fig 9.38 AC equivalent circuit of E-MOSFET drain-feedback configuration
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The ac equivalent circuit is redrawn in Fig. 9.39 by replacing E-MOSFET with its small—
signal ac model.

Fig 9.39 Ac equivalent circuit using small signal ac model of E-MOSFET

Due to open circuit between the gate and source terminals, the current into the gate terminal is
zero. Hence 7, flows into R,,..
Expression for input impedance [Z ]

Due to the connection between input and output nodes, the calculation Z is not straight forward.
The input impedance is given by

V.
Z = I—’ (9.101)
Applying KCL at the node D, we have l
=gV, +t1+1 (9.102)
From the input circuit
Ve =V (9.103)

From the output circuit,

Now [+ = —+

U
=V, &g (9.104)

where —_— = +
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R
= R = 12—y IR (9.105)

D
v, +R,

Using Equations (9.103) and (9.104) in Equation (9.102), we get

I =g V+ 4 (9.106)
1 m 1 R’D
4
But I = lR 5 [ current through R, ]
F
=> V= V-LR, (9.107)
Using Equation (9.107) in Equation (9.106), we have
I = V o+ V:’_]iRF
i &Y R,
¢ R, U é 1 U
L elt——4 =V ag, +—u
e Rha & Ry
5 u
4
4 R) 0
Now Z = —=—
! I, é N 1 U
&8t u
é R} G
R.+ R,
or zZ = l+g R, (9.108)
R, +[r, ||IR,]
or Z = Re 1 [1Ry] (9.109)

o 1+g, [ IRy ]
Approximate expression for Z,
Usually, R, >>7 || R,

}e.‘:—i_[,ﬁdHIQD:| = RF

Using this approximation in Equation (9.109) we get
P
b g, [ IR]
Further, if r,2 10R,,

d

IR, = R,
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Now we get
RF
: 1+<ng0
Expression for Voltage Gain [A4]
From Equation (9.106) we have
I = v+ v,
i gm i R'D
. V-,
Using I = , we get
i RF
V.-V, V,
= gm i '
RF RD
é1 N 1 u _ Vel u
o é _,U [é _gmL’]
éR, R éR; a
é1
v, &R °
AV = — = B
V. él1 1
&, t .,
&R, R
1 1 1
_ = 4 —
R'D r, RD
1 1 1 1 1
R, R, R, 1, R
1
= ﬁ = RF || Vd || RD
—+
R. R',

Using Equation (9.113) in Equation (9.112) we get

Vv

eRF

3

[t ey enid

o]
o\

é1 u
Ay = &g En IR 7, | Ry

(9.110)

(9.111)

(9.112)

(9.113)

(9.114)

1
Usually z is smaller than g . Hence 4, is negative. The negative sign reveals that, V and

F
V. are out of phase by 180°.

Approximate Expression for A,

1
Typically 2 < g . Asaresult

F

LY
R T8
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Also R, > r,/[|R,
Hence R7R, = 1R,
Using these approximations in Equation (9.114) we get

AV ~ =8, [rdHRD]

Ifr,210 R, thenr, || R )~ R,
Now we get A, ~ -g R, (9.115)

Expression for Output Impedance [Z |

To find the output impedance, we reduce V; to zero in the circuit of Fig 9.39. With V=0
e  (Gate get shorted to source
e g,V,=0.Therefore the current g V' represents an open circuit.

The resulting circuit is shown in Fig 9.40.

D
= RF RL
Fig 9.40 Circuit to find Z,
From Fig. 9.40 we find that
Z =R.|7r,|IR, (9.116)
Approximate Expression for Z,
Using the conditions
R,>r,||R, andr,2 10 R in Equation (9.116) we get
Z ~ R, (9.117)
Example 9.19
A MOSFET has V¢, = 3.5V and it is biased at V', =7 V. Assuming k = 0.5 x 10° A/V?
0
calculate the value of g .
Solution
gy~ 2k [VGSQ_ VGS(Th)]

(2) (0.5 x 10° A/V?) [TV —3.5V] = 3.5 mS.
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Example 9.20
An E-MOSFET amplifier circuit has the following data.
V,=4V ID(OH)=4mA
Ve (on) = 7V v, =25US.
Calculate the values of k, g and r,.
Solution
[D =k [ VGS_ VGS(Th)]2
= ]D ©on k [ VGS (on) V(;S(Th)]2
ID(on)
k= 7 2
chsmn) B Vcs(Th)H
Note that V., =V )
p_ —amA
- [7v-4V]?
= 044 x 103 A/V?
gn ~ 2k [ VGSQ - VGS(Th)]
VGSQ = VGS (on)
g, = 2[0.44 x 10°A/VH [TV -4 V]
= 2.64 mS.
1
r,= "
T Vs
= ; =40 kQ
25 uS
Example 9.21

For the E-MOSFET drain feed back amplifier shown below:

(a) Calculate g andr,-

(b) Determine Z and Z -

(c) Calculate 4,,-

(d) Find Vif V=5mV.

() Calculate Z, Z , 4, and V , neglecting the effect of », and compare the results.
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(¢) When the effect of r, is neglected

Note that, R

18V
3.3kQ
10 MO 10 uF Vasrmy =3V
| o k=04 %1073 A/V?
AN +
10 HF L: Yos = 10 HS
+ H Vo VGSQ=6V
Vi
— O r ‘T O~
Z; = Z,
Solution
(a) g, =2k |:VGSQ _VGS(Th):|
= (2) (0.4 x 103 A/V?) [6 V-3 V] =2.4 mS.
1 ! 100 kQ
CE TR
R.+|7,||R
o ;- RetllR]
1+gm [rdHRD]
10MW+[100kW|| 3.3kW]
= =1.15MQ
1+[2.4mS][100kW||3.3kW]
Z, = R.[|r, IR,
=10 MQ|| 100 kQ || 3.3 kQ = 3.29 kQ
é1
(c) A, = éR —gmu [R. |7, I R,]
e
¢ I 24mSY 110 MQ || 100 kQ | 3.3 kO]
= — A 1N .
élon g [ | I
= —7.89
(d) Vv, =4,V

= [-7.89] [S mV] = -39.45 mV

= 10MQ and r,|R,=3.19kQ
>>rd||RD

= 100k and 10R,=33kQ
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Also note that r,>10R,.

Hence we can use approximate results by neglecting r,.

RF
%% Trg R,
10MW
T 14Qams]Bakw] ~ 12Me
Z =~ R =33kQ

A, ~—g R =—[24mS][33kQ]=-7.92
"= A, V=[-7.92] [SmV] =-39.6 mV.

The results are compared in the following table.

Parameter | Withr, | With outr,
Z LISMQ | 1.12MQ
. 329 MQ | 3.3MQ
A, —7.89 -7.92

Note that the results are very close since the conditions R, >>r || R, and r, > 10 R are
satisfied.

€ 9.21 E-MOSFET COMMON-SOURCE AMPLIFIER USING VOLTAGE
DIVIDER CONFIGURATION

Figure 9.41 shows the circuit of E-MOSFET common-source amplifier using voltage divider
bias.

°Vpp

Fig. 9.41 E-MOSFET voltage divider configuration
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The ac equivalent circuit is drawn in Fig. 9.42 by

e reducing V,  to zero
e replacing the capacitors C|, C, and C, with their short circuit equivalents and

e replacing E-MOSFET with its small-signal ac model

D
o oG . . o)
+ + +
Vi R 1 R2 Vgs Em Vgs r'd RD Vo
_ r’ _ S ‘j _
o . . . o)
| L |
Z; Z,

Fig. 9.42 AC equivalent circuit of E-MOSFET voltage divider configuration

This circuit is exactly identical that of Fig. 9.20 analysed in section 9.12, for JFET voltage
divider bias configuration. The results are reproduced below for reference.

When the effect of r,is included

Z =R R, (9.118)
Z =r1,R, (9.119)
A, =g [r,IIR,)] (9.120)
The negative sign in 4, reveals that V and V are 180° out of phase.
When the effect of r,is neglected | For r,= 10 R,)]
Z =R |R, (9.121)
Z ~ R, (9.122)
A, =~ -g R, (9.123)

Example 9.22
For the E-MOSFET voltage divider configuration shown

(a) Calculate Z and Z -

(b) Calculate 4,,-

(¢) FindV if V.=1mV-

(d) Calculate Z, Z , A, and V, neglecting the effect of 7.
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* 028V

3kQ
39 MQ 10 uF
{ +

10 uF
H }—"—F—II Vesamy=3V

k=04 x107A/V?

VGSQ: 48V

Yos =25 U8

Solution
g, = 2k [ Vas, ~Vasam |
= 2[0.4x10°A/V?] [4.8V—-3V]=1.44mS
r, = o =40 kQ
d v,e 25uS

(a) Z = R/ [|R,=39MQ]| 10 MQ =7.95 MQ

Z =r,||R,=40kQ || 3kQ=2.79 kQ
(b) A, = —g [r,|IR]=~[1.44mS][2.79 kQ] = —4.01
(c) V=4,V=[-401][1 mV]=-4.0l mV
(d) r, = 40kQ and 10R,=30kQ

Since r,> 10 R, the effect of 7, can be neglected.

Z = R,||R,=17.95MQ

Z ~ R,=3kQ

A, ~ —g R =—[1.44mS] [3kQ]=—432
V.= A,V =[-432][1 mV]=-432mV.

4 9.22 DESIGN OF FET AMPLIFIERS

Design of FET amplifiers involve the calculation of circuit elements R, R , R, C, C, and C; to
meet the required ac and dc specifications.

In most of the cases, drain supply voltage ¥, is known. The values of R, and R are calculated
from the gain and biasing requirements. In majority of the circuits, R . decides the input impedance.
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The capacitors C,, C, and C; are calculated to meet the required frequency response specifications.
The following examples illustrate the design of some of the FET amplifier networks.

Example 9.23

Design the fixed bias FET common—source amplifier shown below to meet the following
requirements.

Magnitude of voltage gain, [4,]: 12
Input impedance, Z 10 MQ
Available drain supply voltage, V,, : 40V
For the circuit designed, calculate the values of VDSQ and Z .
Vbp
Rp
G
|(
i I\ %
N > I: ]DSS =10 mA
v, Vp=-5V
Vi Rg
Yos =25 1S
o . _T:_ 1o}
Solution
Selection of R,
For the given circuit
Z =R,
Since Z = 10 MQ
Select R, = 10 MQ
Selection of R,
AV = 7gm [RD || rd] (A)
VGSQ
gm = g”l o
0 v,

For the given circuit, Vch =0 [since R;=0].

a0 (@)(0ma)
gm gmo | Vp | SV

g, = 4mS.
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Given, 4, =12
Since common source configuration is an inverting amplifier, 4, is negative
A, = —12
1
r, = T =40kQ.
From Equation (A)
=12 = -4mS R, | ]
R, |7, = 3kQ
R, 1
. R, +1,
Solving we get
R, = 3.24kQ
Output impedance, Z
Z =R, |r,=324kQ[ 40 kQ=3kQ
Calculation of Viso
Applying KVL to the drain circuit, we have
VDD = IDQRD + VDSQ (B)
VGS
[%
IDQ - IDSS 1 B Vp :l
= I, = 10mA [Since Viso = 0]
Now from Equation (B), we get
VDD = IDQRD+ VDSQ (B)
40V = (10mA) (3.24 kQ) + VDSQ
VDSQ =76V

Example 9.24

Design the self bias FET common-source amplifier shown below to meet the following
requirements:

Magnitude of voltage gain, |4,] : 10
Input impedance, Z : 5SMQ
Quiescent gate to source voltage, Veso %
Available drain supply voltage, Vo, : 20V

For the circuit designed calculate the values of V. and Z .

SO



Vpp

Solution
Selection of R,

RG

5 MQ
5 MQ

-8, [Ryllr,[IR,]

FET Amplifiers

[DSS: 12 mA
Vp=-3V

rg=40kQ

Since R, = 12 MQ which is very high relative to ,, we can treat it as an open circuit.

For the given circuit, Z
But Z
.. We select R,
Selection of R,

AV
AV
gﬂl
VGSQ
gmo
En

Now from Equation (A), we have
- 10

Ryl

~
~

-g, [R,| 1]
g)n -
0 Vp
E = VGSQ = l
3 Ve 3
2Ups 2 (12mA)
A 3V
C1y
8 mS gl 3g ~533ms

[-533mS] [R,|| 7]
1.876 kQ

mS.

695

(A)
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R,.r
P = 1.876 kQ
R, +r1,
R, (40kW)
——— = 1.876 kQ2
R, + 40kW
Solving we get, R, = 1.968 kQ
Calculation of R
VGSQ - 7]DQ RS (B)
vV, 3V
Vo =3 T3 Y
2
IDQ = Lpss g } Tpa
) 2
u
~ 12mA &l- =j =6.66 mA
& 3d
From Equation (B),
VGSQ
R, = — 7
Dy
R, = - i =150 Q
6.66 mA

Output impedance, Z
Z =R |rlR,

1.968 kQ || 40 kQ || 12 MQ
1.968 kQ || 40 kQ = 1.875 kQ.

Q

Drain-source voltage, VDSQ

Applying KVL to the drain circuit, we have

Voo = Doy Ro+ Vs, * I, Ry

DD

20V = (6.66 mA) (1968 k) + ¥, +1V
V sy = 3-89V

Example 9.25

Design the self biased FET common-source amplifier with unbypassed R, shown below to meet
the following requirements:
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Magnitude of voltage gain, |4,] : 8
Input impedance Z : 2MQ
Quiescent gate to source voltage VGSQ : %
Available drain supply voltage Vi, : 30V

For the circuit designed, calculate the values of Z and Vpso

Vbp
Rp
G
( . 5
o \ +
+C ) I: IDSS =10 mA
Vp=-5V
Ry v
2 Rg 12 MQ 0 ry =50 kQ
j Rs§
Solution
Selection of R,
For the given circuit, Z =R,
But Z = 2MQ
.. We select R, = 2MQ
Selection of R
VGSQ - 7]DQ RS
Ve -5V
Vch = I = e =-125V
é VGSQ o
I =1  él- u
DQ DSS é Vp g,
& —125VU
= 10 mA al- a =5.625 mA

é SV

697

(A)
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From Equation (A)

Ve, 125V

s I, 5.625 mA
Qo

=22220

Selection of R,
To simplify the calculation, for the moment, let us assume that 7,2 10 [ R, + R]. we will justify
our assumption after the calculation of R .

ngD
Now A4, ~— —1+gm R (B)
R, is not considered since it is relatively larger.
v,
g = &, [I-7
0 Vp
20, 2[10mA] —4mS
g’”o - |Vp| - 5V =4 m
é —1.25Vuy
= 4mS al- 7 =3 mS.
En TG sy o
Now from Equation (B), we have
A, [1+g, R;]
R, = - vy om’ S
&n
=8][1+(3mS)(222.2W
_ 810+ GmS)( N a0
3mS
Justification of Assumption
r, = 50kQ
10[R,+R] = 10 [4.44 kQ +222.2 Q] = 46.62 kQ

Observe that ,> 10 [ R, + R,], which justifies our assumption.

Output Impedance
Since r,> 10 R,

Q
=

o D

4.44 kQ

o

Drain to Source Voltage
Applying KVL to the drain circuit we have

VDD = IDQ RD + VDSQ + IDQ Rs
30V = (5.625 mA) (444 kQ) + V,, +(5.625 mA) (2222 Q)

V.. = 3.775V.

DSQ
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(& Exercise Problems 70202022

9.1 A common-source JFET amplifier using self-bias with bypassed R, has R, = 1 MQ,
R;=27kQ, R =39kQ, g =2800 uS and r,=40 kQ. Calculate Z,, Z , 4,and 4,.

9.2 Repeat the previous problem with R, unbypassed.

9.3 A JFET source-follower has R, = 5 MQ, R, =2 kQ, R, = 2.7 k2, g = 0.8 mS and
r, =40 k€. Calculate Z,Z , A, and 4,.

9.4 AJFET common-gate amplifier has R, = 1.2 MQ, R =3 k€2, g =2 mS and r,= 50 k€2.
Calculate Z,Z and 4,.

9.5 Design a self-biased common-source JFET amplifier with bypassed R, which has
|4,|=8and Z = 10 MQ. For the FET, g =5mS, r,=50kQ and V, ) =22 V.
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Amplifier, 317,377,431, 503, 629

bode plot, 327
cascaded systems, 377
cascode connection, 383
class A power amplifier, 503, 507
class AB power amplifier, 505
class B power amplifier, 504
class B push-pull power amplifier, 550
class C power amplifier, 505
class D power amplifier, 579
classification, 431, 503
common-gate configuration, 667
conversion efficiency, 535
current amplifier, 433
current mirror circuit, 401
current-series feedback amplifier, 448
current-shunt feedback amplifier, 447
darlington connection, 386
darlington emitter-follower, 388
design of FET amplifiers, 692
feedback amplifier, 431
feedback concept, 437
feedback pair, 394
FET amplifiers, 629
frequency response, 317
general amplifier, 377
heat sink, 581
high-frequency response, 359
low frequency analysis, 322
low frequency response, 334
phase angle plot, 321
power amplifier, 503
push pull amplifier, 551
thermal analogy of a power transistor, 583
transconductance amplifier, 434
transformer-coupled class A

power amplifier, 512
transresistance amplifer, 436

voltage amplifier, 431

voltage gain, 341

voltage-series feedback amplifier, 446

voltage-shunt feedback amplifier, 447
Amplifier analysis, 231

notations, 231

transistor at low frenquencies, 231

two port network, 232

Analysis of general transistor configuration using
the complete hybrid equivalent model, 417

current gain, 418
input impedance, 418
output impedance, 419
voltage gain, 419

Analysis of transistor configurations using

approximate hybrid model, 409
CE emitter bias configuration, 413
Common-emitter configuration using
fixed bias, 410
Common-emitter configuration using
voltage divider bias, 411

Common base configuration, 416
Emitter follower, 415

Avalanche breakdown, 3

Band width, 319

Bias stabilisation, 205

Bode plot, 325

Bridge rectifier, 57
average (dc) output current [/, ], 59
average (dc) output voltage [V, ], 59
average and peak diode current, 59
peak inverse voltage [PIV], 60

Cascaded amplifiers, 377

Cascaded systems, 377

Cascode connection, 383

CE emitter-bias configuration with R, and R, 308

CE-emitter bias configuration with
unbypassed R,, 413
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Clamping circuit, 113 output impedance, 287
negative clamper, 113 voltage gain, 288
negative peak clamper, 117 Common-emitter configuration using voltage
positive clamper, 116 divider bias, 411
Class A power amplifier, 503, 507 Common-emitter fixed bias configuration, 410,257
series-fed class A power amplifier, 507 current gain, 260
Class A series-fed power amplifier, 535 emitter-bias with unbypassed r, 269
Class AB power amplifier, 505 input impedance, 258
Class B power amplifier, 504 output impedance, 259
phase splitting circuits, 555 phase relationship, 261
Class B push-pull power amplifier, 550 using voltage divider bias with
advantages, 554 unbypassed R,, 275
conversion efficiency, 556 voltage divider bias, 264
elimination of even harmonic voltage gain, 259
distortion, 553 with bypassed R,, 273
maximum power considerations, 558 with partly bypassed R, 277
operation, 551 Common-emitter voltage divider bias
phase splitting circuits, 555 configuration, with R and R, 305
power dissipated by output transistors, 558 Constant-current source, 406
practical complementary-symmetry, 564 Conversion between hybrid parameters, 251
Quasi-complementary, 565 Conversion efficiency, 535
using complementary symmetry transistor class A series-fed power amplifier, 535
pair, 563 class B push-pull power amplifier, 556
Class C power amplifier, 505 transformer-coupled class A power
Class D power amplifier, 579 amplifier, 537
Clipping circuit, 73 Crystal oscillator, 620
double ended clipper, 79, 82 applications, 626
parallel clipper, 73 crystal reactance, 623
series clipper, 76 demerits, 625
shunt clipper, 73 in parallel resonant mode, 624
two independent level, 79 in series resonant mode, 623
Collector de feedback configuration, 295 merits, 625
input impedance, 296 Piezo electric effect, 620
output impedance, 296 Crystal reactance, 623
voltage gain, 297 Current amplifier, 433
Collector feedback bias, 164 Current mirror circuit, 401
Collector feedback configuration, 290 high output impedance, 403
current gain, 293 mathematical analysis, 402
input impedance, 291 using JFET, 403
output impedance, 292 Current mirror circuit current series feedback
voltage gain, 293 amplifier, 487
Colpitts oscillator, 605 Current source circuits, 406
Common-base configuration, 286, 416 BJT, 406
applications, 289 using zener diode, 408
current gain, 288 Current-series feedback amplifier, 448, 459
important characteristics, 288 input resistance, 459

input impedance, 287 output resistance, 464
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Current-shunt feedback amplifier, 447, 460 positive clamper, 116
input resistance, 460 series clipper, 76
output resistance, 466 shunt clipper, 73
Darlington circuit, 387 Diode current equation, 1
Darlington connection, 386 Diode resistance level, 8
Darlington emitter-follower, 388 average ac resistance, 10
ac current gain, 389 bulk resistance r,, 14
ac equivalent circuit, 389 dynamic resistance, 9, 14
ac input impedance, 389 static resistance, 8
ac output impedance, 391 Direct coupled amplifier, 319
ac voltage gain, 390 frequency response, 319
applications, 392 Double ended clipper, 79, 82
important characteristics, 392 Emitter follower configuration, 415
DC load line, 131 Emitter-bias circuit, 142
Depletion-type mosfets, 676 Emitter-follower, 278, 388
Desensitivity factor, 452 current gain, 282
Diffusion capacitance, 18, 19 important characteristics, 283
Diode, 1 input impedance, 280
analysis of diode circuits using the diode output impedance, 280
equivalent circuit, 24 using collector resistor, 283
analytical expression for dynamic using voltage divider bias, 283
resistance, 13 voltage gain, 282
average ac resistance, 10 Emitter-follower configuration, 278
bulk resistance r,, 14 Emitter-follower configuration with R and R,, 306
charge storage and reverse recovery time, 20  Enhancement-type MOSFETs, 682
classification, 22 common-source amplifier using voltage
comparative study, 6 divider configuration, 690
diode resistance level, 8 drain-feedback configuration, 683
dynamic resistance, 9, 14 expression for transconductance g , 682
equivalent circuit, 16 small signal ac model of E-MOSFET, 682
piecewise-linear equivalent circuit, 16 Equivalent circuits of diode, 16
simplified equivalent circuit, 17 Feedback amplifier, 431
specification sheet, 21 advantages, 468
static resistance, 8 assumptions in the analysis, 445
summary of equivalent circuit, 18 bandwidth, 467
temperature effect, 4 current-series feedback amplifier, 448
transition or depletion capacitance, 19 current-shunt feedback amplifier, 447
volt-ampere characteristics, 3 current-series feedback amplifier, 487
Diode circuit, 1 desensitivity factor, 452
diode current equation, 1 FET amplifier with voltage-series
load line analysis, 22 feedback, 478
clamping circuit, 113 general characteristics, 451
clipping circuit, 73 input resistance, 456, 457, 458, 459, 460
double ended clipper, 79, 82 loop gain, 444
negative clamper, 113 output resistance, 461, 462, 463, 464, 466
negative peak clamper, 117 practical feedback circuits, 477

parallel clipper, 73 reduction in frequency distortion, 455
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reduction in non-linear distortion, 453
reduction of noise, 455
stability of transfer gain, 451
topologies, 445
transfer gain, 442
voltage-series feedback amplifier, 446
voltage-shunt feedback amplifier, 447
voltage-shunt feedback amplifier, 496
voltage series feedback in
emitter-follower, 482
Feedback concept, 437
basic amplifier block, 439
comparator or mixing block, 439
feedback network, 441
sampling network, 441
signal source block, 438
Feedback pair, 394
ac current gain, 397
ac equivalent circuit, 396
ac input impedance, 397
ac operation, 396
ac output impedance, 399
ac voltage gain, 398
dc bias, 394
FET amplifier with voltage-series feedback, 478
FET amplifiers, 629, 692
common-drain configuration, 658
common-source amplifer using fixed bias
configuration, 636
common-source amplifier with
unbypassed R, 645
common soure amplifier using self-bias
configuration, 641
design of FET amplifiers, 692
JFET common-source amplifier using voltage
divider configuration, 652
source-follower, 658
Fixed bias common-emitter amplifier, 300
Fixed-bias circuit, 134
load line analysis, 141
Frequency response, 317
band width, 319
direct coupled amplifier, 319
effect of emitter bypass capacitor, 339
effect of input coupling capacitor, 335
effect of output coupling capacitor, 337
expression for /4, as a function of

e
frequency, 365

expression for the gain-band width
product [f,], 368
frequency response, 319
half power frequencies, 319
low frequency response, 334
normalised gain, 320
R-C coupled amplifier, 317
transformer coupled amplifier, 318
upper cut-off frequency due to input
capacitance, 360
upper cut-off frequency due to output
capacitance, 363
variation of & , (or p) with frequency, 365
Full wave rectifier, 68
average diode current, 70
average output current, 70
peak inverse voltage [PIV], 71
Full-wave bridge rectifier, 57
General amplifier, 377
Half power frequencies, 319
Half-wave rectifier, 45
average (dc) output current, 48
average (dc) output voltage, 47
average and peak diode current, 48
peak inverse voltage [PIV], 48
power dissipation, 48
Harmonic distortion, 520

calculation of total harmonic distortion, 527

higher-order harmonic distortion, 527
second harmonic component, 522
Hartley oscillator, 612
Heat sink, 580
High frequency response of BJT amplifier, 359
expression for 4, as a function of
frequency, 365
expression for the gain-band width
product [f;], 368
network parameters, 359
upper cut-off frequency due to input
capacitance, 360
upper cut-off frequency due to output
capacitance, 363
variation of & , (or p) with frequency, 365
Hybrid & capacitances, 253
Hybrid 7 conductance, 254
Hybrid & model, 253
Hybrid 7 parameters in terms of r, and
h parameters, 254



Hybrid 7 resistances, 253
Hybrid parameter, 242, 243
advantages, 248
variations of, 246
JFET source-follower, 658
important characteristics, 663
input impedance, 660
output impedance, 661
voltage gain, 660
Junction field-effect transistor, 629
common-drain configuration, 658
common-gate configuration, 667
common-source amplifer using fixed bias
configuration, 636
common-source amplifier using
voltage divider configuration, with
unbypassed R, 654
common-source amplifier with
unbypassed R, 645
common source amplifier using self-bias
configuration, 641
current equation, 630
drain characteristics, 631
graphical determination of g , 633
JFET common-source amplifier using
voltage divider configuration, 652
mathematical expression for g , 633
relation between /, and gm, 636
small-signal model, 631
source-follower, 658
transfer characteristic, 630
LC oscillators, 604
Colpitts oscillator, 605
Hartley oscillator, 612
Limiting circuit, 73
Load-line analysis of diode circuit, 22
Loop gain, 444
Low frequency hybrid model, 255
Miller effect capacitance, 354
Miller input capacitance, 355
Miller output capacitance, 356
Modeling of transistor, 233
hybrid equivalent model, 240
hybrid model of CB configuration, 243
hybrid model of CC configuration, 245
hybrid model of CE configuration, 244
r, model in (CB) configuration, 233

Index 707

r, model of pnp transistor in CB
configuration, 235
r, model of transistor in CE configuration
including r, 239
r, model of transistor in common-emitter
(CE) configuration, 237
MOSFET, 676
D-MOSFET, 676
E-MOSFET, 682
Negative clamper, 113
Negative feedback amplifier, 451
advantages, 468
bandwidth, 467
desensitivity factor, 452
general characteristics, 451
input resistance, 456, 457, 458, 459, 460
output resistance, 461,462, 463,
464, 466
reduction in frequency distortion, 455
reduction in non-linear distortion, 453
reduction of noise, 455
stability of transfer gain, 451
Negative peak clamper, 117
Non linear distortion, 520
Normalized gain, 320
Operating point, 129
instability, 132
Oscillators, 587
basic principle, 587
block diagram, 588
classification based on the elements used
in the feed back network, 589
Colpitts oscillator, 605
crystal oscillator, 620
Hartley oscillator, 612
LC oscillators, 604
practical aspects, 589
RC-phase shift oscillator, 589
Wein bridge oscillator, 598
Output resistance, 461
Parallel clipper, 73
transfer characteristics, 75
Peak inverse voltage [PIV], 48
Phase angle plot, 321
Phase splitting circuits, 555
Piezo electric effect, 620
Positive clamper, 116
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Power amplifier, 503 average ac resistance, 10
class AB power amplifier, 505 bulk resistance r,, 14
class A power amplifier, 507 charge storage and reverse recovery time, 20
class B power amplifier, 504 classification, 22
class B push-pull power amplifier, 550 comparative study, 6
class C power amplifier, 505 diffusion or storage capacitance, 19
class D power amplifier, 579 diode resistance level, 8
classification, 503 dynamic resistance, 9, 14
conversion efficiency, 535 equivalent circuit, 16
heat sink, 581 piecewise-linear equivalent circuit, 16
push pull amplifier, 551 simplified equivalent circuit, 17
series-fed class a power amplifier, 507 specification sheet, 21
thermal analogy of a power transistor, 583 static resistance, 8
transformer-coupled class a power summary of equivalent circuit, 18
amplifier, 512 temperature effect, 4
Practical feedback circuits, 477 volt-ampere characteristics, 3
current series feedback amplifier, 487 Series clipper, 76
FET amplifier with voltage-series Series-fed class a power amplifier, 507
feedback, 478 ac analysis, 509
voltage-shunt feedback amplifier, 496 conversion efficiency, 535
voltage-series feedback in dc analysis, 508
emitter-follower, 482 power considerations, 509
Practical rectifier circuit, 67 Single loop feedback amplifier, 442
Push-pull amplifier, 551 transfer gain, 442
Q-point, 129 Stability factor, 133,205
Quartz crystals, 620 for collector feedback bias circuit, 217
characteristics, 620 for emitter-bias circuit, 209
Quiescent operating point, 129 for fixed-bias circuit, 206
R-C coupled amplifier, 317 for voltage divider bias circuit, 213
frequency response, 317 general expression, 205
RC-phase shift oscillator, 589 Stability of transfer gain, 451
condition for sustained oscillations, 597 Storage capacitance, 19
demerits, 592 Transconductance amplifier, 434
expression for frequency of oscillations, 595  Transformer coupled amplifier, 318
merits, 592 frequency response, 318
Rectifier, 45 high-frequency response, 359
half-wave rectifier, 45 Transformer-coupled class A power amplifier,
analysis of rectifier circuit, 72 512,536
centre-tapped transformer, 69 ac analysis, 515
full-wave bridge rectifier, 57 ac power delivered to the load, 517
full wave rectifier, 57, 68 analysis of amplifier stage, 514
practical rectifier circuit, 67 conversion efficiency, 536
Second harmonic distortion, 522 dc analysis, 515
Semiconductor diode, 1 maximum ac output power, 517
analysis of diode circuits using the diode Transistor amplifier, 129, 231
equivalent circuit, 24 operating point, 129
analytical expression for dynamic effects of R and R, 299

resistance, 13 two-port system approach, 309, 311



Transistor at low frenquencies, 231

approximate hybrid equivalent circuit, 249

collector dc feedback configuration, 295

collector feedback configuration, 290

common-base configuration, 286

complete hybrid equivalent circuit, 242

hybrid equivalent model, 240

hybrid model of CB configuration, 243

hybrid model of CC configuration, 245

hybrid model of CE configuration, 244

hybrid parameter, 243

hybrid 7 model, 253

modeling of transistor, 233

r, model in (CB) configuration, 233

r, model of pnp transistor in CB
configuration, 235

r, model of transistor in CE configuration
including », 239

r, model of transistor in common-emitter
(CE) configuration, 237

Transistor biasing, 129

bias stabilisation, 205

circuits with pnp transistor, 191

collector feedback bias, 164

dc load line, 131

design rule, 188

emitter-bias circuit, 143

emitter-stabilized configuration using pnp
transistor, 191

Index 709

fixed-bias circuit, 134
operating point, 129
stability factors, 133
universal bias circuit, 151
voltage divider bias, 151
Transistor configuration, 409
analysis of transistor configurations using
approximate hybrid model, 409
Transistor switching network, 195
Transistor switching times, 204
Transition capacitance, 19
Transresistance amplifier, 436
Tuned oscillators, 604
Two-port network, 232
Universal bias circuit, 151
Voltage amplifier, 431
Voltage divider bias, 151
approximate analysis, 155
exact analysis, 152
Voltage gain, 341
Voltage-series feedback amplifier, 446, 457
output resistance, 462
Voltage-shunt feedback amplifier, 447, 458, 496
input resistance, 458
output resistance, 463
Wein bridge oscillator, 598
condition for sustained oscillations, 603
expression for frequency of oscillation, 601
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