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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

DioDe CirCuits

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.

ID ID

VD VD

(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 VD > 0 and is reverse biased for VD < 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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  ID = IS 1
D

T

V
nVe

 
 −  

  (1.1)

where ID = Diode current
 VD  = 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. 

VT = Thermal voltage, given by

  VT = 
K T
q

 

where K = Boltzmann constant  = 1.38 × 10–23 J / K
 T = Absolute temperature in kelvin
  = 273 + the temperature in ºC
 q = Magnitude of electronic charge
  = 1.6 × 10–19 Coulomb
For example, at a temperature of 27º C

  T = 273 + 27° C = 300 K

  VT = 
K T
q

   = 
( )( )23

19

1 38 10 300
1 6 10

.
.

−

−

×

×

    26 mV

Forward Biased Condition
From Equation (1.1), we have 

  ID = IS  

D

T

V
nVe –  IS (1.2)

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

  ID  IS  

D

T

V
nVe  (1.3)

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

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

  ID  – IS (1.4)
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Note from Equation (1.4) that, for negative values of VD, the diode current is essentially 
constant at the level of – IS .

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 IS 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 VBV or VBR or 
VBD. In the breakdown region, the diode current increases sharply with diode voltage remaining 
constant at VBD.

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 100 V, 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. VK 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 VK , IS and reverse break down voltages for Ge, Si and GaAs 
diodes. 

Table 1.1 VK, Is and VBD for Ge, Si and GaAs diodes

Semi 
conductor

Parameter
VK IS VBD

Ge 0.3 V 1 mA upto 400 V
Si 0.7 V 10 pA 50 V – 20 kV

GaAs 1.2 V 1 pA 50 V – 20 kV

Observe that Ge has large level of IS and low level of VBD which are highly undesirable. For this 
reason Ge diodes finds limited application even though VK is smaller than those of Si and GaAs 
diodes. Also note that level of VK for Si is almost one half that of GaAs and the level of VBD is 
almost same. Hence silicon diodes are more popular.
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30

25

20

15

10

5

Ge Si GaAs

0.3 0.7 1.0 1.2 VD (V)
VK (GaAs)VK (Si)VK (Ge)

10 ρΑ

1 µΑ

5 ρΑ

50 V100 V

VZ (Si)

VZ (GaAs)

VZ (Ge)

Is (Si)

Is (GaAs)

Is (Ge)

ID (mA)

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 VK for Si is 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 IS with temperature is given by the relation

  IS (T2) = IS (T1) 102
T∆

 (1.5)
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where  DT = Change in temperature
   = T2 – T1

30

25

20

15

10

5

40 30 20 10
0.7 V VD (V)

1 ρΑ

1 µΑ

ID (mA)

Decreasing
temperature

Increasing
temperature

Increasing
temperatureIncreasing

temperature

12
5˚

 C
25

˚ C
–7

5˚
 C

(100˚ C) (– 2.5 mV/˚ C) = – 0.35 V

Is  ≅  0.01 ρΑ

125˚ C

25˚ C

–75˚ C

Fig. 1.3 Variation in Si diode characteristics with temperature change

Table 1.2 compares the levels of IS for Ge, Si and GaAs at an operating temperature of  
200° C.

Table 1.2 Level of IS for Ge, Si and GaAs at 200°C

Operating temperature
Semi conductor

Ge Si GaAs
20°C 1 mA 10 pA 1 pA
200°C 262.14 mA 2.62 mA 0.262 mA

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 mA in Si and  
0.262 mA 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.

 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

Ge
 High temperature sensitivity  Photo detectors
 High reverse saturation current  Security systems
 Low break down voltage

Si

 Good temperature characteristics  Full range of electronic devices
 Low reverse saturation current  Enormously used in very large 

scale integrated circuits Excellent break down voltage level
 Low cost

GaAs

 Good temperature characteristics Major applications in opto electronics
 Very low reverse saturation current  LED
 Excellent break down voltage levels  Solar cells
 High speed of operation  photo detectors
 Perhaps the semiconductor material 

of the future
 If the manufacturing cost drops, it 

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
T1 = 25°C T2 = 150°C VD = 0.4 V n = 1

  IS (T2) = IS (T1) 102
T∆

	 	 DT = T2 – T1 
   = 150°C – 25°C = 125°C 
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  IS (T2) = IS (T1) 
125
102

  
( )
( )

2

1

S

S

I T
I T  = 5793 (A)

  ID = IS 1
D

T

V
nVe

 
 −  

Since n = 1

  ID = IS 1
D

T

V
Ve

 
 −  

  ID (T1) =  IS (T1) 1 1
D

T

V
Ve

 
 −  

 (B)

  ID (T2) = IS (T2) 2 1
D

T

V
Ve

 
 −  

 (C)

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

  ( )
( )

2

1

D

D

I T
I T

 = 
( )
( )

2

1

2

1

1

1

D

D

V
VT

S
V

S VT

I T e
I T

e

 
− 

 
 − 

 (D)

  VT = [ ]
273 T

q / K
+

 = 
273
11 600

T
,
+

  VT1
 = 

273 25
11600

+
 = 0.0257 V 

  VT2 = 
273 150

11600
+

 = 0.0364 V

  2 1
D

T

V
Ve −  = 

0 4
0 0364

.
.e  – 1 = 59218.78

  1 1
D

T

V
Ve −  = 

0 4
0 0257

.
.e  – 1 = 5747078.29

Now from Equation (D)

  ( )
( )

2

1

D

D

I T
I T

 = 5793 
59218 78

5747078 29
.
.

 
  

 = 59.69

	  ID (T2) = 59.69 ID (T1)
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 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 VD, results in a dc current ID as shown in Fig. 1.4. The dc resistance 
of the diode at the operating point is given by

  RD = D

D

V
I   (1.6)

ID

ID (mA)

VD
VD (V)

Operating point

Fig. 1.4 Determination of RD of a diode

We can make the following observations from Fig. 1.4.

	 •	 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.



Diode Circuits  9

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.

ID

ID

ID

Id

Vd

VD

VD
VD

~+

+

–

(a) (b)

0

Q

R

∆ Id

∆ Vd

Diode characteristic

Tangent line

Q-Point
(dc operation)

(c) (d)

Q-point ∆ Id

∆ Vd

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 VD in the circuit of Fig. 1.5(a) sets up a dc current ID resulting 
in an operating point Q as shown in Fig. 1.5(b). Since VD and ID 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 DVd is the change in ac diode voltage and D	 Id is the corresponding change in ac diode 
current, then the ac or dynamic resistance of diode is defined by

  rd = d

d

V
I

∆
∆  (1.7)

The level of rd 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 Q point, as shown in  
Fig. 1.5(d). The definition of rd in Equation (1.7) assumes that D	Vd and D	Id are small in amplitude. 
For this reason rd is also called the small signal resistance.

It should be noted that, rd is given by the reciprocal of the slope of the characteristics at the 
desired Q point. If the Q point is located higher up the curve, the slope becomes steeper [large] 
resulting in a small value of rd. 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 Q point as shown in Fig. 1.6. The resistance 
associated with the device under large signal operation is called the average ac resistance.

∆ Id

∆ Id

VD (V)0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

ID (mA)

5

10

15

20

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.

  rav = 
pt. to pt.

d

d

V
I

∆
∆  (1.8)

Average ac resistance gives one resistance level for a broad swing of current and voltage levels 
in the diode. rav 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 
rav , the higher is the resistance levels.

Example 1.2

Following data are available for a silicon diode.

VD –12 V 0.6 V 0.8 V
ID 1 mA 2.5 mA 30 mA 

Calculate the dc resistance levels at
(a) ID  =  2.5 mA
(b) ID  =  30 mA
(c) VD =  – 12 V

Solution

dc resistance, RD = D

D

V
I

(a) At ID = 2.5 mA, VD = 0.6 V

  RD = 
0 6 V

2 5 mA
.

.

   = 240 W

(b) At ID = 30 mA, VD = 0.8 V

  RD = 
0 8 V

30 mA
.

   = 26.67 W

(c) At VD = – 12 V, ID = 1 mA

  RD = 
12 V
1 Am

   = 12 MW

Observe that the reverse resistance is very high and forward dc resistance decreases with 
increase in current level.
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Example 1.3 

Following data are available for a silicon diode.

VD (Vo1ts) 0.65 0.71 0.76 0.77 0.78 0.79 0.8
ID (mA) 0 2 4 15 20 25 30

(a) Determine the ac resistance at ID = 2 mA.
(b) Determine the ac resistance at ID = 25 mA.
(c) Calculate the dc resistances at ID = 2 mA and ID = 25 mA and compare with ac resistance 

levels.
Solution
AC or dynamic resistance is

  rd = d

d

V
I

∆
∆

To find rd , we have to take symmetrical swing about the specified operating point.

(a) ID = 2 mA
 It is convenient to take equal swing of 2 mA about ID = 2 mA since VD values are provided at  

ID = 0 mA and 4 mA.
 at ID = 0 mA VD = 0.65 V and
 at ID = 4 mA VD = 0.76 V

	 \ D	Vd = 0.76 V – 0.65 V = 0.11 V
	 	 D	Id = 4 mA – 0 mA = 4 mA

  rd = 
0 11 V
4 mA
.

 = 27.5 W

(b) ID = 25 mA
In this case it is convenient to take equal swing of 5 mA about ID = 25 mA

VD = 0.78 V at ID = 20 mA
VD = 0.8 V   at ID = 30 mA

	 	 DVd = 0.8 V – 0.78 V = 0.02 V
	 	 DId = 30 mA – 20 mA = 10 mA

  rd = 
0 02 V
10 mA

.
 = 2 W

(c) DC Resistance

at ID = 2 mA RD = 
0 71 V
2 mA
.

 = 355 W

at ID = 25 mA RD = 
0 79 V
25 mA
.

 = 31.6 W
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 The results are compared in the following table.

Diode current
Diode resistance

rd RD

2 mA 27.5 W 355 W
25 mA 2 W 31.6 W

 Note that  rd  RD .

Example 1.4 

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

Solution
VD = 0.71 V at ID = 2 mA
VD = 0.8 V   at ID = 30 mA

	 	 D	Vd = 0.8 V – 0.71 V  =  0.09 V
	 	 D	Id = 30 mA – 2 mA  =  28 mA

Average ac resistance is

  rav = d

d

V
I

∆
∆

    = 
0 09 V
28 mA
.

   = 3.2 W 

 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.

 i.e., rd = 
point

D

D Q

dV
dI  (1.9)

Let us start with the diode current equation

  ID = IS 1
D

T

V
nVe

 
 −  

  ID  IS 
D

T

V
nVe  (1.10)
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Differentiating with respect to VD , we obtain

  D

D

dI
dV

 = 
1D

T

V
nV

S T
I e nV
 

⋅ 
  

  D

D

dI
dV

 = ID 
1

TnV
 
 
 

 But D

D

dV
dI

 = 
1

D

D

dI
dV
 
 
 

 \ rd = 
1

1
D

T

I
nV
 
 
 

 or rd = T

D

nV
I

 (1.11)

Taking n = 1 and VT = 26 mV (at room temperature) we have

  rd = 
26 mV

DI  (1.12)

Note that, the dynamic resistance can be obtained by simply dividing 26 mV by the diode 
current ID 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	ID in the vertical-rise section of 

the curve.
	 •	 For	lower	values	of	ID , we have to take n = 2 for Si and as a result the value of rd obtained 

in Equation (1.12) must be multiplied by 2.
	 •	 For	small	values	of	ID below the knee of the curve, Equation (1.12) becomes inappropriate.

1.5.1 Bulk resistance rB

The dynamic resistance rd 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 rB.

1.5.2 dynamic resistance taking rB into Account
The dynamic resistance without taking rB into account is given in Equation (1.12) as

  rd = 
26 mV

DI
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Now including the effect of rB , the dynamic resistance is given by

  r¢d = rd + rB

  r¢d = 
26 mV

DI
 + rB (1.13)

rB can range from typically 0.1 W for high power devices to 2 W	for some low power, general 
purpose diodes.

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

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

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

 Hence r¢d  rd = 
26 mV

DI  (1.14)

Example 1.5 

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

Solution
ID = 2 mA [ Low current level ]
 From example 1.3

  rd = 27.5 W

 Using Equation (1.12)

  rd = 
26 mV

DI  = 13 W

For low current levels, n = 2

\ The value of rd calculated using Equation (1.12) has to be multiplied by 2.

  rd = 2 [ 13 W	] = 26 W

The difference, 27.5 W – 26 W = 1.5 W, could be treated as contribution due to rB. 

ID = 25 mA [ High current level ]
 From example 1.3

  rd = 2 W

Using Equation (1.12)

  rd = 
26 mV
25 mA  = 1.04 W
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For high current levels, n = 1
The difference, 2 W – 1.04 W = 0.96 W, could be treated as contribution due to rB.

 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.

0 VK

Slope =  
1

rav

ID (mA)

VD (V)

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	VD < VK , the diode current is zero.
	 •	 For	VD  VK , the diode current increases linearly with diode voltage. The diode current is 

related linearly with the diode voltage by the average ac resistance rav .
	 •	 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 rav Ideal diode 
KA

ID

VD+ –

Fig. 1.8 Piecewise linear equivalent circuit of a diode



Diode Circuits  17

The polarity of VK is such that, it opposes the flow of ID from anode to cathode as long as  
VD < VK . Once VD exceeds VK , rav limits the diode current.

When conducting, ideal diode acts as a short circuit (0 W) and behaves as an open circuit  
( W) 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 rav can be ignored owing to its sufficiently small value. If 
we apply the approximation , rav = 0 W	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 rav = 0, slope becomes 
infinite in the piecewise linear characteristics as shown in Fig. 1.9(a).

VK Ideal diode 
KA

ID

VD+ –

ID (mA)

VK
VD (V)

0

Slope =  1 
rav

= ∞

(a) (b)

Fig. 1.9 (a) Piece wise linear characteristics with rav = 0 W
 (b) Simplified equivalent circuit of a diode

1.6.3 ideal equivalent circuit
For Si diode, the level of VK is 0.7 V. If the external voltage applied to the diode circuit is much 
greater than VK , which is true in most of the cases , the effect of VK can be ignored. If we apply 
the approximation VK = 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

	 •	 Zero	knee	voltage	(VK = 0 V)
	 •	 Zero	average	ac	resistance	(rav  = 0 W			 short circuit between anode and cathode)
	 •	 Infinite	reverse	resistance		(Rr  = 	W  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 
for VD 0 V and open circuit for VD < 0 V.
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VK = 0
VD (V)

Slope = ∞ Ideal diode

KA

ID

VD+ –

ID (mA)

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)

Piecewise-linear model rav and VK are 
considered VK Ideal 

diode 

+ – rav

0 VK

ID 

VD

rav

Simplified model Rnetwork  rav VK Ideal 
diode 

+ –

0 VK

ID 

VD

Ideal diode
Rnetwork  rav

Enetwork  VK

Ideal 
diode 

0

ID 

VD

 1.7 trAnsition And diffusion cApAcitAnce
The basic equation for the capacitance of a capacitor is given by

  C = 
Q
V

 (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 (CT )
 2. Diffusion or storage capacitance (CD )

Transition or Depletion Capacitance [ CT ]
The basic equation for the capacitance of a parallel plate capacitor is given by

  C = 
A
d
e

 (1.16)

A = Plate area
d = Distance between plates
e = 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, CT . With increase 
in reverse voltage, the depletion width d increases and hence the depletion capacitance decreases 
as shown in Fig. 1.11(a).

CT CD

(b)(a)

C (pF)

0

CT + CD ≅ CD

(V)

CT

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 [CD] 
Under forward bias, the holes move from p side to n side and electrons from n side to p side. 
The electrons in p side and the holes on n 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 CD. 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 CT and CD 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 IF 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 n region to p region (it may be noted that holes in n region and electrons in p region 
are minority carriers). Therefore when the diode is conducting, p region has plenty (excess) of 
electrons and n region has plenty (excess) of holes which are taking part in conduction. The excess 
electrons in p region and excess holes in n region are called stored charges and this phenomenon 
is called charge storage.

0

IR

IF

ID

trr

tt
ts

t1

t

Desired respose

Fig. 1.12 Reverse recovery in rectifier diode

If the conducting diode is suddenly reverse biased at t = t1, the diode current does not fall 
immediately from IF to zero but it becomes zero after a time, trr , called reverse recovery time as 
explained below.

 1. A large number of stored charge, (minority carriers) are present in each region. A certain 
amount of time, ts, called the storage time is required for the minority carriers to return to 
their majority carrier state. Since excess holes in n 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 IR during the interval ts.

 2. Once the excess or stored charges returned to their original regions, the reverse current 
gradually decreases from IR to zero in the internal tt, which is called the transition 
interval.
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The reverse recovery time trr is the sum of storage time ts and the transition time tt .

 i.e., trr = ts + tt (1.17)

As a guide, trr 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 trr 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.

 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:

 1. The forward voltage VF (at a specified current and temperature)
 2. The maximum forward current IF (at a specified temperature)
 3. The reverse saturation current IR (at a specified voltage and temperature)
 4. The reverse-voltage rating PIV or PRV (at a specified temperature)
 5. The maximum power dissipation level (at a particular temperature)

  PD max = VD ID

    (0.7 V) ID  [ For Si diode ]

 6. Capacitance levels
 7. Reverse recovery time (trr )
 8. Operating temperature range.

For the silicon diode BAY73 we find the following data on specification sheets.

 1. Maximum forward current IF  : 500 mA
 2. Reverse saturation current IR  : 500 nA
 3. Peak inverse voltage PIV  : 100 V
 4. Break down voltage  : 125 V
 5. Maximum power dissipation PD max  : 500 mW
 6. Capacitance  : 8 pF
 7. Reverse recovery time trr  : 3 mS
 8. 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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 1.10 clAssificAtion of Junction diodes
Based on currents, diodes may be classified as 

 (i) Low-current diodes 
 (ii) 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 mA.

Anode

Anode

Anode

Cathode

Cathode

Cathode

(b)

(a)

(c)

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.

 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 – VD – ID R = 0
 or V = VD + ID R (1.18)
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VD

VD

VRR

(a) (b)

ID

ID

+

+

–

–
V

0

Fig. 1.14 (a) Series diode configuration
 (b) Diode characteristics

For any point say A on ID axis , VD = 0.
Using VD = 0 in Equation (1.18) we have

  ID = 
V
R

 (1.19)

Now the coordinates of point A are

  A (VD , ID) = A 0, V
R

 
  

Similarly for any point B on VD axis , ID = 0.
Using ID = 0 in Equation (1.18), we obtain

  VD = V  (1.20)

Now the coordinates of point B are

  B (VD , ID) = B (V, 0)

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

The co-ordinates of the Q point, gives the diode voltage VDQ and the diode current IDQ 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 
IDQ is known we can find the voltage across the load resistance R using

  VR =  IDQ  R (1.21)
 or VR = V  –  VDQ (1.22)
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VD

IDQ

ID

0

Q-Point

VDQ [V, 0]

[0, V ]R
A

B

DC-Load line

Fig. 1.15 DC load-line drawn on diode characteristics

Equation (1.18) can also be put in the form

  ID = 
1
R

 −  
 VD + 

V
R

 (1.23)

Equation (1.23) represents the dc load line with a slope 
1
R

−  and intercept 
V
R

 on ID 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 rav .
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A K

A K

K

K

A

A

⇒

VD = VK Ideal diode

+ –

ID

VD

Practrcal diode

(a)

(b) (c)

VK

ID
ID = 0

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 VK 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.

A K

Ideal diode

(b)(a)

A K

VD = VK = 0 V

ID

(c)

KA
ID = 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 ID , VD and VR

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

ID

VR

+
+

–

–

10 kΩ10 V

Si

Solution
(a) The diode conducts since the battery voltage forward biases the diode (10 V > VK  ). Let us 

replace the diode by its approximate equivalent circuit.

VD

ID
VR

+
+

–

–

10 kΩ10 V

0.7 V

  VD = VK  =  0.7 V

Applying KVL we have

  10 V – 0.7 V – ID [10 kW] = 0

  ID = 
9.3 V
10 kW

  =  0.93 mA

  VR = ID (10 kW)
   = (0.93 mA) (10 kW)
   = 9.3 V

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

VD

ID

VR

+
+

–

–

10 kΩ10 V

= 0

  ID = 0 mA
  VR = ID (10 kW)  =  0 V
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Writing KVL equation we get

  – 10 V – VD – ID (10 kW) = 0

  VD = – 10 V

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

Example 1.7

For the circuit shown find ID , VD and VR .

+ 0.5 V
ID

VD

Si

VR 1.5 kΩ

+

+

–

–

Solution
The applied forward voltage is only 0.5 V which is less than VK = 0.7 V. Hence the diode does not 
conduct and it acts as an open circuit as shown below.

VD

ID

VR

+
+

–

–

1.5 kΩ0.5 V

= 0

  ID = 0 mA

  VR = ID (1.5 kW) = 0 V

Applying KVL we get

  0.5  – VD – ID (1.5 kW) = 0

  VD = 0.5 V.
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Example 1.8 

For the circuit shown below determine Vo and ID. Assume VK = 1.6 V for the red LED.

Vo+ 20 V

Si

ID
red

2 kΩ

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

  VK = VK1
 + VK2

   = 0.7 V + 1.6 V
   = 2.3 V.

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

VoID
2 kΩ

0.7 V

VK1 VK2

1.6 V

20 V

+

–

Applying KVL we have

20 V – 0.7 V – 1.6 V – ID (2 kW)  =  0

  ID = 
17.7 V
2 kW

  =  8.85 mA

  VD = ID (2 kW)

   = (8.85 mA) (2 kW)
   = 17.7 V
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Example 1.9

For the circuit shown below determine ID , VD2
 and Vo. D1 and D2 are both silicon diodes.

ID VD2

Vo+ 15 V

10 kΩ

+ –

D1 D2

Solution
The applied voltage forward biases D1 but reverse biases D2. The current in the circuit is zero 
since D2 acts as an open circuit. Though D1 is forward biased, its current is zero. Hence we have 
to replace D1 by short circuit instead of VK . The equivalent circuit is shown below.

15 V 10 kΩ

+
+

–

–

VD2

ID = 0

Vo

  ID = 0 mA
  V0 = ID (10 kW) = 0 V

Applying KVL we have

  15 V – VD2
 – Vo = 0

  VD2
 = 15 V

Example 1.10 

For the circuit shown below determine ID , V1 , V2 and Vo .

V1

Vo

Si

+ 20 V

– 6 V

ID

V2

+

+

–

–

10 kΩ

5 kΩ
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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.

+
+

–

–

+ –

Vo

V1

V2

ID

10 kΩ

20 V
5 kΩ

0.7 V

6 V

Fig. A 

 Applying KVL to the circuit of Fig. A, we get

20 V – 10 kW	(ID) – 0.7 V – 5 kW (ID) + 6 V = 0

  ID = 
26 V 0.7 V
10 k 5 k

−
W + W  = 1.68 mA

  V1 = ID (10 kW) = (1.68 mA) (10 kW) = 16.8 V
  V2 = ID (5 kW) = (1.68 mA) (5 kW) = 8.4 V

– 6 V

Vo

ID
5 kΩ

Fig. B

 From the circuit of Fig. B

  ID = 
( )6 V

5 k
oV − −

W

  Vo = ID (5 kW) – 6 V = (1.68 mA) (5 kW) – 6 V = 2.4 V
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Alternatively, applying KVL to the path consisting of Vo , V2 and 6 V battery we have

  Vo – V2 + 6 V = 0
   Vo =  V2 – 6 V = 8.4 V – 6 V = 2.4 V

Example 1.11

For each of the following circuits determine the current I. Assume silicon diodes.

25 V

2 kΩ

1 kΩ

I

15 V 4 kΩ

D1

D2

I

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.

25 V

0.7 V

2 kΩ

1 kΩ

I

Applying KVL to the second loop we have

– I (2 kW) – 0.7 V + 25 V = 0

  I =  
25 V 0.7 V

2 k
−
W  = 12.15 mA

To find I in the circuit of Fig. B
Since D2 is reverse biased, the diode branch can be treated as an open circuit. The equivalent 
circuit is shown below.



32   Analog Electronic Circuits

15 V 4 kΩ
I

  I = 
15 V
4 kW  = 3.75 mA

Example 1.12

Determine Vo and ID for the circuits shown below.

Si

ID

Vo– 10 V

5 kΩ

Vo+ 12 V

5 kΩ

10 kΩ

ID

Si

Fig. A              Fig. B

Solution
To find ID and Vo  for the circuit of Fig. A
The diode is in the on state. The equivalent circuit is shown below.

+

–

VoID10 V 5 kΩ

0.7 V
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 Writing KVL equation we have

– 10 V + 0.7 V + ID (5 kW) = 0

  ID = 
9.3 V
5 kW  = 1.86 mA

 Rewriting KVL equation using Vo we have

  – 10 V + 0.7 V – Vo = 0
  Vo = – 9.3 V

To find ID and Vo  for the circuit of Fig. B
The diode is in the on state. The equivalent circuit is given below.

+

–

VoID
12 V

5 kΩ

10 kΩ

0.7 V

 Writing KVL equation we have

12 V – ID [10 kW + 5 kW] – 0.7 V = 0

  ID = 
11.3 V
15 kW  = 0.753 mA

 Rewriting KVL equation using Vo we have

12 V – ID (10 kW) – Vo = 0
  Vo = 12 V – ID (10 kW) = 4.47 V

Alternate method

0.7 V

Vo

ID
5 kΩ

Fig. C
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From Fig. C

  ID = 
0.7 V

5 k
oV −

W

  Vo = ID (5 kW) + 0.7 V

   = 4.47 V

Example 1.13

For the circuits shown determine Vo and ID.

Vo

Vo

Si

2 kΩ
10 kΩ

1 kΩ20 mA + 20 V
ID

Si

ID

– 5V

Fig. A              Fig. B

Solution

To find ID and Vo   for the circuit of Fig. A
Let us convert the current source into its equivalent voltage source.

1 kΩ20 mA

1 kΩ

V1
+
–≡

  V1 = (20 mA) (1 kW)  =  20 V

The resulting circuit is shown below

+

–

VoID

1 kΩ

20 V 2 kΩ

0.7 V

+
–
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Applying KVL we get

20 V – ID ( 1 kW	) – 0.7 V – ID ( 2 kW	)  =  0

  ID = 
19.3 V
3 kW

 =  6.43 mA

  Vo = ID (2 kW)
   = ( 6.43 mA ) ( 2 kW	) = 12.86 V

To find Vo and ID  for the circuit of Fig. B
The diode is in the conducting state. The equivalent circuit is shown below.

+

–

VoID

10 kΩ

20 V
0.7 V

5 V

Writing KVL equation, we have

20 V – ID (10 kW) – 0.7 V + 5 V = 0

  ID = 
24.3 V
10 kW

 = 2.43 mA

Again writing KVL equation using Vo , we have

20 V – ID (10 kW) – Vo = 0

  Vo = 20 V – (2.43 mA) (10 kW) = – 4.3 V

Example 1.14

For the circuits shown below determine ID , Vo1
 and Vo2

.

Vo2

Si
+15 V

ID

10 kΩVo1 Vo2
ID

Si
– 20 V

10 kΩ

5 kΩVo1Ge

Ge

Fig. A              Fig. B
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Solution
ID, Vo1

 and Vo2
  for the circuit of Fig. A

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

+

–

Vo2

+

–

Vo1

10 kΩ

0.3 V15 V

0.7 V

ID

Applying KVL we have

15 V – 0.7 V – ID	(10	kΩ)	–	0.3	V	 =	 0

  ID = 
14 V

10 kW
 = 1.4 mA

  Vo2
 = 0.3 V 

Writing KVL equation to the left part of the circuit we get 

  15 V – 0.7 V – Vo1
 = 0

  V
o1

 = 14.3 V

Alternatively,

  ID = 1 2

10 k
o oV V−

W
 

  Vo1
 = ID (10 kW) + Vo2

   = (1.4 mA) (10 kW) + 0.3 V = 14.3 V

ID , Vo1
 and Vo2

  for the circuit of Fig. B

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

+

–

Vo2

+

–

Vo1

ID

5 kΩ

10 kΩ20 V

0.7 V 0.3 V
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KVL equation to the circuit is

– 20 V + 0.7 V + 0.3 V + ID [5 kW+ 10 kW] = 0

  ID =  
19 V

15 kW  = 1.26 mA

KVL equation to the left part of the circuit is

– 20 V + 0.7 V + 0.3 V – Vo1
 = 0

  Vo1
 = – 19 V

  V
o2

 = – ID (10 kW) = – (1.26 mA) (10 kW) = – 12.6 V

Example 1.15

Determine ID , Io , and Vo for the circuits shown below.

ID

Io

Vo

ID

Vo

30 V

10 kΩ

– 10 V 

20 V 

Io
5 kΩ

D1 D2

Si

Si

Si Si
Si

Fig. A              Fig. B

Solution
ID , Io and Vo  for the circuit of Fig. A

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

+

–

Vo30 V 10 kΩ

ID

ID

A B
0.7 V

0.7 V

0.7 V Io
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 Voltage between points A and B is 0.7 V.

Also  Io = 2ID

KVL equation to the circuit is

30 V – 0.7 V – 0.7 V – Io (10 kW) = 0

  Io = 
28 6 V
10 k

.
W

 = 2.86 mA

  ID = 
2
oI

 = 1.43 mA

  Vo = Io (10 kW)

   = (2.86 mA) (10 kW)

   = 28.6 V

ID , Io and VD  for the circuit of Fig. B
D1 is off and D2 is in the conducting state. The equivalent circuit is shown below.

+

–

Vo20 V

10 V

5 kΩ

ID

0.7 V

Io

D1

Note that, Io = ID

KVL equation to the circuit is

20 V – 0.7 V – Io (5 kW) + 10 V = 0

  Io = 
29 3 V
5 k

.
W

 = 5.86 mA

Rewriting KVL equation using Vo ,

20 V – 0.7 V – Vo = 0

  Vo = 19.3 V
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Alternatively: [Refer Fig. C]

–10 V

Vo

Io

5 kΩ

Fig. C

  Io = 
( )10 V
5 k

oV − −
W  

  Vo = Io (5 kW) – 10 V 

   = 5.86 mA (5 kW) – 10 V = 19.3 V

Example 1.16

For the circuits shown below calculate Vo  and  I.

I

Vo

I

20 V 

+ 20 V 

+ 8 V 

10 kΩ

Si Ge

P

Q

Vo

10 kΩ

Si

Si

Si

P

Q

Fig. A            Fig. B
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Solution

I and Vo  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.

+

–

Vo20 V 10 kΩ

I

0.3 V

I

Si

KVL equation to the circuit is

20 V – 0.3 V – I (10 kW) = 0

  I = 
19 7 V
10 k

.
W  = 1.97 mA

  Vo = I (10 kW)	=	(1.97	mA)	(10	kΩ)	=	19.	7	V

I and Vo  for the Circuit of Fig. B
All diodes are in the conducting state. The equivalent circuit is shown below.

+

–

Vo20 V
10 kΩ

8 V

I

0.7 V

0.7 V

0.7 V

I

P Q

KVL equation to the circuit is

20 V – 0.7 V – 0.7 V – I (10 kW) – 8 V = 0

  I = 
10 6 V
10 k

.
W  = 1.06 mA
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8 V

Vo

I 10 kΩ

Fig. C

From Fig. C

  I = 
8 V

10 k
oV −

W
  Vo = I (10 kW) + 8 V
   = (1.06 mA) (10 kW) + 8 V = 18.6 V

Example 1.17

For the circuit shown below determine Vo1
, V

o2
 and I.

1 kΩ10 kΩ

15 V I
Si

Vo1

Vo2

Ge

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

1 kΩ10 kΩ

15 V
I

I1 I2

0.3 V0.7 V

Vo1

Vo2

+

–
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From the equivalent circuit 

V
o1

  =  0.7 V and V
o2

  =  0.3 V

KCL equation at the node V
o1

 is 

  I1 – I – I2 = 0 (A)

  I1 = 1
15 V

10 k
oV−

W
 = 

15 V 0 7 V
10 k

.−
W  = 1.43 mA

  I2 = 1 2

1 k
o oV V−

W
 = 

0 7 V 0 3 V
1 k

. .−
W

 = 0.4 mA

Now from Equation (A),

  I = 1.43 mA – 0.4 mA = 1.03 mA

Example 1.18 

For the circuit shown below calculate ID , Io and Vo . 

10 kΩ 10 kΩ

10 kΩ

P

I D

Si

Si

Vo

Io

+ 20 V
Q

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

Vo

ID

ID

Io

+

–

10 kΩ

10 kΩ

10 kΩ

P Q

0.7 V

0.7 V20 V

  Io = 2 ID
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KVL equation to the circuit is

20 V – 0.7 V – ID (10	kΩ)	–	Io	(10	kΩ)	 =	 0
  ID [10 kW + 2 (10 kW)] = 19.3 V
  ID = 0.643 mA
  Io = 2 (0.643 mA) = 1.286 mA
  Vo = Io (10 kW)
   = (1.286 mA) (10 kW) = 12.86 V

Example 1.19

For the circuit shown calculate Vo , ID1
 , ID2  and  I.

1 kΩ

12 V
ID1 ID2

Vo

I

Si Si

+

–

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

1 kΩ

12 V
ID1 ID2

I +

–

Vo0.7 V0.7 V

From the equivalent circuit

  Vo = 0.7 V
 Also ID1 = ID2

	 \ I = 2 ID1  =  2 ID2

  I = 
12 V

1 k
oV−

W  = 
12 V 0 7 V

1 k
.−

W  = 11.3 mA
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  ID1 = ID2
 = 

2
I

   = 5.65 mA

Example 1.20

For the circuit shown below calculate ID1 , ID2 and I1 . Both are Si diodes.

10 kΩ

5 kΩ

D1

D2

ID1

ID2

I1

15 V

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

10 kΩ

5 kΩ

ID1

ID2

ID2

I1

I1

I1

15 V

0.7 V 

0.7 V 

+

  ID1 
= I1 + ID2 

(A)

KVL equation to the second loop is

0.7 V –  I1	(10	kΩ)	=	0

  I1 = 
0.7 V
10 kW

 = 0.07 mA

KVL equation to the first loop is 

15	V	–	0.7	V	–	0.7	V	–	5	kΩ	[	ID2 
+ I1 ] = 0

  ID2 
+ I1 = 

13.6 V
5 kW  = 2.72 mA
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  ID2 = 2.72 mA – I1 
   = 2.72 mA – 0.07 mA = 2.65 mA

From Equation (A)
  ID1 = 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.

+

–

vo

+

–

vi io R

Si

Fig. 1.18 Half-wave rectifier

vi is the ac input voltage given by

  vi = Vm sin wt (1.24)

During the positive half cycle of ac input, the diode conducts when vi	≥	VK. The equivalent 
circuit when the diode is conducting is shown in Fig. 1.19.

+

–

vo

+

–

vi
io R

VK

Fig. 1.19 Equivalent Circuit when the diode conducts
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The KVL equation to the circuit of Fig. 1.19 is

  vi – VK – vo = 0

  vo = vi – VK (1.25)

When the input signal is at its peak level Vm, the peak level of the output from Equation (1.25) is

  Vom = Vm – VK 

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

  vo = (Vm – VK ) sin wt, 0		≤  wt  ≤		� (1.26)

The output current is given by

  io = m KV V
R
−

 sin wt, 0  ≤  wt  ≤  �  (1.27) 

When the input signal level falls below VK ,  the diode stops conducting.
The equivalent circuit is shown in Fig 1.20. vd represents the instantaneous reverse voltage 

across the non conducting diode.

+
+

–

–

vo

+

–

vi i = 0 R

vd

Fig. 1.20 Equivalent circuit during the negative half cycle of vi 

From the circuit of Fig 1.20, we find that

  io = 0  p  wt  2p (1.28) 

	 \	 vo = io R  =  0  p  wt  2p (1.29)

The waveforms of vo and io are shown in Fig. 1.21.
Observe that both vo and io are zero for vi ≤ VK . Since this interval is much smaller than the 

diode conduction time, it can be neglected.
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Average (dc) Output Voltage [ Vdc ]
From Fig. 1.21 we note that the period of vo is 2 p. Hence its average or dc value is given by

  

ωt

ωt

ωt

vi

Vm

–Vm

Vm – VK

Vm – VK

π

π

π

2π

2π

2π

3π

3π

3π

4π

4π

4π
0

0

0

R
Idc

Vdc

io

vo

offset
due to VK

Fig. 1.21 Wave forms of vi , vo and io

  Vdc = 
2

0

1
2 ov d t

π

π ∫ w

   = ( )
0

1 sin
2 m KV V t d t

π

π
−∫ w w

   = [ ]
0

cos
2

m KV V t
π

π
−

− w

  Vdc = [ ]1
m KV V

π
−  (1.30)

 or Vdc = 0.318 [ Vm – VK ] (1.31)

If  Vm   VK or if the diode is ideal, VK = 0

	 \ Vdc = 0.318 Vm (1.32)
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Average (dc) Output Current [ Idc ] 
Average or dc output current is given by

  Idc = dcV
R

  Idc = 0.318 
[ ]m KV V

R
−

 (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.

 i.e., Idc (diode) = 0.318 
[ ]m KV V

R
−

 (1.34)

From Equation (1.27), the peak diode current is 

  Idm = m KV V
R
−

 (1.35)

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

Peak Inverse Voltage [ PIV ]
Diode is subjected to reverse bias during the negative half cycle of vi . Applying KVL to the circuit 
of Fig 1.20 we have

  vi – vd – vo = 0

Since vo = 0 when the diode is not conducting, we have 

  vd = vi 

vd is the instantaneous reverse voltage on the diode. Reverse voltage is maximum when  
vi = Vm . Hence the peak inverse voltage across the diode is

  PIV =  Vm (1.36)

For safe operation, the PIV rating of the diode must be greater than Vm.

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

  Pdiode = VK Idc (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

vi

ωt

vi vo

0

Si

1 kΩ

50 V

– 50 V

Solution
From the input voltage waveform.

  Vm = 50 V

(a) Average output voltage is

  Vdc = 0.318 [ Vm – VK ]

   = 0.318 [50 V – 0.7 V] = 15.67 V

(b) Average load current is 

  Idc = dcV
R

   = 
15.67 V

1 kW
 = 15.67 mA

(c) Average diode current is

  Idc (diode) = Idc = 15.67 mA

(d) Peak load current is 

  Iom = m KV V
R
−

 

 `  = 
50 V 0.7 V

1 k
−
W

 = 49.3 mA

(e) Peak diode current is

  Idm = Iom = 49.3 mA

(g) Peak inverse voltage is

  PIV = Vm = 50 V
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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.

+ +

– –

vi io vo1 kΩ

0.7 V

Diode on

+ +

– –

vi io = 0 vo1 kΩ

Diode off

The output voltage waveform is shown below.

vo

2π 3π 4ππ

Vdc

ωt

– 49.3 V

0

– [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.

  Vdc = – 15.67 V

  Idc = – 15.67 mA

  Im = – 49.3 mA

For the diode

  Idc (diode) = 15.67 mA
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  Idm = 49.3 mA

  PIV = 50 V

Example 1.23

For the circuit shown sketch the waveforms of id , vd , vo and io . Assume Si diode. 

vi

id
i1 io

vd

vo

Vdc = 10 V

2.5 kΩ 7.5 kΩ

+

+

–

–

Solution

  Vdc = 0.318 [ Vm – VK ]
  10 V = 0. 318 [Vm – 0.7 V]

Solving we get

  Vm = 32.15 V
	 \	 vi = Vm sin wt
   = 32.15 sin wt Volts

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

vi vo

id

i1 io
2.5 kΩ 7.5 kΩ

0.7 V

+

–

+

–

Peak value of output voltage is 

  Vom = Vm – VK 
   = 32.15 V – 0.7 V
   = 31.45 V
	 \	 vo = 31.45 sin wt V (A)
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  io = 
7.5 k

ov
W

 

	 \	 io = 4. 19 sin wt mA (B)

  il = 2.5 k
ov
W  = 12.58 sin wt mA

  id = il + io

   = 16. 77 sin wt  mA (C)

The waveforms of id , vd , vo and io are shown below.

ωt

ωt

ωt

ωt

ωt

vi

32.15 V

– 32.15 V

31.45 V

4.19 mA

16.77 mA

0.7 V

–32.15 V

0

0

0

0

0

io

id

vd

vo

π 2π 3π 4π
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Note:

  If the diode is ideal, VK = 0

	 \	 Vom = Vm = 32.15 V

 	 Without	2.5	kΩ	resistor,	io = id .

Example 1.24

For the circuit shown below sketch vo and calculate Vdc .

+

–

+

–

10 kΩ

Ideal220 V(rms) vo

Solution

  Vi = 220 V (rms)

  Vm = 220 2  = 311.13 V

Since the diode is ideal VK = 0.
Diode conducts during the negative half cycle of vi and is off during the positive half cycle. 

The equivalent circuits are shown below.

+

–

+

–

10 kΩ

vi io vo

(a)

+

–

+

–

10 kΩ

vi io vo

(b)

= 0

Diode on Diode off

From the equivalent circuits we can write

vo = 
0 0

2i

t
v t

π
π π
≤ ≤

 ≤ ≤

w

w

The waveform of vo is shown below.
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Vdc

– 311.13V

vo

2π 3π 4ππ
ωt0

  Vdc = – 0.318 [ Vm – VK ]
   = – 0.318 [311.13 V] [ since VK = 0 ]
   = – 98.94 V

Example 1.25

For the circuit shown below sketch vo and iR .

vi

vi vo

iR

π 2π

20 V

ωt

–20 V

0

+

–

+

–

1 kΩ

10 kΩSi

Solution
The equivalent circuits are shown below.

vi vo

iR+

–

+

–

1 kΩ

10 kΩ0.7 V vi vo

iR
+

–

+

–

1 kΩ

10 kΩ

Fig. A Equivalent circuit during diode conduction  Fig. B Equivalent circuit when diode is off
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For  0  ≤  wt  ≤  �
Diode conducts. We refer the circuit of Fig. A

  vo = 0.7 V (constant)

  iR = 
0.7 V

1 k
iv −

W

When vi = Vm = 20 V, the corresponding current is 

  IRm = 
20 V 0.7 V

1 k
−
W

 = 19.3 mA

For  �  ≤  wt  ≤  2�
Diode is off. We refer the circuit of Fig. B.

  iR  = 
1 k 10 k

iv
W+ W

When  vi  = – 20 V

  IRm = 
20 V

11 k
−

W
 = – 1.82 mA

  vo = iR (10	kΩ)	

  Vom = IRm (10	kΩ) = – 18.2 V

Wave forms of vo and iR are shown below.

ωt

ωt
4π3π2ππ

vo

0.7 V

– 18.2 V

19.3 mA

iR

0

0

– 1.82 mA
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Example 1.26

For the circuit shown below determine

(a) The maximum current rating of each diode if Pmax for each diode is 14 mW.
(b) The maximum value of I.
(c) 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

vi

160 V

–160 V

0

+

–

56 kΩ4.7 kΩωt

Si

Si

P Q
I

Solution

(a)  Pmax = (0.7 V) ID

  ID = max

0.7 V
P

   = 
14 mW
0.7 V

   = 20 mA

 Maximum forward current rating of each diode is 20 mA.

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

vi

+

–

4.7 kΩ 
4.34 kΩ 

56 kΩ 

I
ID

ID

0.7 V

0.7 V

═

=
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  I = 2 ID 

 KVL equation to the circuit is

vi – 0.7 V – I	(4.34	kΩ)	=	0

  I = 
0.7 V

4.34 k
iv −

W

 Maximum value of Im occurs when vi is maximum.

	 \ Imax = 
160 V 0.7 V

4.34 k
−
W

 = 36.7 mA

  ID max = max

2
I

 = 18.35 mA = Idm

(c) Note that ID max <  20 mA
	 \ Diode current rating is not exceeded.

(d) With only one diode
  I = ID 
	 \	 Imax = ID max  =  36.7 mA

 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.

vi

π 2π

Vm

0

D1D4

vo
vi

D2 D3

Q
R

+

+

–

–

io
P

A

B

ωt

Fig. 1.22 Full-wave bridge rectifier

During the positive half cycle of vi , diodes D1 and D2 are forward biased and D3 and D4 
are reverse biased. The equivalent circuit is shown in Fig. 1.23(a). The current follows the path  
A – D1 – P – Q – D2 – B  – A.
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vo
vi

vd Vk

VK
io

vd

Q
+

+

+

+

–

–

–

–

P

A

B

vo

vi

io

vd

VK

VK

Q
+

+
+

–

–

vd
+

–
–

P

A

B
(a) (b)

Fig. 1.23 Equivalent circuit during
 (a) Positive half cycle of vi

 (b) Negative half cycle of vi 

Applying KVL to the current path indicated in Fig. 1.23 (a) we have

  vi – VK – vo – VK = 0
  vo = vi – 2VK (1.38)

When vi is at its peak value Vm, the peak level of vo is 

  Vom = Vm – 2 VK (1.39)

Now the output voltage equation is

  vo = ( Vm – 2VK ) sin w t, 0  w t  p (1.40)

The output current is 

  io = 
2m KV V

R
−

 sin wt

 or io = Iom sin wt, 0	 wt  p (1.41)

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

  Iom = 
2m KV V

R
−

 (1.42)

During the negative half cycle of vi , diodes D3 and D4 conduct and D1 and D2 are reverse 
biased. The equivalent circuit is shown in Fig 1.23 (b). The current follows the path B – D3 – P 
– Q – D4 – A – B. Note that, during both half cycles of vi, the load current io, flows from P to Q 
only. Hence io is undirectional or dc.

Equations	(1.40)	and	(1.41)	are	also	applicable	for	the	interval	�	≤	wt	≤	2	�.	In	Fig.	1.23	,	vd 
represents the instantaneous reverse voltage across the non conducting diodes. The waveforms of 
vo and io are shown in Fig 1.24.
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vo io

Vm – 2VK
Vm – 2VK

0 π 2π 3π 0 π 2π 3π
ωtωt

R

(a) (b)

Fig. 1.24 Wave forms of vo and io

Average (dc) Output Voltage [ Vdc ] 

From Fig. 1.24 we note that the period of vo is p. Hence the average or dc value is given by

  Vdc = 
0

1
ov d t

π

π ∫ w

   = [ ]
0

1 2 sinm KV V t d t
π

π
−∫ w w

   = [ ]
0

2
cosm KV V t

π

π
−

− w

  Vdc = 
[ ]2 2m KV V

π
−

 or Vdc
 = 0.636 [ Vm – 2VK ] (1.43)

If Vm  VK or if the diode is ideal, VK = 0

	 \ Vdc = 0.636 Vm (1.44)

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

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

  Idc = dcV
R

  Idc = 0.636 
[ 2 ]m KV V

R
−

 (1.45)

Average and Peak Diode Current
Diodes D1 and D2 Conducts during the positive half cycle of vi and D3 and D4 during the negative 
half cycle. Hence the load current Idc 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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  Idc (diode) = 
2
dcI

   = 0.318 
[ 2 ]m KV V

R
−

  (1.46)

The peak diode current is same as the peak load current. Hence from equation 1.42,

  Idm = Iom = 
2m KV V

R
−

 (1.47)

Peak Inverse Voltage [ PIV ]
Applying KVL to the path A – Q – B – A in the circuit of Fig 1.23 (a), we get

  vi – vd – VK = 0
  vd = vi – VK

vd is the instaneous reverse voltage on the diode. Maximum reverse voltage occurs when,  
vi = Vm . Hence peak inverse voltage across the diode is

  P I V = Vm – VK

For Vm  VK , 

  P I V = Vm (1.48)

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

Diode Power Dissipation
The power dissipated in each diode is

  Pdiode = VK Idc (diode) (1.49)

Example 1.27

A full-wave bridge rectifier with a 220 V rms sinusoidal input has a load resistor of 10 kW. 
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

  Vi = 220 V (rms)

  Vm = 220 V ´ 2  = 311.13 V

  R = 10 kW
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(a) DC output voltage is

  Vdc = 0.636 [ Vm – 2 VK ]

   = 0.636 [ 311.13 V – 1.4 V ] = 197 V

 dc load current is

  Idc = dcV
R

   = 
197 V
10 kW

 = 19.7 mA

(b) Peak output voltage is

  Vom = Vm – 2 VK

   = 311.13 V – 1.4 V = 309.73 V

 Peak load current is

  Iom = omV
R

    = 
309.72 V

10 kW
 = 30.972 mA

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

	 	\	 Idm = Iom = 30.972 mA

 Average diode current is

  Idc (diode) = 
2
dcI

   = 
19.7 mA

2
 = 9.85 mA

(d) Diode power dissipation is

  Pdiode = VK  Idc (diode)

   = (0.7 V) (9.85 mA) =  6.895 mW
 If the peak diode current is considered

  PDmax = VK  Idm

   = (0.7 V) (30.972 mA) = 21.68 mW
 For safe operation, it is wise to consider the maximum power dissipation PDmax.
(e) P I V across each diode is

  P I V = Vm

    = 311.13 V
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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.
(c) Find the average and peak diode currents
(d) Calculate the required PIV rating of each diode.
 Assume ideal diodes.

 Take 1 = R2 = R = 10 kW.

200 V

– 200 V

0

vi

ωt

+

_
R2 R1

R

vo

D1
D2

vi P Q

A

B io

Solution
Since diodes are ideal, VK  =  0.

(a) Circuit Operation
During the positive half cycle of vi , D1 conducts and D2 is reverse biased. The equivalent circuit 
is shown below. R can be connected between P and Q.

+

_

D2

R2 R1

D1

vi

A

B

P Q
R

     

D1

R1

R2

vo

id1

i1
io

_

+

vi

_

+

P

R

Q

A

B

 Fig. A Fig. B
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 From Fig. B
 The output current is

  io = 
2

iv
R R+

   = 
200 sin

20 k
t

W
w

   = 10 sin wt  mA, 0    wt  		p	 (A)

The output voltage is

  vo = io R

    = (10 sin wt  mA) (10 kW)

   = 100 sin wt  V, 0    wt  		p (B)

During negative half cycle of vi , D2 conducts and D1 is off. io and vo are still given by Equations 
(A) and (B) respectively. The waveforms of io and vo are shown below.

vo

100 V

0 π 2π 3π
ωt

io

10 mA

0 π 2π 3π
ωt

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

	 \  Vdc = 0.636 [100 V]

   = 63.6 V

  Idc = dcV
R

   = 
63.6 V
10 kW

= 6.36 mA

(c)   idl
 = io + i1  [From Fig. B]

  i1 = 
1

iv
R

 = 
200 sin

10 k
t Vw

W
 = 20 sin wt mA

 \ id1
 = 10 sin wt + 20 sinwt

   = 30 sin wt mA,  0  wt  p
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During the negative half cycle of vi , D2 is on and D1 is off. The diode current is a half-rectified 
sinusoid with a peak value of 30 mA.
\	Peak diode current is 

Idm = 30 mA

Idc (diode) = dmI
p

 = 
30 mA
p

 = 9.55 mA

(d) To find P I V 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 

+

+

_

_

vd

vo

R

D1D2

Fig. C

  vd – vo  =  0
  vd = vo

  P I V = vomax  

   = 100 V

P I V 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
(c) Calculate average and peak diode current
(d) PIV across each diode. 

 Assume ideal diodes.
 Take R1 = R2 = R = 10 kW

+

+

_

_

D1

D2

R1

R2

vi
vo

A

B

P Q
R

200 V

–200 V

vi

ωt0
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Solution
(a) Circuit Operaton
During the positive half cycle of vi , potential of point A is positive with respect to point B. D2 
conducts and D1 is reverse biased. The equivalent circuit is shown below.

D2

P

R

R1

R2

vo

Q

io

+

–

vi

+

–

A

B

≡

(b)(a)

+

+

+

_

_

_

D2

D1

R1

R2

vi
vo

vd

A

B

P Q
R

R1

R′vo

vi +

+

––

≡

(c)

 Let R¢	 = R || R2

   R¢ = 10 kW || 10 kW = 5 kW

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

  vo = 
1

 '
'
iv R

R R+

   = 200 sin wt 5 k
10 k 5 k
 
 + 

W

W W

  vo = 66.67 sin wt  V, 0  		wt				p  (A)
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  io = ov
R

   = 
66.67 sin V

10 k
tw

W

  io = 6.667 sin wt  mA , 0    wt 			p	  (B)

During the negative half cycle of vi , the roles of  D1 and D2 are interchanged. vo and io are still 
given by Equations (A) and (B) respectively. The waveforms of vo and io are shown below.

vo

66.67 V

0 π 2π 3π
ωt

io

6.667 mA

0 π 2π 3π
ωt

(d) (e)

Note that vo 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

  Vdc = 0.636 [ 66.67 V ]
   = 42.4 V

dc output current is

  Idc = dcV
R

 = 
42.4 V
10 kW

 = 4.24 mA

(c) Average diode current is

  Idc (diode) = 
2
dcI

 = 
4.24 mA

2
 = 2.12 mA

Peak diode current is same as peak output current

	 \  Idm = Iom  =  6.667 mA

(a)	 To	find	P	I	V	let	us	apply	KVL	to	the	path	A – D1 – P – D2 – B – A in the circuit of Fig. (a).

  v
i
 – vd = 0

  vd = vi

  P I V = vimax = 200 V
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 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 – f 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.

+

_

+

_

+

_

N1 : N2

vs = vivp

io
voR

(a)

Si

+

+

_

_

D2

R

D4
D1

N1 : N2

vs = vi

+

_

vp

vo

io

D3

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

 Let vP = instantaneous primary voltage
  vS = instantaneous secondary voltage

  1

2

N
N  = turns ratio of the transformer

  P

S

v
v

 = 1

2

N
N

 (1.50)

It should be noted that vS is same as vi 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 vp is known 

 Let vp = 311 sin wt V
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 and 1

2

N
N

 = 10  or  10 : 1

 Now vS = vi = 2

1

N
N

 vp 

   = 
311
10

 sin wt

  vi = 31.1 sin wt  =  Vm sin wt
  Vm = 31.1 V

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

 Let Vp = 220 V (rms)

 and 1

2

N
N

 = 10 or 10 : 1

 Now Vs = Vi = 2

1

N
N

 Vp

   = 220 V
10

   = 22 V (rms) 

  Vm = 2 ´  RMS value

   = ( )2  (22 V)

   = 31.11 V

 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 A and B.

Note that the secondary has two identical windings and each half of the secondary having N2 
turns along with the primary having N1 turns works as a transformer with turns ratio

  1

2

N
N  = p

S

v
v   = p

i

v
v  (1.51) 

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

During the positive half cycle of vp , the voltage at point A is positive going and that at B is 
negative going with respect to centre tap. D1 conducts and D2 is off. The current follows the path 
A – D1 –  – O – A. The equivalent circuit is shown in Fig. 1.27 (a).



Diode Circuits  69

+ +

_

_
_vp

(a)

0

vi

ωt

A

R

vo

B

N2

D1

D2

N1

N2

vs = vi

+ +

_

vs = vi

io
PO

Fig. 1.26 Full wave rectifier with centre–tapped transformer
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+
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(a)

A

R

vo

B
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vs

VK

D2

+

+
_

_

PO

vd2

io

+

+

__

(b)

A

R

vo

B

vs

vs

VK

+

+

_

_

PO

vd1

io

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 A – P – O – A in the circuit of Fig. 1.27(a) we have

  – VK – vo + vs = 0
  vo = vs – VK

 When vs = Vm , the peak level of the output voltage is
  Vom = Vm – VK
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Therefore the equation for output voltage is

  vo = Vom sin wt
   = (Vm – VK ) sin w t, 0    wt  		p  (1.52) 

The output current is 

  io = ov
R

  io = m KV V
R
−

 sin w t 0    wt  		p  (1.53) 

During the negative half cycle of vp , the voltage at point A is negative going and that at B is 
positive going with respect to the centre tap. D2 conducts and D1 is off. The current follows the 
path B – D2 – 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 io flows from P to O only. Hence  io is unidirectional or dc. The 
waveforms of vo and io are shown in Fig. 1.28.

vo

0 0π π2π 2π3π 3π

Vm – VK
Vm – VK

io

ωtωt

R

Fig. 1.28 Wave forms of vo and io

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

  Vdc = 0.636 [ Vm – VK ]  (1.54)

Average output current is

  Idc = 0.636  
[ ]m KV V

R
−

  (1.55)

Average diode current is

  Idc (diode) = 2
dcI

 

   = 0.318 
[ ]m KV V

R
−

 (1.56)
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The peak diode current is

  Idm = Iom = m KV V
R
−

 (1.57)

and the diode power dissipation is

  PD = VK Idc (diode) (1.58)

Peak Inverse Voltage [ P I V ]
Applying KVL to the path A – P – B – O – A to the circuit of Fig. 1.27 (a) we have

  – VK – vd2
 + vs + vs = 0

  vd2
 = 2 vs – VK

The reverse voltage vd2
 is maximum when vs = Vm

	 \   P I V = 2 Vm – VK

Neglecting VK , we get

  P I V  2 Vm (1.59)

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

Example 1.30

A full-wave rectifier using two diodes and a centre-tapped transformer is supplying a resistive 
load of 2 kW. 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
  Vp = 220 V (rms)  R = 2 kW

  1

2

N
N

 = 10

  Vs = 2

1

N
N

 Vp  =  
1

10  (220 V)  =  22 V

  Vm = 2  Vs  =  2  (22 V) = 31.11 V



72   Analog Electronic Circuits

(a) dc output voltage is

  Vdc = 0.636 [Vm – VK ]

    = 0.636 [31.11 V – 0.7 V] =  19.34 V

(b) dc load current is

  Idc = dcV
R   =  

19.34 V
2 kW  =  9.67 mA

(c) dc diode current is

  Idc (diode) = 
2
dcI

  =  4.835 mA

(d) peak diode current is

  Idm = m KV V
R
−

  =  
31.11 V 0.7 V

2 k
−
W

  =  15.2 mA

(e) peak load current is same as peak diode current

  Iom = 15.2 mA

(f) P I V across each diode is

  P I V = 2 Vm  =  2 (31.11 V)  =  62.22 V

 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 
rav that appears in the diode equivalent circuit, since we have assumed that, R  rav. If rav is 
comparable to R, then it is necessary to consider the effect of rav. The average forward resistance 
rav , is some times also denoted by rf . In the following example we have considered the effect of rav.

Example 1.31

Repeat example 1.30 with R = 100 W and rav =  20 W. 

Solution
Here we first find the peak diode / load current

  Idm = Iom = m K

av

V V
R r
−
+

  

   =  
31.11 V 0.7 V

100 20 
−
+W W

 =  253.42 mA 

Average load current is

  Idc = 
2
p

 Iom  =  0.636 [253.42 mA]  =  161.17 mA 
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Average diode current is

  Idc (diode) = 
2
dcI

 =  80.58 mA

PIV across each diode is

  P I V = 2 Vm = 2 [31.11 V]  =  62.22 V

Average load voltage is

  Vdc = Idc R  =  (161.17 mA) (100 W)  =  16.11 V

Note:
	 •	 For	full	wave	bridge	rectifier

  Iom = Idm = 
2 
2 

m K

av

V V
R r
−
+

	 •	 For	half	wave	rectifier

  Iom = Idm = m K

av

V V
R r
−
+

 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.

 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 VR .

+

–

vo

+

–

vi

 VR

D

R

Fig. 1.29 Shunt clipper
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The input signal vi can be any periodic signal such as sine, square, triangle etc with peak value 
Vm greater than VR. If  Vm < VR, 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 vi is 
directly available at the anode of diode, as shown in Fig. 1.30.

VR

vi vi

VR

VK

vi

≡ ≡
Practical

diode
Ideal
diode Ideal

diode

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 

  vi  VR + VK 

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

vi vo

+

–

+

–
VR + VK

i

(a)

R

vi vo

+

–

+

–
VR

i = 0

(b)

R

Fig. 1.31 Equivalent circuit during
 (a) Diode conduction
 (b) Diode off 

From the equivalent circuit of Fig. 1.31 (a), we find that

  vo = VR + VK  for vi  VR + VK  (1.60)

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

  vi – i R – vo = 0

 or vo = vi , for vi <  VR + VK (1.61)
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In Fig. 1.32, the ouput waveforms are sketched for sine, square and triangular input 
waveforms.

0 t

Vm

– Vm

VR + VK
Vm

–Vm

0

VR + VK

t

vi

vo

vi

vo

vi

vo
VR + VK

0

– Vm

Vm

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  
VR + VK and retains the remaining part as it is.

Transfer Characteristics
The transfer characteristics is obtained by plotting vo as a function of vi. Transfer characteristics 
can be easily constructed by evaluating slope o

i

v
v

D

D

For vi  VR + VK , from Equation (1.60) we have 

  vo = VR + VK = constant
   Dvo = 0

 Hence slope = o

i

v
v

D

D
 = 0 (1.62)

 For  vi < VR + VK , from Equation (1.61) we have

  vo = vi

  D	vo = D	vi

	 \ Slope = o

i

v
v

D

D
 = 1 (1.63)
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Figure 1.33 shows the transfer characteristics of the shunt clipper shown in Fig. 1.29 along 
with output waveform for sinusoidal input.

vi

vi

vo

vi

vo

D onD off

Solpe = 1

Solpe = 0

0

0

0

Break point

VR + VK

t

t

VR + VK

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.

+

–

vo

+

–

vi R

DVR

Fig. 1.34 Series clipper
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First let us find the voltage on diode terminals as shown in Fig. 1.35.

VR

vi

≡ ≡ ≡

vi

VR VK+

VR

VK

vi

Ideal

VR

vi

VK+

Ideal

Fig. 1.35 voltage on diode terminals

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

vi vo

VR + VK

+

–

+

–

R vi vo

VR

+

–

+

–

Ri = 0i

(a) (b)

Fig. 1.36 Equivalent circuit
  (a) During diode conduction
  (b) During diode off

Applying KVL to the circuit of Fig. 1.36(a) we have 

  vi – [VR+VK ] – vo = 0

  vo = vi – [VR + VK ] , for vi  VR + VK  (1.64) 

Since  VR + VK  is a constant

	 	 D	vo = D	vi

	 	  Slope = o

i

v
v

D

D
 = 1
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Alo from Equation (1.64), when vi = Vm ,

  vo = Vm – [ VR + VK ] (1.65)

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

  vo = i R  =  0 (1.66)

 Also slope = o

i

v
v
D

D
 =  0  (1.67)

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

(a) (b)

(c) (d)

Vm – [ VR + VK ]

VR + VK

Slope = 1

vo

Vm

VmVm

vi

vi

vo

vi
vi

vo

vo

0

0

0

VR + VkVm – [ [VR + VkVm – [ [

t

tt

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 VR 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.

vo

D1

VR1

vi

VR2

D2

R

+

–

+

–

Fig. 1.38 Clipping circuit with two reference voltages

Note that both VR1
 and VR2 are positive. VR1

 forward biases D1 and VR2
 reverse biases D2. Also 

VR2
 > VR1

.

Now let us find the voltages on the terminals of D1 as shown in Fig. 1.39.

vi

VR1VR1

VR1

VK

VK

vi vi

≡ ≡

Ideal

Ideal

–

D1D1

D1

Fig. 1.39 Terminal voltages on D1

From Fig. 1.39, we note that D1 conducts for vi  VR1
 – VK .

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

  vo = VR1 – VK , for vi  VR1
 – VK (1.68)
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  Slope = o

i

v
v
D

D
 =  0  (1.69)

The analysis of the second branch containing D2 and VR2
 has already been considered in section 

1.20. We find that D2 conducts for vi 	VR2 + VK .

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

  vo = VR2
 + VK , for  vi   VR2 + VK (1.70)

  Slope = o

i

v
v
D

D
 =  0  (1.71)

For ( VR1
 – VK )  <  vi  < (VR2

 + VK ) , neither D1  nor D2 conducts.

The equivalent circuit is shown in Fig. 1.40(b). From the equivalent circuit we get

  vo = vi  (1.72)

  Slope = o

i

v
v
D

D
 = 1  (1.73)

vovi

VR2

R

+

–

+

–

vo

VR1

vi

VR2

R

+

+

–

+

–

vo

VR1

vi

VR2 VK

R

+

–

+

–

(a) (b)

(c)

–VR1 VK

Fig. 1.40 Equivalent circuit for
 (a) vi  VR1

 – VK 
 (b) VR1 – VK < vi < VR2

 + VK

 (c) vi  VR2
 + VK



Diode Circuits  81

The circuit operation is summarized in Table 1.4.

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

Input voltage Diode status Output voltage Slope

vi   VR1 – VK D1 on D2 off vo = VR1 
– VK 0

VR1
 – VK  <  vi  < VR2

 
+ VK

D1 off D2 off vo = vi 1

vi  	VR2
 + VK D1 off D2 on vo = VR2

 + VK 0

The transfer characteristic along with output waveform for sinusoidal input is shown in  
Fig. 1.41.

t

t

0

vo

vo

vi

vi

Vm

– Vm

VR2 + 

0

0

D1on
D2off D2 off D2 on

D1 off D1 off

VK

VR2 + VK

VR1 – VK VR1 – VK 

VR2 + VK

VR1 – VK

Slope = 1

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

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

–Vm

vi

vo

0

VR2 + VK

VR1 – VK VR1 – VK

VR2 + VK

t

–Vm

Vm

t

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 VR1
 is negative , the condition for D1 to conduct becomes

   vi    – [ VR1 
+ VK ]

vo

D1

VR1

vi

VR2

D2

R

+

–

+

–

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
vi  – [ VR1

 + VK ] D1 on D2 off vo = – [ VR1
 + VK  ] 0

– [ VR1 + VK ] < vi < [ VR2
 + VK  ] D1 off 2 off vo = vi 1

vi  	VR2
 + VK

D1 off D2 on vo = [ VR2
 + VK ] 0
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The transfer characteristic along with output for sinusoidal input is shown in Fig. 1.44.

Vm

– Vm

0

D1 on D1 off

D2 on

D1 off

D2 offD2 off

0

vo

vi

tvi

vi

vo

Vm

– Vm

0

VR2 + VK

– [VR1 + VK]

– [VR1 + VK] – [VR2 + VK]t

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

vo

–Vm

0 0

VR2 + VK

[VR1 + VK ]

VR2+VK

t

–Vm

Vm

t

–

– [VR1 + VK ]

vi
vi

vo

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.

+

–

vo

+

–

vi 10 kΩ

vi

t0

–15 V

15 V

5 V Si

Solution
First let us find the voltage on diode terminals.

vi vi vivi

≡ ≡ ≡

Ideal Ideal

Ideal5 V 5 V

Si

0.7 V

4.3 V

4.3 V

Diode conducts for vi   – 4.3 V. The equivalent circuit during diode conduction is shown in 
Fig. A.

vi vo

+

–

+

–

10 kΩ 10 kΩvi vo

+

–

+

–

i = 0i

4.3 V 5 V

Fig. A                 Fig. B

Writing KVL equation to the circuit of Fig. A.

  vi + 4.3 V – vo = 0
  vo = vi + 4.3 V for vi   – 4.3 V  (A)
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 when  vi = 15 V
  vo = 15 V + 4.3 V = 19.3 V

Also from Equation (A)
	 	 Dvo = Dvi

    Slope = o

i

v
v
D

D
 =1 

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

  vo = 0 for vi  <  – 4.3 V  (B)

  Slope = o

i

v
v
D

D
 = 0

The transfer characteristic and output waveforms are shown below.

Slope = 1

0

0

– 4.3 V

vo

vi
vi

vo

4.3 V

15 V
19.3 V

–15 V

– 4.3 V

t

Example 1.33

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

vi

0 t

20 V

5 V
– 20 V

+

–

vo

+

–

vi

10 kΩ

Si
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Solution
Just prior to the conduction of diode, current through 10 kW resistor is zero. Hence vi is available 
at the cathode of diode. Let us find the terminal voltages at the diode.

vi vivi

≡≡

Ideal
Ideal

Si

0.7 V

4.3 V

5 V5 V

Diode conducts for vi  4.3 V. The equivalent circuit is shown in Fig. A.

vi vo

+

–

+

–

vi vo

+

–

+

–

i = 0i

10 kΩ 10 kΩ

5 V4.3 V

Fig. A               Fig. B

From the equivalent circuit of Fig. A,

  vo = 4.3 V for vi  	4.3 V  (A)

	 	 Dvo = 0

   Slope = o

i

v
v
D

D
 = 0

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

  vi + i (10 kW) – vo = 0
 Since i = 0
  vo = vi for  vi  >  4.3 V (B)

  Slope = o

i

v
v
D

D
 =  1
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The transfer characteristic and output waveform are shown below.

Slope = 1

Slope = 0

vo

vi

vi

vo

0
0 t

4.3 V

4.3 V

–20 V

20 V

Example 1.34

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

+

–

vo

+

–

vi 10 kΩ

vi

t0

–20 V

20 V

5 V Ideal

Solution
Diode conducts for vi    5 V. The equivalent circuit during diode conduction is shown in Fig. A.

vi vo

+

–

+

–

10 kΩ 10 kΩvi vo

+

–

+

–

i = 0i

5 V 5 V

Fig. A               Fig. B
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Applying KVL to the circuit of Fig. A, we have

  vi – 5 V – vo = 0

  vo = vi – 5 V for  vi    5 V (A)

When vi  =  – 20 V

  vo = – 20 V – 5 V = – 25 V

Also from Equation (A)

	 	 Dvo = Dvi

   Slope = 1

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

  vo = 0  for vi > 5 V (B)

	 	  Slope = 0

The transfer characteristic and the output waveform are shown below.

Slope = 1

Slope = 00

– 5 V

– 5 V

5 V
5 V

20 V

– 25 V

vo

vi

vo

vi

t0

Example 1.35

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

+

–

vo

+

–

vi

10 kΩ

10 kΩ

vi

t0

–10 V

10 V

Si
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Solution
Diode conducts when vi = 10 V. The equivalent circuit is shown in Fig. A.

vi = 10 V vo

+

–

+

–

10 kΩ

10 kΩ

i

0.7 V

vi = – 10 V vo

+

–

+

–

10 kΩ

10 kΩ

i = 0

Fig. A               Fig. B

Applying KVL to the circuit of Fig. A.

  10 V – 0.7 V – i ( 20 kW	)  =  0

  i = 
9.3 V
20 kW   =  0.465 mA 

  vo = i ( 10 kW	)  =  4.65 V

When vi  =  – 10 V, diode turns off. The equivalent circuit is shown in Fig. B.

  vo = i ( 10 kW	) = 0 V

The waveform of vo is shown below.

t0

10 V vi

vo4.65 V
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Example 1.36

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

+

–

vo

+

–

vi 10 kΩ

vi

t0
– 10 V

20 V

5 V Ideal

Solution
Diode conducts for  vi      – 5 V. The equivalent circuit is shown in Fig. A.

vi vo

+

–

+

–

vi vo

+

–

+

–

i = 0i

5 V 5 V

10 kΩ 10 kΩ

Fig. A               Fig. B

Applying KVL to the Circuit of Fig. A we have

  vi + 5 V – vo = 0

  vo = vi + 5 V for vi  – 5 V  (A) 

  Slope = o

i

v
v
D

D
 = 1

When vi  =  – 10 V,

  vo = – 10 V + 5 V = – 5 V 

For vi > – 5 V, diode turns off and the equivalent circuit is shown in Fig. B. Since i = 0.

  vo = 0 for vi  >  – 5 V  (B)

	  Slope = 0

 Also, vo = 0 when  vi  =  20 V
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The transfer characteristic and the output waveform are shown below.

Slope = 1

Slope = 0
0

– 5 V

– 5 V
– 10 V

20 V

vo

vi
vo

vi

t0

Example 1.37

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

vi vo

10 kΩ

vi

t0

–5 V

+5 V

20 V
Ideal

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

The equivalent circuit is shown in Fig. A.

vi vo

+

–

+

–

5 V

10 kΩ
vi vo

+

–

+

–

5 V

10 kΩ

Fig. A               Fig. B
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Applying KVL to the circuit of Fig. A, we get

  vi – vo = 0 

 or vo = vi , for vi  5 V (A)

	 	  Slope = 1

 Also, when vi = 20 V , vo = 20 V

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

  vo = 5 V , for  vi  <  5 V (B)

  Slope = 0

 Also when  vi = – 5 V , vo  =  5 V

The transfer characteristic and output waveform are shown below.

Slope = 0
Slope = 1

0

5 V

5 V

– 5 V

20 V

5 V

vo

vi

vo

vi
t0

Example 1.38

For the circuit shown below sketch the output voltage waveform.

+

–

vo

+

–

vi Si

10 kΩ
vi

t0

– 8 V

8 V

5 V



Diode Circuits  93

Solution
Diode conducts for  vi    5.7 V and the equivalent circuit is shown in Fig. A.

vi vo

+

–

+

–

i

5 V10 kΩ

0.7 V vi vo

+

–

+

–

i = 0

5 V10 kΩ

Fig. A               Fig. B

From the circuit of Fig. A,

  vo = 0.7 V for vi   5.7 V  (A)

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

  vi – i (10 kW) – 5 V – vo = 0  

 Since i = 0

  vo = vi – 5 V for vi < 5.7 V (B)

 When vi = – 8 V

  vo = – 8V – 5 V = – 13 V

The output voltage waveform is shown below.

8 V

–5 V

–13V

5.7 V

0.7 V

–8 V

t

vi

vo
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Example 1.39

For the circuit shown sketch the waveforms of iR and vo. Assume Si diodes.

D1 D2

10 kΩ

5.3 V

10 V

–10 V 7.3 V

iR

vi

vi

vo

+

–

+

–

0 t

Solution
The analysis of this circuit is given in section 1.22. Comparing the given circuit with that of  
Fig. 1.43, we have

  R = 10 kW VR2
 = 5.3 V

  – VR1
 = – 7.3 V  VR1

 = 7.3 V

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

Input voltage Diode status Output voltage Slope

vi  – 8 V D1 on D2 off vo = – 8 V 0

– 8 V < vi < 6 V D1 off D2 off vo = vi 1

vi  	6	V D1 off D2 on vo = 6 V 0

The equivalent circuits under different conditions of vi and the transfer characteristic are shown 
below.

vi vo

+

–

+

–

5.3 V8 V

–8 V

10 kΩ

iR

vi vo

+

–

+

–

6 V

6 V

6 V

– 8 V

7.3 V

10 kΩ

iR

vi

vi

vo

vo

+

–

+

–

5.3 V7.3 V

10 kΩ

iR

0

Slope = 0

Slope = 0

Slope = 1

A. Equivalent circut for
vi ≤ – 8 V

B. Equivalent circut for
– 8 V < vi < 6 V

C. Equivalent circut for
vi ≥ 6 V

D. Transfer characteristics
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vi vo

+

–

+

–

5.3 V8 V

–8 V

10 kΩ

iR

vi vo

+

–

+

–

6 V

6 V

6 V

– 8 V

7.3 V

10 kΩ

iR

vi

vi

vo

vo

+

–

+

–

5.3 V7.3 V

10 kΩ

iR

0

Slope = 0

Slope = 0

Slope = 1

A. Equivalent circut for
vi ≤ – 8 V

B. Equivalent circut for
– 8 V < vi < 6 V

C. Equivalent circut for
vi ≥ 6 V

D. Transfer characteristics

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

vi – 10 kW  ( iR ) + 8 V = 0

  iR = 
8 V

10 k
iv +
W

 for vi  – 8 V  (A)

When vi  =  – 10 V

  iR = 
10 V 8 V

10 k
− +

W
  = – 0.2 mA

From the equivalent circuit of Fig. B

  iR = 0, for  – 8V  <  vi  <  6 V (B)

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

  vi – 10 kW ( iR )  –  6 V  =  0

  iR = 
6 V

10 k
iv −

W
 for vi    6 V (C)

When vi = 10 V

  iR = 10 V 6 V
10 k

−
W

  = 0.4 mA 

The waveforms of vo and io are shown below.
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t

10 V

6 V

0

–8 V

–10 V

vi

vo
t

10 V

6 V

–8 V

–10 V

iR

vi

– 0.2 mA

0.4 mA

0

Example 1.40

Show that for a single diode clipper, a reasonable value of R is the geometric mean of rf  and Rr 
where rf is the dynamic forward resistance and Rr is the reverse resistance of diode.

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

vo

VR

vi

R

+

–

+

–

(A)

vorfvi

R

+

–

+

–

(B)

∇ ∇

voRrvi

R

+

–

+

–

(C)

∇ ∇

The equivalent circuit during diode conduction is shown in Fig. B. It should be noted that 
rf is same as rav	.	Since	we	have	considered	 the	 incremental	values,	∆	vi and	∆	vo of vi  and vo 
respectively, VK and VR are not shown. This is because ∆VK = 0 and ∆VR = 0 , since VK and VR  are 
constant values.
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Applying voltage division rule in the circuit of Fig. B, we get

  ∆vo = f

f

r
R r+

 ∆vi

Slope of transfer characteristic is 

  Slope = o

i

v
v

D
D

 

   = f

f

r
R r+

    

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

  rf    R

 Let  rf = 
R
K  (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 = o

i

v
v

D
D

 

   = r

r

R
R R+

For the slope to be unity when the diode is off , we require that

  R 	 Rr or Rr  R

 Let Rr = K R      (B)

Multiplying Equations (A) and (B) we get

  rf Rr = R2

 or R = f rr R   (C)

Thus a reasonable value for R would be the geometric mean of diode forward resistance rf  and 
the reverse resistance Rr .

Example 1.41

For the diode clipping circuit shown, draw the input and output waveforms for (a) R	=	100	Ω	 
(b) R = 1	k	Ω	and	(c)	R =	10	k	Ω	given	that	vi = 20 sin wt and VR = 10 V. Assume rf	=	100	Ω,	 

 =	∞	and	VK = 0.
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+

–

vo

+

–

vi

VR

D

R

Solution:
For vi  ≥ 10 V, D is on
For vi < 10 V, D is off and hence vo  =  vi

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

+

–

vo

+

–

vi

VR

rf

R

i

  vo = i rf + VR 

 But i = i R

f

v V
R r
-
+

	 \	 vo = f

f

r
R r+

 ( vi – VR ) + VR

vo is maximum when vi is maximum.

	 \	 vomax 
= 

f

f

r
R r+ (vimax

 – VR) + VR

  vimax  
= 20 V, VR = 10 V, rf = 100 Ω

(a) For R	=	100Ω vomax 
 = 

100
100  + 100 

W
W W

 ( 20 V – 10 V ) + 10 V = 15 V

(b) For R = 1 kW vomax 
= 

100
1000  + 100 

W
W W

 ( 20 V – 10 V ) + 10 V = 10.9 V

(c) For R = 10 kW vomax 
= 

100
10000  + 100 

W
W W

 ( 20 V – 10 V ) + 10 V = 10.1 V
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When D is off vo = vi 
\ In all the three cases 

  vo min
 = vi min

  =  – 20 V

The output plots are shown below.

20 V

–20 V

15 V

10 V

0 0 0

10.9 V ? 10 V

t t t

vi vi vi

vo vo vo

(a) R = 100 Ω (b) R = 1000 Ω (c) R = 10 kΩ

Note that clipping is better when R	=	10	kΩ.

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.

+

–

vo

+

–

vi

D1

R1 R2100 kΩ

100 V25 V

200 kΩ

D2

Solution
Ideal diodes imply, rf = 0 , Rr =  , VK  = 0 .

 Let vi = 0 V 

Then, D1 is off and D2 is on. The equivalent circuit is shown in Fig. A. 
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+

–

vo = vA

R1

D2

V1 V2

R2
i

100 kΩ

100 V

200 kΩ

25 V

A

Fig. A

Applying KVL to the path of i 

  V1 + R1 i + R2 i  –  V2  =  0

	 \	 	i = 2 1

1 2

V V
R R

-
+

  

Voltage at point A
Applying KVL to the second branch

  vo + i R2 – V2  =  0

	 \	 vA = vo =  – i R2 + V2 

   = 
( )2 1 2

1 2

V V R
R R

- -

+
 + V2

   = 
( )100 V 25 V 200 k

100 k 200 k
- - W

W+ W   + 100 V

  vA = 50 V

This situation (D1 off, D2 on) continues until vi reaches 50 V, just beyond which D1 turns on  and 
D2 remains on and vo = vi = vA. The equivalent circuit is shown below.

+

–

vo

+

–

vi

D1

R1

A

V1

R2

V2

100 kΩ

100 V25 V

200 kΩ

D2

This situation continues until vi or vA reaches 100 V beyond which point D2 turns off. Hence, 
D1 is on and D2 is off and vo = 100 V.
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The transfer characteristics and input-output waveforms are shown below:

vo

vo

vi

vi

vi

100 V

100 V 150 V

150 V

50 V

100 V

50 V

50 V0

0

0

t1

t1

t2

t2

t3

t3
t

t

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

Input Output Diode status

vi   50 V vo = 50 V D1 off, D2 on

50 V < vi  100 V vo = vi D1 on, D2 on

vi > 100 V vo = 100 V D1 on, D2 off

Example 1.43

Repeat Example 1.42 for the circuit shown.

+

–

vo

+

–

vi

R1

R2

V2V1 100 V

100 kΩ

200 kΩ

D2

D1

25 V
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Solution
For vi < 25 V , both D1 and D2 are off. Therefore, vo = 25 V.

For vi  just exceeding 25 V, D2 turns on and D1 remains off. The equivalent circuit under this 
condition is shown in Fig. (A). 

Applying KVL, 
vi – i (R1 + R2) – V2 = 0

	 \	 i = 2

1 2

iv V
R R

-
+     

+

–

V2

R2

D2
R1

i

25 V

200 kΩ

100 kΩ
+

–

vi vo = vA

A

    

+

–

vo = V1vi

+

–

R1

V1

D1

D2

V2

R2

Fig. A Fig. B

  vo = i R2 + V2 

   = 2

1 2

R
R R+

 ( vi – 25V ) + 25 V

    = 
2
3

 ( vi – 25V ) + 25 V

The slope of the transfer characteristic is 
2
3

. This situation continues until vo or vA reaches  
100 V, beyond which D1 also turns on. Let us use the above equation to calculate the value of vi 
when vo = 100 V.

  100 V = 
2
3  ( vi – 25V ) + 25 V

	 \	 vi = 75 V × 
3
2

 + 25 V

   = 137.5 V

Thus, when vi reaches 137.5 volts, vA reaches 100 V, beyond which D1 begins to conduct.
\	For vi > 137.5 V, D1 on and D2 on and vo = 100 V.
The equivalent circuit is shown in Fig. (B).
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These results are graphically illustrated in Fig. (C).

vo

vi

vi

vi

150

150

150

125

125

100

100

100

75

75

50

50

50

25

25

150

125

100

75

50

25

t1

t1

t2

t2

t3

t3

t

0

00 t

vo

Fig. C

The circuit operation is summarised in the following table

Input Output Slope Diode status 

vi < 25 V vo = 25 V zero D1 off, D2 off

25	V	≤	vi	≤	137.5	V vi = 
2
3

 (vi – 25 V) + 25 V slope = 
2
3

 
D1 off, D2 on

vi > 137.5 V vo = 100 V zero D1 on, D2 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 VR1
 

and VR2
, if it is desired that the output voltage be flat for 90 % of the time. Assume rf	=	100	Ω,	 

Rr = 100	kΩ	for	the	diodes.	What	is	the	reasonable	value	of	R ?

+

–

vo

+

–

vi

VR1 VR2

D1 D2

R

Si Si

Solution

   vi = 50 sin q

It is required that the output be flat for 90 % of the time. Now 100 % of the time corresponds 
to 360º and 	hence 90 % of the time corresponds to

   360º × 
90

100
 = 324º

In otherwords vo = vi for 360º – 324º = 36º. This 36º is spread over four time segments as 
shown below:  

Vm

– Vm

vi

vo

9˚

9˚

9˚ 9˚

180˚
360˚

VR2 VK+

VR1 VK+

0

– [ [

t
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Observe that the sinusoid becomes flat at 9º. Value of vi at q	= 9º is

  vi = 50 sin 9º = 7.82 V
  VR1 + VK = 7.82 V and – [ VR2

 +VK ] = – 7.82 V    
For symmetrical clipping, VR1 = VR2   

	 \	 VR1 = VR2 = 7.82 V – 0.7 V = 7.12 V

To find the value of R
Consider the equivalent circuit when D1 is on and D2 is off. Replace D1 by rf and D2 by Rr .

+

–

vovi

+

–

R

Rrrf

∇∇

≡

+

–

vovi

+

–

R

R1

∇∇

  R1 = rf || Rr = 0.1 kΩ || 100 kΩ = 0.099 kΩ

  Slope = o

i

v
v

D
D

 = 1

1

R
R R+

 

When either of the diodes conduct, slope should be zero. This requires that, 

  R  R1  
 Let  R = K R1 

 or  K = 
1

R
R

      (A)

Now let us consider the equivalent circuit when both diodes are off.

+

–

vovi

+

–

R

RrRr

∇∇

≡

+

–

vovi

+

–

R

R2

∇∇

  R2 = Rr || Rr = 
2

rR
 = 50 kΩ

  Slope = o

i

v
v

D
D

 = 2

2

R
R R+
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When both the diodes are off, slope should be unity. This requiers that

  R2   R

 Let R2 = K R

 or K = 2R
R        (B)

Combining Equations (A) and (B)

  
1

R
R

 = 2R
R

which gives  R = 2 1R R´

   = 50 k 0.099 kW´ W

   = 2.22 kW

Example 1.45

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

+

–

vovi

+

–

R1 R2

R3

10 kΩ 10 kΩ

10 kΩ

10 V

D2

D1

VR

Solution
For vi < 0, both D1 and D2 are off . Therefore, vo = 0.  

For vi  0, D1 is on, D2 is off and the equivalent circuit is shown in Fig. (A).

+

–

vovi

+

–

R1 R2

R3

10 kΩ

10 kΩ

10 kΩ

A

    

+

–

vovi

+

–

R1 R2

VR

R3

D2

D1

10 kΩ

10 kΩ

10 kΩ

10 V

Fig. A Fig. B
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Since the diodes are ideal, rf  =  0, Rr =  and VK = 0. 

  vo = vA = 3

1 3

R
R R+

 vi = 2
iv

 \ 

  

o

i

v
v

 = 
1
2

  (A)

This situation continues until vo reaches 10 V beyond which D2 begins to conduct. Let us now 
compute vi when vo reaches 10 V. From Equation (A)

  vo = 
2

iv

 \ vi = 2 vo = 2 ´	10	V = 20 V

For vi  20 volts, D2 begins to conduct and \ vo = 10 V. The equivalent circuit is shown in 
Fig. (B).

The transfer equations are, vo = 

0      for 0

    for 0 20 V 
2

10 V for 20 V

  

i

i
i

i

v
v v

v

<
 <







 

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

vo

vi

10 V

20 V

Slope = 12

0
D1 off
D2 off

D1 on
D2 off

D1 on
D2 on

vi

vo
0 ωt

40

30

20

10

–10

–20

–30

–40

Fig. C Fig. D
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Example 1.46

Plot the transfer characteristic for the circuit shown and write the transfer characteristic equations. 
Sketch vo if vi = 40 sin wt. Assume VK = 1 V for the diodes.

+

–

vo

+

–

vi

D1 D2

1 kΩ

1 kΩ

1 kΩ

Solution
For vi   – 1 V, D1 is on, D2 is off and the equivalent circuit is shown in Fig. (A).

+

–

voi

1 kΩ

1 kΩ

VK1 V
+

–

vi
D2

     

+

–

voi

1 kΩ

1 kΩ

VK1 V
+

–

vi
D1

Fig. A Fig. B

 Applying KVL to the circuit of Fig. A. 

vi – i (1 kW) + VK – i (1 kW)	=	0

 \	 i = 2 k
i Kv V+
W

 Also vo + VK – i (1 kW) = 0
  v0 = – VK + i (1 kW)

   = – VK + ( vi + VK	)	
1 k
2 k

 
 
 

W

W

  vo = 
1
2   ( vi – VK ) (A)
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For vi   1 V , D1 is off, D2 is on and the equivalent circuit is shown Fig. (B).

  vo = VK + i (1 kW)

 But i = 
2 k
i Kv V−
W

We get  vo = 
1
2  ( vi + VK ) (B)

For –1 V  <  vi  <  1 V , both D1 and D2 are off. Therefore, 

  vo = vi (C)

The transfer characteristic equations are

  vo = 

1 ( 1 V)    for 1 V
2

               for 1 V < 1 V
1 ( 1 V)    for 1 V
2

i i

i i

i i

v v

v v

v v

 − ≤ −


− <

 + ≥


\ From Equation (A), vomin = 1
2

 (vtmin – 1) = 1
2

 (– 40 – 1) = – 20.5 V

\	From Equation (B), vomax = 
1
2  (vimax + 1) = 

1
2   (40 + 1) = 20.5 V

The transfer characteristic and waveform of vo are shown below.

Slope = 1

 + 1
 – 1

Slope = 1
2

Slope = 1
2

vi,V

vo,V

    

vi

vo

40 V

20.5 V

1 V

– 20.5 V

– 1 V

– 40 V

0
t



110   Analog Electronic Circuits

Example 1.47

Repeat example 1.46 taking VK = 0 V for the diodes.

Solution
Since VK	=	0	V,	from	Equations	(A),	(B)	and	(C)	of	example	1.46,	we	find	that	

  vo = 
1
2

 vi for all vi

 Since vi = 40 sin wt  V
 We get vo = 20 sin wt  V for all vi

The transfer characteristic and waveform of vo are shown below.

vo

vi

10 V

10 V

20 V

20 V

Slope = 12

0
    

vo = 20 sin ωt

vi = 40 sin ωt

40 V

20 V

–20 V

–40 V

0
t

Example 1.48

Assuming an ideal diode in the circuit given below, draw the the output voltage waveform for the 
input signal given.

vo

+

–

vi

+

–

1 kΩ

2 kΩ

+ 2 V 

vi

– 2 V 

0 t



Diode Circuits  111

Solution
For vi  0 , diode conducts. The equivalent circuit is shown in Fig. A.

vo

+

–

vi

+

–

1 kΩ

2 kΩ

    

vo

+

–

vi

+

–

1 kΩ

2 kΩ

Fig. A Fig. B

  vo = 
2 k 1 k

iv 
 + W W

 (1 kW) = 
1
3

  vi

  vomax = 
1
3  vimax

  vimax = 2 V

	 \ vomax = 
1
3 (2 V) = 0.67 V.

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

0

Slope = 13

Slop
e =

 1 

+ 2 V 

+ 0.67 V 

vi

vi

vo

– 2 V 

0 t

Example 1.49

For the circuit shown below sketch the transfer characteristic and output waveform. Assume ideal 
diodes.
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vovi

vi

+

–

+

–

2 R
D2

D1

2 VR 

t

R

VR
T0

Solution
When vi = 0 , D1 is off and D2 is on. The equivalent circuit is shown below. This situation continues 
as long as  vi  <  VR .

vovi

+

–

+

–

2 R
D2

D1

R

VR

From the equivalent circuit

vo = VR  for  vi  <  VR

D1 conducts when vi exceeds VR. Under this condition, vo  =  vi

	 \  vo = 
    for   0
     for   

R i R

i i R

V v V
v v V

< <

 

  

The transfer characteristics and output waveform are shown below.

vo

vi

2 VR 

2 VR 

VR 

VR 0
t

vi

2 VR 

VR 

T0

vo
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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

 \	 VR2
 + VK = 10 V and – [ VR1

 + VK ] = – 10 V
  VR1

 = VR2
 = 9.3 V

Example 1.51

Sketch and explain the circuit of a double ended clipper using Si diodes which limits the output 
between 5 V and 8 V.

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

  VR1
 – VK  =  5 V

 	 VR1 = 5 V + VK  =  5.7 V and 
  VR2

 + VK =  8 V 	 VR2
  =  7.3 V

 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. 

– Vm

Vm

0

vi

tT T

+

–

vo

+

–

vi

C

R2

Fig. 1.46 Negative clamper
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The input is a square wave which swings between ± Vm with a period T = 
1
f

. The input can 
also be any other periodic waveform such as sine, triangular etc.

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

  tf = rf  C (1.74)

Since the diode forward resistance is very small ( rf   0 ),  tf  
2
T  and hence the capacitor 

gets charged quickly to the peak value Vm of the input signal vi . The equivalent circuit during 

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

C

vc

C

vc

+ +

–

–

vovi

+

–

VK

(a) (b)

+

–

–

vo

+
+

–

vi RR

Fig. 1.47 Equivalent circuit
 (a) When diode is on
 (b) When diode is off

Writing KVL equation to the circuit of Fig. 1.47(a), we have

  vi – vc – VK = 0
  vc = vi – VK (1.75)
 When vi = Vm

  vc = Vm – VK (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 vi , the diode turns off. Now the capacitor discharges into R. 

The discharge time constant is

  t = R C (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

  5 t   
2
T  (1.78)
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  5 RC   
2
T  (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

  vi – vc – vo = 0
  vo = vi – vc (1.80)
 Since vc = Vm – VK

  vo = vi – [Vm – VK ] (1.81)

Observe from Equation (1.81) that, the circuit adds a dc level of – [Vm – VK ] to the input signal vi . 
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

Input voltage level vi

Output voltage level
Practical diode

vo = vi – [ Vm – VK ]
Ideal diode
vo = vi – Vm

0 – [Vm – VK ] – Vm

Vm VK 0

– Vm – 2Vm + VK – 2Vm

The output voltage waveform is shown in Fig. 1.48.

– 2 Vm + VK

0

vo

t

– 2 Vm

0

vo

t
TT

VK

2 2

(b)(a)

T T

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 = 2 Vm

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.

– Vm

Vm

0

vi

t
TT

+

–

vo

+

–

vi

C

R2

Fig. 1.49 Positive clamper

In this circuit the diode conducts during the negative half cycle of vi and charges the capacitor 
to the peak value Vm , 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 Vm to the 
input signal. The output voltage levels are listed in Table 1.7.

Table 1.7 Output voltage levels of positive clamper

Input voltage level vi

Output voltage level
Practical diode

vo = vi + [Vm – VK ]
Ideal diode
vo = vi + Vm

0 Vm – VK Vm

Vm 2Vm – VK 2 Vm

– Vm – VK 0
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The output voltage waveform is shown in Fig. 1.50.

– VK

2 Vm –  VK

0

vi

tTT 2

2 Vm

0

vi

t
TT 2

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 
circuit is 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 VR 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.

Circuit
using
Silicon
 diode

t0

– 20 V

20 V

vi

0

– 10 V

30 V

vo

vovi t

+

–

+

–

Solution
Comparing the waveforms of vi and vo , we find that, vo can be obtained by shifting up vi by  
10 V. To do so, a positive dc voltage must be added to vi . 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)

  Vm   =  20 V VK = 0.7 V 

0
– 0.7 V

39.3 V

vo

t

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 VR , 
whose value is given by 

  39.3 V + VR  = 30 V

  VR  = – 9.3 V 

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

C

vi
voR

 9.3 V
––

+ +

Example 1.53    

Repeat Example 1.52 using ideal diode.

  Vm  =  20 V VK = 0.

The output of positive clamper is shown below.
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0 V

40 V

vo

t

Since the required positive peak is 30 V,

  40 V + VR  = 30 V

  VR  =  – 10 V

The clamper circuit is shown below.

C

vi voR

 10 V

––

+ +

Example 1.54     

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

Circuit
using
silicon
 diode

t0

– 10 V

10 V

vi

0

– 17.3 V

2.7 V

vo

vovi t

+

–

+

–
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Solution    
Comparing the waveforms of  vi  and  vo , we find that,  vo  can be obtained by shifting down  vi   by 7.3 V.  
To do so, a negative dc voltage must be added to vi . 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).

  Vm  = 10 V VK = 0.7 V

t0

– 19.3 V

0.7 V

vo

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 VR given by

  0.7 V + VR  = 2.7 V
  VR  = 2 V

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

C

vi voR

2 V

––

+ +

Example 1.55    

Repeat Example 1.54 using ideal diode.
Solution    

  Vm  =  10 V VK = 0

The output of negative clamper is shown below.
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t0

– 20 V

vo

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

vi voR

 2.7V
––

+ +

Example 1.56 

For the circuit shown below find and plot the waveform of v
o  

for the input indicated.

– 24 V

12 V

0

vi

t

f = 1 kHz

+

–

vo

+

–

vi

6 V

Si

1 µF

C

R
100 kΩ

Solution
Step 1: To find the capacitor voltage when the diode is conducting.
Diode conducts when v

i 
= – 24 V. The equivalent circuit is shown in Fig. A.
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C

vc
+ +

–

–

vovi

+

–

i

0.7 V

6 V

(A) (B)

+

–

–

vo

+
+

–

vi

6 V

29.3 V

C

RR

Applying KVL to the current path in the circuit of Fig. A we have 

  vi + vc + 0.7 V – 6 V = 0 (A)
  vc = –vi + 5.3 V

When vi = – 24 V, the capacitor charges to

  vc = – (– 24 V) + 5.3 V = 29.3 V
Note that the right plate of capacitor is positive.

Step 2: To find the output voltage levels when the diode is off
When  vi = 12 V,  the diode is off. The equivalent circuit is shown in Fig. B.

KVL equation to the circuit of Fig. B is 

  vi + 29.3 V – vo = 0
  vo = vi + 29.3 V (B)

Observe from Equation (B) that, the circuit adds a dc level of 29.3 V to the input signal vi . 
Let us find the output levels corresponding to the two input levels using Equation (B).

When vi = 12 V,   vo = 12 V + 29.3 V = 41.3 V
When vi = –24 V,  vo = – 24 V + 29.3 V = 5.3 V

The output waveform is shown below.

5.3 V

41.3 V

0

vo

t
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 Peak-to-peak input voltage  = 12 V – (– 24 V) = 36 V
 Peak-to-peak output voltage = 41.3 V – 5.3 V = 36 V     

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, VK = 0

From Equation (A),
  vc = – vi + 6 V

When  vi = – 24 V
  vc = – ( –24 V ) + 6 V = 30 V

From Equation (B),

  vo = vi + 30 V
When vi = 12 V, vo = 12 V + 30 V = 42 V

When vi = – 24 V, vo =  – 24 V + 30 V = 6 V

The output waveform is shown below.

6 V

42 V

0

vo

t

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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0

vi

t

+

–

vo

+

–

vi

–100 V

20 V

100 V

Si
R

C

Solution 
Step 1 : To find capacitor voltage when diode is conducting 
Diode conducts during the positive half cycle of vi . The equivalent circuit is shown in  
Fig. A.

vc
+

+

–

–

vovi

+

–

0.7V

20 V
20 V

(A) (B)

+

–

–

vo

+

+

–

vi

79.3 V

RR

C

C

i

Applying KVL to the current path in the circuit of Fig. A. 

  vi – vc – 0.7 V – 20 V = 0 (A)

  vc = vi – 20.7 V

When vi  = 100 V, the capacitor charges to 

  vc = 100 V – 20.7 V = 79.3 V

Step 2 : To find the output voltage levels when the diode is off
Diode turns off during the negative half cycle of vi. The equivalent circuit is shown in Fig. B.

KVL equation to the circuit of Fig. B is 

  vi – 79.3 V – vo = 0
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  vo = vi – 79.3 V (B)

When vi = 100 V,  vo = 100 V – 79.3 V = 20.7 V

When vi = –100 V, vo = –100 V – 79.3 V = –179.3 V 

Output Waveform with Ideal Diode 
From Equation (A),

  vc = vi – 20 V

When vi = 100 V, vc = 100 V – 20 V = 80 V

From Equation (B) vo = vi – 80 V

When vi = 100 V, vo = 100 V – 80 V = 20 V

When vi = –100 V, vo = –100 V – 80 V = –180 V

The output waveforms are shown below.

vo vo

t

–79.3 V

– 179.3 V

20.7 V

00 t

– 80 V

– 180 V

20 V

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 t
(b) Compare  5 t	with half period  (T/2) of the applied signal 
(c) Sketch the output waveform

– 15 V

15 V

0

vi

t

+

–

vo

+

–

vi

5 V

56 kΩ

Si
R

C

0.1 µF

f = 1 kHz

Solution
(a) t	=	R C = (56 kW) (0.1 mF) = 5.6 ms

          5 t	=	5	(5.6	mS)	=	28	mS

(b)  f   = 1 kHz  T  = 
1
f

  T = 
1

1 kHz
 = 1 ms 	

2
T  = 0.5 ms

  
5

2
T
τ

 
  

 = 
28 ms
0.5 ms

 = 56

 \	 5	t	 =	 56	
2
Té ù
ê úë û

 	 5	t  
2
T  

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

(c) To find and plot  vo 

Step 1: To find the capacitor voltage when the diode is conducting
Diode conducts when vi = 15 V. The equivalent circuit is shown in Fig. A.
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vc

+

+

–

–

vovi

+

–

0.7V

5 V

(A) (B)

+

–

–

vo

+

+

–

vi

5 V

19.3 V

RR

C

i

Applying KVL to the current path in the circuit of Fig. A, we have 
  vi – vc – 0.7 V + 5 V = 0

  vc = vi + 4.3 V

When vi  = 15 V, the capacitor charges to 
  vc = 15 V + 4.3 V = 19.3 V

Step 2: To find output voltage levels when the diode is off
Diode turns off when vi = – 15 V. The equivalent circuit is shown in Fig. B.

KVL equation to the circuit of Fig. B is

  vi – 19.3 V – v0  = 0

  v0  = vi – 19.3 V

When vi = 15 V, vo = 15 V – 19.3 V =  – 4.3 V

When vi = – 15 V, vo = – 15 V – 19.3 V =  – 34.3 V 

The output waveform is shown below.

– 34.3 V

– 4.3 V

0

vi

t

Note that, output peak-to-peak = input peak-to-peak = 30 V
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Exercise Problems

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

  (a) DC output voltage
  (b) DC load current

 1.2 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.

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

 1.4 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.

 1.5 A shunt clipper employs a diode which has rf = 100 W and Rr = 100 kW. 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 VCE and the collector current IC, to ensure that the amplifier will have the proper 
gain and input impedance with undistorted output voltage swing. These values of VCE and IC 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 VCE and IC 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 ICO, base-emitter voltage in the active region VEE and current gain .

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 IB = 0 mA and to the right of a few 
tenths of volts of VCE 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 
0 V 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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RC

RB

IC

IE

IB
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+
––

VBB VCC

VCE

VBE

(a) (b)

IB = 0.3 mA
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Fig. 2.1 The common-emitter configuration and its output characteristics 

80 µA
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Saturation
Q
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IC max

Fig. 2.2 Illustration of operating point
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The region very close to VCE = 0 where all the curves appear to merge and fall rapidly to 
the origin is called the saturation region. In this region, VCE is a few tenths of volts while IC 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 IC = 10 mA and VCE = 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 IC max

Bottom bound Cut-off region
Right bound PC max

PC max is the maximum power dissipation which the device can withstand. 

 2.2 DC LOAD LINE
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 = IC RC + VCE (2.1)

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

 VCE = VCC and the intercept is at (VCC , 0). The IC axis intercept can be found by letting  
VCE = 0 in Equation (2.1).

  IC = CC

C

V
R

 and the intercept is at 0, CC

C

V
R

æ ö
ç ÷è ø

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

IB

IE

+

–

VCE

VCC

(a)

IB4

IB3

IB2

IB1

IB = 0
0 2 4 6 8 10

10

20

30

40

Q

(VCC, 0)

VCE, V

(b)

VCC
RC

0,

IC, mA

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

  IC =        
1

CR
æ ö
-ç ÷è ø

VCE + CC

C

V
R

 (2.2)

where the slope is 
1

CR
æ ö
-ç ÷è ø

 while the intercept is CC

C

V
R

æ ö
ç ÷è ø

. The intersection of this load line with 

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 IC and 
VCE 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 

of an optimum operating point is therefore ,
2 2
CC CC

C

V V
R

æ ö
ç ÷è ø

.

 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.

Let us now look at the effects of temperature on transistor parameters. The reasons for instability 
of the operating point may be listed as 
	 •	 Variation of leakage current, ICO with temperature
	 •	 Variation of current gain,  with temperature and
	 •	 Variation of base-emitter voltage, VBE with temperature.        
The sensitivity of these parameters to temperature variations can be stated as follows:
	 •	 ICO, the reverse saturation current doubles for every 10ºC increase in temperature
	 •	 VBE decreases in magnitude by 2.5 mV for every ºC rise in temperature. Generally at room 

temperature VBE is 0.7 V for silicon transistors and 0.2 V for germanium transistors.
	 •	  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 VCE and IC 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 ICO, VBE and  with temperature

Temperature ICO VBE 

– 65º C 0.0002 nA 0.85 V 20
25º C 0.1 nA 0.65 V 50
100º C 20 nA 0.48 V 80
175º C 3300 nA 0.3 V 120

We know that the collector current for the common emitter configuration is given by

  IC =  IB + (    ) ICO (2.3)

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

 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:

  S( ICO )  =  C

CO

I
I
¶
¶

 at constant    and VBE

 or S( ICO ) = 
, constantBE

C

CO V

I
I



D
D  (2.4)

 Similarly,  S( VBE )  = 
, constantCO

C

BE I

I
V



D
D

 (2.5)

 and  S(   ) = 
, constantCO BE

C

I V

I


D
D

 (2.6)

Observe from these equations that, for circuits with low stability factors, change in collector 
current  IC is small when ICO , VBE and  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 

   IC  = C

CO

I
I
¶
¶

  ICO + C

BE

I
V
¶
¶

  VBE + CI


¶
¶

  (2.7)

 or   IC  = S( ICO )  ICO + S( VBE )  VBE + S (   )   (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.

RC

VCC

IE

RB

C1

C2
IC

– –

+

+
IB

Vi

Vo

 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.

RC
IC

IE

IB

+

+
––

VCE

VBE

VCC

RB

VCC

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,

  VCC  = IB RB + VBE

 or IB  = CC BE

B

V V
R
-  (2.9)

Now let us look at the collector-emitter circuit. The magnitudes of the collector current and 
base current neglecting ICO are related by
  IC  =   IB (2.10)

where    is the dc current gain in common-emitter configuration. Observe from Equation (2.9), 
that IB is decided by RB while IC is decided by . Thus, RC has no role in the value of IC when the 
transistor is the active region. However, the value of IC determines the value of VCE.

Writing Kirchhofffs voltage law equation to the collector-emitter circuit of Fig. 2.5, we get
  VCC  = IC RC + VCE (2.11)
 or  VCE  = VCC – IC RC (2.12) 

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

RC IC(sat)

VCE(sat)

+

+
––

VCC

VBE(sat)

Fig. 2.6 Transistor in saturation

From Equation (2.11), the collector current in saturation, IC (sat) is given by

  IC (sat)  = ( )satCC CE

C

V V

R

-
 (2.13)

 But VCE (sat)  0

  IC (sat)   CC

C

V
R

 (2.14)

Note that in the saturation region IC is solely decided by RC 
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Example 2.1

For the fixed-bias circuit shown, assuming VBE = 0.7 V and   = 60 find

(a) Quiescent values of base and collector currents
(b) Quiescent value of VCE
(c) Base-ground and collector-ground voltages
(d) Base-collector voltage
(e) Quiescent values of IC and VCE for    = 110

10 V

10 µF

10 µF

Vi

Vo

2 kΩ
220 kΩ

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

RC

10 V

RB

IC

IB

VC

2 kΩ

++

+ +

–
–

–

–

VCE

VBEVB

220 kΩ

(a)  Quiescent values of base and collector currents

  IBQ = CC BE

B

V V
R
-

 = 
10V  0.7V

220k
-

W
  =  42.27 mA

  ICQ =   IBQ = 60 × 42.27 mA = 2.54 mA

(b) Quiescent value of VCE

  VCC  = IC RC + VCE

  VCEQ  = VCC – ICQ RC = 10 – (2.54 mA)(2 k) = 4.92 V
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(c) Base and collector voltages with respect to ground

  VB  = VBE = 0.7 V
  VC = VCE = 4.92 V

(d) Base-collector voltage

  VBC  = VB – VC = 0.7 V – 4.92 V = – 4.22 V

(e) When  = 110

IBQ is not affected by change in 

  IBQ  = 42.27 mA [as obtained in part (a)] 
   ICQ  =  IBQ = 110 × 42.27 mA = 4.65 mA

  VCEQ  = VCC – ICQ RC = 10 V – ( 4.65 mA × 2 k ) = 0.7 V

Let us now tabulate the Quiescent point for  = 60 and  = 

 IBQ ICQ VCEQ

60 42.27 mA 2.54 mA 4.92 V
110 42.27 mA 4.65 mA 0.7 V

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

IC

Q

Q

( β = 110 ) 

( β = 60 )

VCE0.7 V 4.92 V

VCC

RC
= 5mA

4.65 mA

2.54 mA

VCC = 10 V

Observe that, when  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 , IC
(b) Collector resistance , RC 
(c) Base resistance , RB
(d) VCE 

Assume  = 80 and VBE = 0.7 V.

RC

12 V

RB IC

6 V

40 µA

Solution
(a) Collector current

  IC  =  IB = (80) (40 mA) = 3.2 mA

(b) Collector resistance 

 Given VC  = 6 V
  VCE = VC = 6 V

  RC  = CC CE

C

V V
I
-

 = 
12V 6 V

3.2mA
-

 = 1.875 k

c) Base resistance

  RB = CC BE

B

V V
I
-

  = 
12V  0.7 V

40 A
-
m

 = 282.5 k

(d) VCE
  VCE  = Voltage from collector to emitter
   = VC = 6 V.

Example 2.3

For the circuit shown, find
(a)   IC (b)   VCC (c)    (d)   RB

  Assume VBE = 0.7 V.  



Transistor Biasing  139

VCC

RB IC

4 mA

7.2 V

20 µA

2.2 kΩ

Solution
IB = 20 mA  IE = 4 mA VCE = 7.2 V
VBE = 0.7 V RC = 2.2 k

We are required to find IC and VCC .

(a)  IC + IB = IE 

  IC  = IE – IB = 4 mA – 0.02 mA = 3.98 mA

(b)   VCC  = IC RC + VCE 

   = (3.98 mA × 2.2 k) + 7.2 V
   = 15.956 V

Let  VCC = 16 V

(c)     = C

B

I
I

  = 
3.98 mA
0.02 mA  = 199

(d)  RB = CC BE

B

V V
I
-

 = 
16 V 0.7 V

0.02 mA
-

 = 765 k

Example 2.4

(a)	 For	the	fixed-bias	circuit,	RB = 50 k, RC = 500 , VCC = 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  = 50 and VBE   V. 

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

Solution

(a)  IB  = CC BE

B

V V
R
-

 = 
10 V 0.7 V

50 k
-
W

 = 0.186 mA

  IC  =   IB = 50 × 0.186 mA = 9.3 mA
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 Writing KVL equation for the the collector circuit,

  VCC  = IC RC + VCE

  VCE  = VCC – IC RC 

   = 10 V – (9.3 mA × 0.5 k) = 5.35 V

 Therefore the operating point is at (VCE, IC) = (5.35 V, 9.3 mA)

 Let Qa =  (5.35 V, 9.3 mA)

 The current axis intercept of the load line is

  CC

C

V
R

 = 
10V

0.5 kW
 = 20 mA

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

IC, mA

(0 V, 20 mA) 

(10 V, 0 mA) 
VCE, V

0 2 4 6 8 10 12

5

10

15

20

25

Qa (5.35 V, 9.3 mA)

 The Q-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  = 100 is 
used.

 The base current is obviously not affected and remains at IB = 0.186 mA.

  IC =   IB =100 × 0.186 mA =18.6 mA
 and  VCE  = VCC – IC RC = 10 V – (18.6 mA) (0.5 k) = 0.7 V

 The Q-point now shifts to Qb = (0.7 V, 18.6 mA).
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IC , mA

(0 V, 20 mA) 

(10 V, 0 mA) 
VCE, V

0 2 4 6 8 10 12

5

10

15

20

25

Qb (0.7 V, 18.6 mA)

Qa (5.35 V, 9.3 mA)

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

 2.6 LOAD LINE ANALysIs Of THE fIXED-bIAs CIRCUIT
We know that the load line is constructed on the output characteristics joining (0, VCC / RC) and 
(VCC , 0). The effect of variation in IB on the Q-point is shown in Fig 2.7.

IB0

IB1

IB2

IB3

IB4

IB5

Q3

Q2

Q1

VCC
RC

IC, mA

VCE, VVCC0

IB3 > IB2 > IB1

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

If the value of IB is increased by decreasing the value of base resistance RB, the Q-point moves 
up the load line gradually towards saturation.

Now, if VCC is kept constant and if collector resistance RC is increased, keeping base current IB 
fixed, the Q-point moves to the left into saturation as shown in Fig. 2.8.



142   Analog Electronic Circuits

IBQ3
Q2

Q1

VCC
RC1

VCC
RC2

VCC
RC3

IC , mA

RC3 > RC2 > RC1

VCE,VVCC0

 

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

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

Q3
Q2

Q1

VCC1
RC

VCC2
RC

VCC3
RC

IC , mA

VCC3

VCC1 > VCC2 > VCC3

VCC2 VCC1
VCE , V0

IB

Fig. 2.9  Effect of Variation in VCC  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.
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Vi

Vo

ICRC

RE IE

RB

IB

VCC

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.  

RE

RB

VCC

IE

IB

+
–VBE

Fig. 2.11 Base-emitter dc circuit of emitter-bias circuit   

Applying Kirchoff’s voltage law to the base-emitter circuit, we have

  VCC  =  IB RB + VBE + IE RE (2.15)

      IE  =   IC + IB

Using IC =  IB we have

  IE  =   IB + IB

  IE  = (  + 1) IB  (2.16)
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Substituting for IE in Equation (2.15),
  VCC =  IB RB + VBE + (  + 1) IB RE

   VCC – VBE  = IB [RB + (  + 1) RE ]

 or IB = ( 1)
CC BE

B E

V V
R R

-
+ +

 (2.17)

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, IC increases. This results in an increase in the 
emitter current, IE . From Equation (2.15)

  VCC – VBE  = IB RB – IE RE (2.18)

The left hand side of Equation (2.18) is a constant. An increase in IE increases IE RE and to 
maintain constant (VCC – VBE), the term IB RB must decrease; RB being constant, IB reduces. This in 
turn reduces IC (IC = IB), there by stabilizing IC.

With RE = 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

  RBeq  = RB + (  + 1) RE (2.19)

Thus, the resistance RE in the emitter circuit gets reflected as (  + 1) RE in the base circuit. 
Resistance RE 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.

RC

IERE

IC

VCE

VCC
+

–

Fig. 2.12 Collector-emitter dc circuit of emitter-bias circuit
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Applying Kirchoff’s voltage law, we have,

  VCC  =  IC RC + VCE + IE RE (2.20)

Substituting IE  IC ,

  VCE  = VCC – IC (RC + RE) (2.21)

Let us now get the nomenclature clear :
 Let  VC = Voltage from collector to ground
  VB = Voltage from base to ground and
  VE = Voltage from emitter to ground
  VE = Voltage across RE 

  VE  = IE RE (2.22)

  VC = Collector-emitter voltage + Voltage from emitter to ground

  VC = VCE + VE (2.23)

    = VCE + IE RE

Substituting for (VCE + IE RE) from Equation (2.20)

  VC = VCC – IC RC (2.24)

 VB = Base-emitter voltage + voltage from emitter to ground

  VB  = VBE + VE  (2.25)
   = VBE + IE RE  (2.26)

Substituting for (VBE + IE RE) from Equation (2.15) 

  VB  = VCC – IB RB (2.27)

Saturation Level
When the transistor is in saturation 

  VCE  = VCE (sat)	≈	0 V
 and   IC  = IC (sat)

Substituting this condition in Equation (2.20) and taking IE	≈	IC we have

  VCC  = IC (sat) [RC + RE]  

  IC (sat)  = CC

C E

V
R R+

 (2.28)
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Example 2.5 

For the emitter-bias circuit shown using silicon transistor with VBE = 0.7 V and   = 60, find,

 (a)  Base current and collector current
 (b) VCE
 (c) Collector, emitter and base voltages to ground
 (d) VBC
 (e) Estimate IC and VCE for  β = 110.

10 µF

Vo

10 µF
Vi

470 kΩ
2 kΩ

20 V

1 kΩ 47 µF

Solution
(a) Base current and collector current
 For dc analysis we can treat capacitors as open circuit

20 V

IB

VB
VE

IC

VC

IE

2 kΩ

1 kΩ

470 kΩ

+

+
–

+

+

–

+

– –

–

VCE

VBE
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 From Equation (2.17)

   IB  = 
( 1)

CC BE

B E

V V
R R

-
+ +

 = 20 V 0.7 V
470 k (61 1 k )

-
W + ´ W

	=	36.34	μA

   IC =  IB = 60	×	36.34	μA	=	2.18	mA

(b) VCE
 From Equation (2.21)

   VCE = VCC – IC (RC + RE)

	 	 	 	 =	20	V	–	2.18	mA	[2	kΩ	+	1	kΩ]
    = 13.46 V

(c) Collector, emitter and base voltages to ground
 From Equation (2.24)

   VC  = VCC – IC RC	=	20	V	–	(2.18	mA	×	2	kΩ)	=	15.64	V

 From Equation (2.23)

   VE  = VC – VCE = 15.64 V – 13.46 V = 2.18 V

 From Equation (2.25)

   VB  = VBE + VE = 0.7 V + 2.18 V = 2.88 V

(d) VBC

   VBC  = Voltage from base to collector
    = Voltage from base to ground – Voltage from collector to ground
    = VB – VC = 2.88 V – 15.64 V = – 12.76 V

VBC is negative as expected.

(e)  IB  = ( 1)
CC BE

B E

V V
R R

-
+ +

 = 
20 V 0.7 V

470 k [110 1] 1 k
-

W + + W
 = 33.22 mA

  IC  =  IB = 110 × 33.22 mA = 3.65 mA

  VCE  = VCC – IC (RC + RE)

	 	 	 =	 20	V	–	3.65	mA	[2	kΩ	+	1	kΩ]

   = 9.05 V

Let us now tabulate the quiescent currents and voltage for β = 60 and β = 110.

β IBQ ICQ VCEQ

60 36.34	μA 2.18 mA 13.46 V
110 33.22	μA 3.65 mA 9.05 V
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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 β 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 VBE = 0.7 V and β = 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.

20 V

2.4 kΩ

1.5 kΩ

510 kΩ

Solution
(a)  IB , IC and VCE

  IB = 
(1 )

CC BE

B E

V V
R R

-
+ + 

   = 
20 V 0.7V

510 k (101)(1.5 k )
-

W+ W  = 29.18 mA

  IC = β IB = (100) (29.18 mA) = 2.92 mA
  VCE = VCC – IC [RC + RE]
   = 20	V	–	(2.92	mA)	(2.4	kΩ	+	1.5	kΩ) = 8.61 V
  VC = VCC – IC RC	=	20	V	–	(2.92	mA)	(2.4	kΩ)	=	13	V
  VE = IE RE = [ IB + IC ] RE 
   = [29.18 mA	+	2.92	mA]	[1.5	kΩ]	=	4.42	V
  VB = VBE + VE = 0.7 V + 4.42 V = 5.12 V
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Example 2.7

For the circuit shown, using silicon transistor with VBE = 0.7 V and β = 80 find

(a) All resistance values (b)  VCE and VB

12 V

RC
RB

RE

2 mA

+

–

7.6 V

2.4 V

IB

VB VCE

IE

Solution

Given VC = 7.6 V , VE = 2.4 V , IC = 2 mA 
(a) Circuit resistances

  RC = CCC

C

V V
I
-

 = 
12 V 7.6 V

2 mA
-

	=	2.2	kΩ

 Since, the emitter and the collector currents are approximately equal,

  IE     IC = 2 mA

  RE = E

E

V
I  = 

2.4 V
2 mA

	=	1.2	kΩ

  IC =  IB

  IB = CI


= 2 mA
80

 = 0.025 mA

 Writing KVL equation to the base-emitter circuit ,

  VCC  =  IB RB + VBE + VE

  IB RB  = VCC – VBE – VE = 12 V – 0.7 V – 2.4 V = 8.9 V

  RB = 8.9 V

BI
 = 

8.9 V
0.025 mA

	=	356	kΩ
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(b)  VCE  =  VC – VE = 7.6 V – 2.4 V = 5.2 V
 and VB = VBE + VE = 0.7 V + 2.4 V = 3.1 V

Example 2.8

The circuit shown below uses silicon transistor with VBE = 0.7 V. Calculate

(a)    (b)  VCC   (c)  RB   (d)  VC   (e)  IC (sat)

VCC

2.7 kΩ

680 Ω

20 µA

7.3 V

2.1 V

+

–

VC
RB

Solution
(a) β
 Given the voltage across the emitter resistance, we can obtain the emitter current as

  IE = E

E

V
R  = 

2.1 V
680 W  = 3.09 mA

 The emitter current is approximately equal to collector current.

  IC = 3.09 mA

 Now β = C

B

I
I

 = 
3.09 mA
20 Am

 = 154.5

(b) VCC
 From the KVL equation for the collector emitter circuit, we have

  VCC = IC RC + VCE + VE

   = (3.09	mA	×	2.7	kΩ)	+	7.3	V	+	2.1	V	=	17.74	V

(c)  RB 
 Writing the KVL equation for the base-emitter circuit

  VCC  = IB RB + VBE + VE
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  RB = CC BE E

B

V V V
I

- -

   = 
17.74 V 0.7 V 2.1 V

20 A
- -

m  =	747	kΩ

(d)  VC

  VC = VCE + VE = 7.3 V + 2.1 V = 9.4 V

(e) IC (sat)

  IC (sat) = CC

C E

V
R R+

 = 
17.74 V

2.7 k 680W+ W
 = 5.248 mA

 2.8 VOLTAGE DIVIDER bIAs OR UNIVERsAL bIAs CIRCUIT
In both the fixed-bias and the emitter-bias circuits, the quiescent values of IC and VCE , i.e., the 
quiescent point is a function of dc current gain   of the transistor. We know that this current 
gain   is sensitive to temperature and its value keeps varying. A biasing circuit independent or less 
dependant on   such as the voltage-divider bias circuit is therefore desirable. A voltage divider 
bias circuit is shown in Fig. 2.13.

R1

R2

VCC

RE

RC
C2

C1

Vo

Vi

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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R1

R1 B

N

R2R2

VCC VCC

RE

RC

RE
VCC

≡

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 VCC , R1 and R2 of Fig. 2.14 is drawn in 
Fig. 2.15(a).

R1 B

N
(a)

(b) (c)

R2VCC

R1 B

N

R2

RTh

B

N

R1 B

N

R2VCC VTh

+

–

VTh

RTh

≡

Fig. 2.15 (a) Thevenin equivalent
 (b) Determination of RTh

 (c) Determination of VTh
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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 RTh , VCC 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 

  RTh = R1 || R2 

 or RTh = 1 2

1 2

R R
R R+

 

and from Fig. 2.15(c), Thevenin voltage is

  VTh = 2

1 2
CC

RV
R R+

 

The circuit of Fig. 2.14 is redrawn in Fig. 2.16 after substituting the Thevenin equivalent 
between B and N.

VTh

RTh

+
–VBE

IE

IB

RE

Fig. 2.16 Base circuit with Thevenin equivalent

Applying Kirchhoff’s voltage law to the base-emitter circuit in Fig. 2.16, we get

  VTh = RTh IB + VBE + IE RE (2.29)
 Now IC + IB = IE (2.30)
 and IC =  IB

Substituting in Equation (2.30)

   IB + IB = IE

 or  IE = (  + 1) IB (2.31)

Equation (2.29) now becomes

  VTh = RTh IB + VBE + (  + 1) IB RE

  VTh – VBE = [ RTh + (  + 1) RE ] IB

  IB = 
( 1)

TH BE

Th E

V V
R R

-
+ +

 (2.32)
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The collector circuit of Fig. 2.13 is shown in Fig 2.17.

VB
VE

ICRC

VC

IE
RE

VCE

VBE

+

+
–

–
+

+

–

+

– –

VCC

Fig. 2.17 Collector circuit of voltage divider bias

Applying KVL to the collector circuit of Fig. 2.17,

  VCC = IC RC + VCE + IE RE (2.33)
Using  IC  IE (2.34)

Equation (2.33) thus become

  VCE = VCC – IC ( RC + RE ) (2.35)

Further from Fig. 2.17,
  VE = Voltage across RE

  VE = IE RE (2.36)
  VC = Collector to ground voltage

  VC = VCE + VE (2.37)
  VB = Base to ground voltage
  VB = VBE + VE (2.38)

In this circuit also negative feedback is provided through the emitter resistance. As a result 
IC and VCE become almost independent of   For this reason voltage divider bias is also called as 
beta independent circuit.

Transistor Saturation 
When the transisitor is in saturation

  VCE = VCE (sat)  0 V
 and IC = IC (sat)
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Substuiting this condition in Equation (2.33) and taking IE  IC , we get

  VCC = IC (sat) [ RC + RE ]

  IC (sat) = CC

C E

V
R R+   (2.39)

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 RE in the emitter circuit gets reflected as (1 +  ) RE in the base circuit. 
Therefore the circuit between base and ground of Fig. 2.14 can be replaced by an equivalent 
resistance. Ri = (1 +  ) RE as shown in Fig. 2.18.

R1 B

N

R2 RiVCC

I1

I2 IB

VB

+

–

Fig. 2.18 Input circuit for approximate analysis

For the circuit of Fig. 2.18 using KCL we can write

  I1 = I2 + IB (2.40)
  Ri = (1 +  ) RE     RE , since   1

  IB = B

i

V
R

 and I2 = 
2

BV
R

 if Ri =  RE  ³ 10 R2 (2.41)

then IB  £  0.1 I2 , hence IB can be neglected in Equation (2.40). As a result we get

  I1  I2

Applying KVL to the circuit of Fig. 2.18 we get

  VCC  =  I1 R1 + I2 R2 = I2 [ R1 + R2 ]

  I2  = 
1 2

CCV
R R+

 

 Now VB = I2 R2

 or VB = 2

1 2

CCV R
R R+

 (2.42)
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Observe that expression for VB is identical to that of VTh

 But VB = VE + VBE

 ∴ VE  =  VB – VBE (2.43)

The emitter current IE is given by

  IE  = E

E

V
R  (2.44)

 and IC ≈ IE (2.45)

From the KVL equation of collector - emitter circuit

  VCE = VCC – IC RC – IE RE

 Using IC ≈ IE

  VCE = VCC – IC [ RC+ RE ] (2.46) 

Example 2.9

(a) Find the quiescent base current, collector current and VCE for the circuit shown using silicon 
transistor with VBE = 0.7 V and  β  = 80.

(b) Determine the values of collector, emitter and base voltages with respect to ground.
(c) Repeat (a) for  β  = 150.
(d) Draw the dc load line and locate the Q points corresponding to  β  = 80 and  β  = 150.

50 µF

3.9 kΩ

10 µF

10 µF

680 Ω9.1 kΩ

62 kΩ

16 V

Vi

Vo

Solution
Let us draw the dc circuit with all voltages and currents marked.
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3.9 kΩ

680 Ω
9.1 kΩ

62 kΩ

16 V

VE

VC

VCE

VBE

IE

IC

+

+

+

+

–

VB

+

–

––

–

(a)  RTh = 1 2

1 2

R R
R R+

 = 
62 k 9.1 k
62 k 9.1 k

W´ W
W+ W

	=	7.94	kΩ

  VTh = VCC  
2

1 2

R
R R+  = 16 V × 

9.1 k
62 k 9.1 k

W
W+ W  = 2.05 V

The base current can now be obtained from 

  IBQ = 
( 1)

Th BE

Th E

V V
R R

-
+ +

 

   = 
2.05 V 0.7 V

7.94 k (80 1)0.68 k
-

W+ + W
 =	21.42	μA

  ICQ = β IB = 80	×	21.42	μA	=	1.71	mA

  VCEQ = VCC – IC (RC + RE)

   = 16 V – 1.71 mA [3.9 k + 0.68 k] = 8.17 V
(b) Collector to ground voltage is

  VC = VCC – IC RC = 16	V	–	(1.71	mA	×	3.9	kΩ)	=	9.33	V

Emitter to ground voltage is 

  VE = IE RE  IC RE =	1.71	mA	×	0.68	kΩ	=	1.16	V

and the base to ground voltage is 

  VB = VBE + VE = 0.7 V + 1.16 V = 1.86 V
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(c) Now for   = 150

  IBQ = 
( 1)

Th BE

Th E

V V
R R

-
+ +

   = 
2.05 V 0.7 V

7.94 k (150 1)0.68 k
-

W+ + W  =	12.2	μA

  ICQ = β IBQ = 150	×	12.2	μA	=	1.83	mA

  VCEQ = VCC – IC (RC + RE) 

   =	 16	V	–	1.83	mA	(3.9	kΩ	+	0.68	kΩ)	=	7.62	V

Let us now tabulate the quiescent currents and voltage for  β  = 80 and  β  = 150.

 IBQ ICQ VCEQ

80 21.42	μA 1.71 mA 8.17 V
150 12.2	μA 1.83 mA 7.62 V

Observe that even on nearly doubling current gain β , IBQ reduces by almost half while ICQ 
and VCEQ marginally change indicating good stability of the operating point. Compare this 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 β at a 
minimum.

(d) DC load line

  IC (sat) = CC

C E

V
R R+

 = 
16 V

3.9 k +0.68 kW W
 = 3.49 mA

IC (mA)

Q2
Q1

VCE (Volts)
7.620 8.17 16

1.83

3.49

1.71



Transistor Biasing  159

 Example 2.10 

For the voltage divider bias configuration shown below.

(a) Find IC and VCE using exact analysis.
(b) Find IC and VCE using approximate analysis.
(c) Find IC (sat).
(d) Compare the results obtained (a) and (b) and comment.

Assume silicon transistor with  β  = 150.

47 µF

10 kΩ

10 µF

10 µF

1.5 kΩ

4 kΩ

40 kΩ

20 V

Vi

Vo

Solution
(a) Exact Analysis

  RTh  = 1 2

1 2

R R
R R+

 = 
(40k )(4 k )
40 k 4 k

W W
W+ W

	 =		3.63	kΩ

  VTh = 2

1 2

 CCV R
R R+  = 

(20 V) (4 k ) 
40 k 4 k

W
W+ W

 =  1.82 V

  IB = 
(1 )

Th BE

Th E

V V
R R

-
+ + 

 

    = 
1.82 V 0.7V

3.63 k (151)(1.5 k )
-

W+ W  =  4.86 mA

  IC = β IB = (150) (4.86 mA) = 0.729 mA

  VCE = VCC – IC [RC + RE] 

	 	 	 =	 20	V	–	0.729	mA	[10	kΩ	+	1.5	kΩ]	=	11.62	V
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(b) Approximate Analysis

  β RE = (150)	(1.5	kΩ)	=	225	kΩ

  10 R2 = (10)	(4	kΩ)	=	40	kΩ

 Note that β RE >.10 R2
 Hence we can use approximate analysis

  VB = 2

1 2

CCV R
R R+

 = 1.82 V ( same as VTh )

  VE = VB – VBE = 1.82 V – 0.7 V = 1.12 V

  IE = E

E

V
R  = 

1.12 V
1.5 kW

 =  0.746 mA

  IC  IE = 0.746 mA

  VCE = VCC – IC [RC + RE]

   = 20	V	–	0.746	mA	[10	kΩ	+	1.5	kΩ]	=	11.42	V

(c)  IC(sat) = CC

C E

V
R R+

 = 
20 V

10 k 1.5 kW+ W
 = 1.74 mA

(d)  The results of exact and approximate analysis are compared in the following table

Parameter Exact 
analysis

Approximate 
analysis

IC 0.729 mA 0.746 mA

VCE 11.62 V 11.42 V

Observe that there is only a slight difference in the values since the condition  β RE  ³ 10 RE is 
satisfied.

Example 2.11

For the circuit shown in the figure below using silicon transistor with VBE = 0.7 V. Find

(a) Collector current 
(b)  Emitter and base voltages with respect to ground 
(c) Value of resistance R1.
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R1

 12 V

 VE

 VB

1.2 kΩ

4.7 kΩ

5.6 kΩ

18 V

I1

I2
IE

IC

IB

Solution
(a)  VCC = IC RC + VC

  IC = CC C

C

V V
R
-

 = 
18 V 12 V

4.7 k
-
W

 = 1.27 mA

(b)  VE = IE RE   IC RE	=	(1.27	mA)	(1.2	kΩ)	=	1.52	V
  VB  =  VBE + VE = 0.7 V + 1.52 V = 2.22 V

(c)  VCC = I1 R1 + I2 R2 (A)

KCL at node VB yields I1 = IB + I2

Neglecting IB, we get I1   I2

Now from Equation (A) we have

  R1 + R2 = 
2

CCV
I

 (B)

But VB  =  I2 R2

  I2 = 
2

BV
R

 = 
2.22 V
5.6 kW  = 0.39 mA

From Equation (B) we have

  R1 + R2 = 
18 V

0.39 mA  = 46.15	kΩ

  R1 = 46.15 k – R2	=	46.15	kΩ	–	5.6	kΩ	=	40.55	kΩ
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Example 2.12

For the voltage divider bias configuration shown below determine

(a)  IC and VE
(b)  VCC and VCE
(c)  VB and R1

 Assume silicon transistor with β  = 80.

VCC

R1

 40 µΑ

 10 V
+

–

1 kΩ

2 kΩ

10 kΩ

I1

I2

IE

VE

VCEVB

IC

Solution
(a) IC and VCE

  IC = β IB = (80) (40 mA) = 3.2 mA
  IE = IB + IC = 40 mA + 3.2 mA = 3.24 mA
  VE = IE RE	=	(3.24	mA)	(1	kΩ)	=	3.24	V

(b) VCC and VCE

  VCC = IC RC + VC	=	(3.2	mA)	(2	kΩ)	+	10	V	=	16.4	V
  VCE = VC – VE = 10 V – 3.2 V = 6.76 V

(c) VB and R1

  VB = VBE + VE = 0.7 V + 3.24 V = 3.94 V
  VCC = I1 R1 + VB

  R1 = 
1

CC BV V
I
-

 (A)

  I1 = IB + I2
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  I2 = 
2

BV
R

 = 
3.94 V
10 kW  = 0.394 mA

 Now I1 = 40 mA + 0.394 mA = 0.434 mA

 From Equation (A)

  R1 = 
16.4 V 3.94 V

0.434 mA
-

 =	28.7	kΩ

Example 2.13

For the voltage-divider configuration shown below, using the approximate analysis calculate

(a) VB
(b) IB and IC
(c) VE and VCE

 Assume silicon transistor with  β  = 110.

VCEVB

VBE

IB

IC

IE

+

+
–

–

VC

VE

1.2 kΩ

3.9 kΩ

8.6 kΩ

33 kΩ

20 V

Solution

  β RE = (110)	(1.2	kΩ)	=	132	kΩ
  10 R2 = (10)	(8.6	kΩ)	=	86	kΩ
 Since β RE > 10 R2, we can use approximate analysis
(a) VB

  VB = VTh = 2

1 2

CCV R
R R+

= 
(20 V) (8.6 k )
33 k 8.6 k

W
W+ W

 = 4.13 V
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(b) IB and IC

  VB = VBE + IE RE = VBE + [1 + β] IB RE

  IB = [1+ ]
B BE

E

V V
R

-


 = 
4.13 V 0.7 V
(111) (1.2 k )

-
W  = 25.75 mA

  IC = β IB = (110) (25.75 mA) = 2.83 mA

(c) VE and VCE

  VE = IE RE

  IE = IB + IC = 25.75 mA + 2.83 mA = 2.85 mA

  VE = (2.85	mA)	(1.2	kΩ)	=	3.42	V

  VCC = IC RC + VCE + VE

  VCE = VCC – IC RC – VE 

   = 20	V	–	(2.83	mA)	(3.9	kΩ)	–	3.42	V = 5.54 V

 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 β when compared to the fixed-bias and emitter-bias circuits.

VCC

VCE

VBE

IB

RB

RC (IC + IB)

IC

IE

RE

+

+
–

–

C2

C1

Vo

Vi

Fig. 2.19 Collector feedback bias circuit
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Expressions for IB and IC
The dc circuit is shown in Fig. 2.20.

VCC

VCE

VBE

IB

RB

RC (IC + IB)

IC

IE
RE

+

+
–

–

Fig. 2.20 DC circuit

Writing the Kirchhoff’s voltage law equation for the base-emitter circuit, we get

  VCC = ( IC + IB ) RC + IB RB + VBE + IE RE (2.47)
 Now IC + IB  IC since IB  IC

 and  IC   IE

 Equation (2.47) becomes 

  VCC = IC RC + IB RB + VBE + IC RE

Substituting  IC  =  β IB

  VCC = β IB RC + IB RB + VBE + β IB RE

  VCC = IB RB+ β ( RC + RE ) IB + VBE

  IB = ( )
CC BE

B C E

V V
R R R

-
+ +  (2.48)

On comparision with Equation (2.17), it is clear that in the collector feedback circuit besides 
RE , collector resistance RC also gets reflected in the base circuit.

Collector current,

  IC = β IB

  IC = 
( )

( )
CC BE

B C E

V V
R R R

−
+ +




 (2.49)
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If  β  is large, then  β [ RC + RE ]  RB

  RB +  [ RC + RE ]   β [ RC + RE ]

Now Equation (2.49) reduces to 

  IC   CC BE

C E

V V
R R

-
+

 (2.50)

Observe that the collector current becomes independent of  β  under these conditions and hence 
is independent of variations in  β.

Expression for VCE
Applying KVL to the collector-emitter circuit of Fig. 2.20 we get

  VCC = RC [ IC + IB ] + VCE+ IE RE (2.51)

As in the computation of base current,

  IC + IB  IC and IE  IC

  VCC = IC RC + VCE + IC RE

  VCE = VCC – IC ( RC + RE ) (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, VCE (sat)    0. From Equation (2.52), the collector current at 
saturation is given by

  IC (sat) = CC

C E

V
R R+

 (2.53)

Observe that IC (sat) 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.
VCC = 12 V RC = 4.7 k RB = 220 k RE = 1 k. Assuming silicon transistor
(a)  Find the operating point for the circuit shown using silicon transistor with  β = 90.
(b)  Find the operating point for  β  = 150.

Solution
(a)  When β = 90

 

  IB = 
( )

CC BE

B C E

V V
R R R

-
+ +

 = 
12 V 0.7 V

220 k 90(4.7 k 1 k )
-

W+ W + W
	=	15.42	μA

  IC = β IB =	90	×	15.42	μA	=	1.39	mA
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  VCE = VCC – IC ( RC + RE )
   = 12	V	–	1.39	mA	×	(4.7	kΩ	+1	kΩ)	=	4.08	V
(b)  For  β  = 150

  IB = 
( )

CC BE

B C E

V V
R R R

-
+ +

 = 
12 V 0.7 V

220 k 150(4.7 k 1 k )
-

W+ W + W
	=	10.51	μA

  IC = β IB	=	150	×	10.51	μA	=	1.58	mA
  VCE = VCC – IC (RC + RE)
   =	 12	V	–	1.58	mA	(4.7	kΩ	+1	kΩ)	=	3V

Let us now tabulate the results for  β  = 90 and  β  = 150.

β IBQ ICQ VCEQ

90 15.42	μA 1.39 mA 4.08 V
150 10.51	μA 1.58 mA 3V

Observe that a large change in β causes a small shift in the operating point well within the 
active region.

Example 2.15 

For the circuit shown below, determine

(a) IB and IC     (b)  VCE and VC     (c)  VE and IC (sat)

Assume silicon transistor with    = 100.

Vo

Vi

30 V

6.2 kΩ

470 kΩ 220 kΩ

1.5 kΩ

10 µF

10 µF

5 µF

5 µF
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Solution 
Let us write the dc circuit by open circuiting all capacitors.

VC

VE

30 V

1.5 kΩ

IB

IC

IC + IBRB

IE

+

+
––

VCE

VBE

220 kΩ470 kΩ

6.2 kΩ 

From the circuit

  RB = 470	kΩ	+	220	kΩ =	690	kΩ

(a) IB and IC

  IB = ( )
CC BE

B C E

V V
R R R

-
+ +  = 

30 V 0.7 V
690 k 100[6.2 k 1.5 k ]

-
W+ W + W   = 20.07 mA

  IC = β IB = (100) (20.07 mA) = 2.01 mA

(b) VCE and VC 

  VCE = VCC – IC [RC + RE]  [ Neglecting IB ]

	 	 	 =	 30	V	–	2.01	mA	[6.2	kΩ	+	1.5	k] = 14.52 V

  VC = VCC – IC RC = 30 V – (2.01 mA) (6.2 k) = 17.54 V

(c) VE and IC (sat)

  VE = IE RE  IC RE	=	(2.01	mA)	(1.5	kΩ)	=	3.02	V

  IC (sat) = CC

C E

V
R R+

 = 
30 V

6.2 k + 1.5 k  W W
 = 3.89 mA
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Example 2.16

For the circuit shown determine the range of possible values for VC. Assume silicon transistor 
with β  =  200.

VC

15 V

5 kΩ

150 kΩ

3.9 kΩ

R

1 MΩ

Solution:

Let  RB = 150	kΩ	+	R

 R	 varies	between	0	and	1	MΩ.	

When R	=	0	Ω	, RB =		150	kΩ

  IB = 
( )

CC BE

B C E

V V
R R R

-
+ +

 = 
15 V 0.7 V

150 k 200(5 k 3.9 k )
-

W+ W + W  = 7.4 mA

  IC = β IB = (200) (7.4 mA) = 1.48 mA

  VC = VCC – [IC + IB] RC

   = 15 V – [1.48 mA + 7.4 mA]	5	kΩ = 7.56 V

When R	=	1	MΩ	, RB =	 150	kΩ	+	1	MΩ = 1.15	MΩ

  IB = 
15 V 0.7 V

1.15 M 200(5 k 3.9 k )
-

W+ W + W
 = 4.88 mA

  IC = β IB = (200) (4.88 mA) = 0.976 mA

  VC = 15 V – [0.976 mA + 4.88 mA]	5	kΩ	=	10	V

VC changes from 7.56 V to 10 V when R	is	varied	from	0	to	1	MΩ.
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Example 2.17

For the circuit shown below determine

(a) VE and IE

(b) VC  and IB

(c) IC , VCE and  

IE

IC

IC + IB

390 kΩ

2.7 kΩ

1 kΩ

+

–

VCEVB = 4 V

VC

VE

IB

20 V

Solution
(a) VE and IE 

  VB = VBE + VE

  VE = VB – VBE = 4 V – 0.7 V = 3.3 V

  IE = E

E

V
R  = 

3.3 V
1 kΩ

 = 3.3 mA

(b) VE and IB 

  VCC = (IC + IB) RC + VC

  VC = VCC – IE  RC = 20 V – (3.3 mA) (2.7 k) = 11.09 V

  IB =  C B

B

V V
R
−

 = 
11.09 V 4 V

390 k
−
Ω

 = 18.17 mA

(c) IC , VCE and 

  IC = IE – IB = 3.3 mA – 18.17 mA = 3.28 mA
  VCE = VC – VE = 11.09 V – 3.3 V = 7.79 V

   = C

B

I
I  = 

3.28 mA
18.17 Am  = 180.5
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Example 2.18

For the circuit shown below calculate 
(a) ICQ and VCEQ
(b) VE  and VB 
(c) VC and VBC

Assume silicon transistor with  = 150.

620 kΩ

3.9 kΩ

18 V

Solution 
The given circuit is nothing but collector feedback circuit with RE = 0 . 
(a) ICQ and VCEQ

  IB = [ ]
CC BE

B C E

V V
R R R

−
+ +

 = ( )( )
18 V 0.7 V

620 k 150 3.9 k
−

Ω + Ω  = 14.35 mA

  IC =  IB  = (150) (14.35 mA) = 2.15 mA
  VCE = VCC – [IC + IB] RC

   = 18 V – [2.15 mA + 14.35 mA] [3.9 k] = 9.55 V

(b) VE and VB

  VE = IE RE = (IE) (0 W) = 0 V
  VB = VBE + VE = VBE = 0.7 V

(c) VC and VBC

  VC = VCE + VE = VCE = 9.55 V
  VBC = VB – VC = 0.7 V – 9.55 V = – 8.85 V

Example 2.19

For the circuit shown below calculate

(a) IB and IC    (b)   and  VCE
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20 V

 9 V
620 kΩ

4.7  kΩ

Solution
Given VC = 9 V
 Since RE = 0 

  VE = 0 V

  VC = VCE = 9 V

 and VB = VBE = 0.7 V

(a) IB and IC

  IB = C B

B

V V
R
−

 = 
9 V 0.7 V

620 k
−

Ω
 = 13.38 mA

  IC = CC C

C

V V
R
−

 = 
20 V 9 V

4.7 k
−

Ω  = 2.34 mA

(b)  and VCE

   = C

B

I
I  = 

2.34 mA
13.38 Am  = 174.88

  VCE = VC = 9 V

Example 2.20

For the circuit shown below determine 

(a) IB and IC 
(b) VE and VB 
(c) VC and VCE

Assume silicon transistor with   = 150.
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IB

IC

VC

VE

VB

IE

+

–

–12 V

18 V

VCE

10 kΩ

10 kΩ
15 kΩ

Solution
(a) IB and IC 
 Applying KVL to base-emitter circuit, we get

 – IB (10 k) – VBE – IE (15 k) + 12 V = 0 (A)

  IE = ( 1+  ) IB = 151 IB

 Using this relation in Equation (A) we have

  12 V – VBE = IB (10 k) + 151 IB (15 k)

  IB = ( )( )
12 V 0.7 V

10 k 151 15 k
−

Ω + Ω
 = 4.96 mA

  IC =  IB = (150) (4.96 mA) = 0.744 mA

(b) VE and VB  

  IE = 
( )12 V

15 k
EV − −

Ω

  VE = IE (15 k) – 12 V

  IE = IB + IC = 4.96 mA + 0.744 mA = 0.748 mA

 Now VE = (0.748 mA) (15 k) – 12 V = – 0.78 V

  VB = VBE + VE = 0.7 V – 0.78 V = – 0.08 V
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(c) VC and V CE 

  VC = VCC – IC RC

   = 18 V – (0.744 mA) (10 k) = 10.56 V
  VCE = VC – VE = 10.56 V – (– 0.78 V) = 11.34 V

Example 2.21

For the circuit shown below determine 

(a) IB , IC and IE 
(b) VB and VE

(c) VC and VCE

Assume silicon transistor with   = 100.

IB

IC

VE

VB

IE

+

–

VEE = – 20 V

VCE

220 kΩ
2.2 kΩ

Solution
(a) IB , IC and I  E
 Applying KVL to base emitter circuit we have 

 – IB (220 k) – VBE – IE (2.2 k) + 20 V = 0 (A)

  IE = (1+  ) IB = 101 IB

 Solving for IB from Equation (A), we obtain

  IB = ( )( )
20 V 0.7 V

220 k 101 2.2 k
−

Ω + Ω
 = 43.64 mA

  IC =  IB = (100) (43.64 mA) = 4.36 mA

  IE = IB + IC = 43.64 mA + 4.36 mA = 4.4 mA
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(b) VB and VE

  IE = 
( )20 V

2.2 k
EV − −

Ω

  VE = IE (2.2 k) – 20 V

   = (4.4 mA) (2.2 k) – 20 V = – 10.32 V

  VB = VBE + VE = 0.7 V – 10.32 V = – 9.62 V

 Alternatively

  VB = – IB (220 k) = – (43.64 mA) (220 k) = – 9.6 V

(c) VC and VCE 
 Since the collector terminal is grounded

  VC = 0 V

  VCE = VC – VE = 0 V – (– 10.32 V) = 10.32 V

Example 2.22

For the circuit shown determine

(a) IB , IC and IE

(b) VB and VE 
(c) VC and VCE

 Assume silicon transistor with   = 100.

IB

IC

VE

VB

IE

+

–

– 8 V

10 V

VCE

390 kΩ

2.2 kΩ
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Solution
(a) IB , IC and IE

 Applying KVL to base-emitter circuit, we have

10 V – IB (390 k) – VBE – IE (2.2 k) + 8 V = 0

 Using IE = (1 +  ) IB  = 101 IB , we have

IB [390 k + (101) (2.2 k)] = 17.3 V

  IB = 
17.3 V

612.2 kΩ  = 28.25 mA

  IC =   IB = (100) (28.25 mA) = 2.82 mA
  IE = 101 IB = (101) (28.25 mA) = 2.85 mA

(b) VE and VB 

  IE = 
( )8 V

2.2 k
EV − −

Ω

  VE = IE (2.2 k) – 8 V
   = (2.85 mA) (2.2 k) – 8 V = – 1.73 V
  VB = VBE + VE = 0.7 V – 1.73 V = – 1.03 V

 Alternatively

  IB = 
10 V
390 k

BV−
Ω

  VB = 10 V – IB (390 k)
   = 10 V – (28.25 mA) (390 k) = – 1.02 V

(c) VC and VCE 
 Since the collector terminal is grounded

  VC = 0 V
  VCE = VC – VE = 0 V – (– 1.73 V) = 1.73 V

Example 2.23

For the circuit shown below determine

(a) IB , IC and IE 
(b) VE and VB

(c) VC and VCE 

 Assume silicon transistor with   = 60.
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Vo

Vi
VB

IB

IC

VC

IE

1.2 kΩ

100 kΩ

+

–

VCE

VEE = – 10 V 

Solution
For dc analysis, all capacitors can be treated as open circuits.

(a) IB , IC and IE

 Applying KVL to base-emitter circuit, we have

– IB (100 k) – VBE + 10 V = 0

  IB = 
10 V 0.7 V

100 k
−

Ω
 = 93 mA

  IC =  IB = (60) (93 mA) = 5.58 mA 

  IE = IB + IC = 93 mA + 5.58 mA = 5.67 mA

(b) VE and VB
 Since emitter terminal is connected to VEE ,

  VE = VEE = – 10 V

  VB = VBE + VE = 0.7 V – 10 V = – 9.3 V

Alternatively, VB = – IB (100 k) = – (93 mA) (100 k) = – 9.3 V

(c) VC and VCE

  IC = 
0 V
1.2 k

CV−
Ω

  VC = IC (1.2 k) = (5.58 mA) (1.2 k) = 6.69 V

  VCE = VC – VE = 6.69 V – (– 10 V) = 16.69 V



178   Analog Electronic Circuits

Example 2.24

For the circuit shown below determine

(a) IB , IC and IE

(b) VB and VE

(c) VC and VCE

(d) VCB

 Assume silicon transistor with   = 0.98.

VoVi

C1 C2

1.5 kΩ 2.7 kΩ

5 V 12 V 

Solution
In	the	given	circuit,	the	transistor	is	in	CB	configuration.

   = 
1
α
α−

 = 
0.98

1 0.98−
 = 49.

Let us rewrite the given circuit in the convenient form as shown below.

VC

VB

VE

1.5 kΩ

2.7 kΩ

 – 5 V

12 V 

IC

IB

IE

+

VCB+VBE

 – VCE   +

–

–
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(a) IB , IC and IE

 Applying KVL to base-emitter circuit, we have

– VBE – IE (1.5 k) + 5 V = 0

  IE = 
5 V 0.7 V

1.5 k
−

Ω
 = 2.86 mA

  IB = 
1

EI
+ 

 = 
2.86 mA

50
 = 57.2 mA

  IC =  IB = (49) (57.2 mA) = 2.8 mA

(b) VB and VE
 Since the base terminal is grounded

  VB = 0 V

  IE = 
( )5 V

1.5 k
EV − −

Ω

  VE = IE (1.5 k) – 5 V
   = (2.86 mA) (1.5 k) – 5 V = – 0.71 V

 It should be noted that, VE = – VBE

(c) VC and VCE

  IC = 
12 V

2.7 k
CV−

Ω

  VC = 12 V – IC (2.7 k)
   = 12 V – (2.8 mA) (2.7 k) = 4.44 V
  VCE = VC – VE = 4.44 V – (– 0.71 V) = 5.15 V

(d) VCB

  VCB = VC – VB = 4.44 V – 0 V = 4.44 V

Example 2.25

For the circuit shown below calculate

(a) IB , IC and IE

(b) VE and VB

(c) VC and VCE

(d) VCB and IC (sat)

(e) Draw the dc load line and indicate the Q point. 

 Assume silicon transistor with   = 110.
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Vo

Vi

C2

C1

3.3 kΩ

2.2 kΩ

10 kΩ

3.3 kΩ

VCC  = 24 V 

VEE  =  – 24 V 

Solution
First let us obtain the Thevenin equivalent of the voltage divider network.

3.3 kΩ

10 kΩ

VCC  = 24 V 

VEE  =  – 24 V 

B ≡

   

VCC

VEE

I

24 V

24 V
3.3 kΩ

10 kΩ

–

+
B

N

VTh

Fig. A Voltage divider network      Fig. B Circuit to find VTh

Applying KVL to the circuit of Fig. B we have

24 V – I [10 k   k + 24 V = 0

  I =  
48 V

13.3 kW = 3.61 mA

 also,     VTh – I (3.3 k) + 24 V = 0
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  VTh = I (3.3 k) – 24 V
   = (3.61 mA) (3.3 k) – 24 V = – 12 V

 Negative sign implies that, base terminal is negative with respect to ground.

RTh  

3.3 kΩ

10 kΩ
B

N

Fig. C Circuit to find RTh

 From the circuit of Fig. C.

  RTh = 10 k || 3.3 k = 2.48 k

 The given circuit is redrawn in Fig. D with Thevenin equivalent inserted. 

VC

VE

RTh

VTh

VCE

IC

IB

IE

+

+

–
–

VBE

2.2 kΩ

3.3 kΩ

2.48 kΩ

24 V

24 V

12 V

N

B

Fig. D
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(a) IB , IC and IE

 Applying KVL to the base emitter circuit of Fig. D we have

 – 12 V – IB (2.48 k) – VBE – IE (2.2 k) + 24 V = 0 (A)

But IE = (1 +  ) IB = 111 IB .
Using this in Equation (A), we have

IB [2.48 k + (111) (2.2 k)] = 12 V – VBE

  IB = ( )( )
12 V 0.7 V

2.48 k 111 2.2 k
−

Ω + Ω  = 45.8 mA

  IC =  IB = (110) (45.8 mA) = 5.03 mA
  IE = IB + IC = 45.8 mA + 5.03 mA = 5.07 mA

(b) VE and VB

  IE = 
( )24 V

2.2 k
EV − −

Ω

  VE = IE (2.2 k) – 24 V
   = (5.07 mA) (2.2 k) – 24 V = – 12.84 V
  VB = VBE + VE = 0.7 V – 12.84 V = – 12.14 V

 Alternatively, from the circuit of Fig. B

  VB = VBN = VTh = – 12 V

(c) VC and VCE 

  IC = 
24 V

3.3 k
CV−

Ω

  VC = 24 V – IC (3.3 k) 
   = 24 V – (5.03 mA) (3.3 k) = 7.4 V
  VCE = VC – VE = 7.4 V – [–12.84 V] = 20.24 V

(d) VCB and IC (sat)

  VCB = VC – VB = 7.4 V – (– 12.14 V) = 19.54 V

 Applying KVL to collector circuit of Fig. D we have 

 24 V – IC (3.3 k) – VCE – IE (2.2 k) + 24 V = 0 (B)

 When transistor is in saturation

  VCE (sat)  0 V
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taking IE ≈ IC we have

  IC (sat) = 
48 V

3.3 k 2.2 kΩ + Ω
 = 8.72 mA

(e) DC load line
When transistor is at cut-off, IC ≈ 0
From Equation (B) we have

  VCE (cut-off) = 48 V

IC (mA)
IC (sat)

VCE (cut-off ) 

VCE (Volts)
48

5.03

8.72

20.24

Q

0

Example 2.26

Determine RC and RB	for	a	fixed	bias	configuration	using	the	following	data
VCC = 12 V ICQ = 2.5 mA
VCEQ = 6 V  = 80

Solution
Calculation of RC
From the KVL equation of collector emitter circuit we have

  VCC = IC RC + VCE  

RB
RC

VCC

IB
IC

+

–

VCE+

–VBE

  RC = CC CE

C

V V
I
-

 = 
12 V 6 V

2.5 mA
-

 = 2.4 k

Calculation of RB

  RB = CC BE

B

V V
I
−

  IB = CI


 = 
2.5 mA

80
 = 31.25 mA

  RB = 
12 V 0.7 V

31.25 A
−
m  = 361.6 k
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Example 2.27

Using the transistor output characteristics of Fig. (a), find the values of VCC , RB and RC for the 
fixed bias configuration of Fig. (b).

RB RC

VCC

IBQ

IC (mA)

VCE (Volts)
0 15

(a) (b)

IBQ = 30 µAQ

8

Solution 
From the characteristics of Fig. (a) we get the following data

VCC = 15 V IBQ = IB = 30 mA IC (sat) = 8 mA

  IC (sat) = CC

C

V
R

  RC = 
( )sat

CC

C

V
I

 

   = 
15 V
8 mA  = 1.875 k

From the KVL equation of base-emitter circuit, we have

  VCC = IB RB + VBE

  RB = CC BE

B

V V
I
−

 

   = 
20 V 0.7 V

30 A
−
m  

   = 643.33 k
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Example 2.28

For the circuit shown below determine the values of R1 and RC .

Vo

Vi

C2

C1

R1

RC

1 kΩ
22 kΩ

20 V 

10 V 

2.5 mA

+

–

Solution
Given

ICQ = IC = 2.5 mA VCEQ = VCE = 10 V

Calculation of R1

  VB = VBE + VE

  VE = IE RE  IC RE = (2.5 mA) (1 k) = 2.5 V
  VB = 0.7 V + 2.5 V = 3.2 V

 But VB = VTh = 2

1 2

CCV R
R R+

  3.2 V = 
( )( )

1

20 V 22 k
22 kR

Ω
+ Ω

  R1 + 22 k =	 137.5	kΩ
  R1 = 115.5 k

Calculation of RC 

  IC = CC C

C

V V
R
−

  RC = CC C

C

V V
I
−

 (A)
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  VC = VCE + VE = 10 V + 2.5 V = 12.5 V
Now from Equation (A)

  RC = 
20 V 12.5 V

2.5 mA
−

 = 3 k

Example 2.29

For the emitter bias circuit shown below find the values of RC , RE and RB using the following 
specifications.
 IC (sat) = 10 mA  

RB

RC

RE

30 V

 ICQ = 
1
2

 IC (sat)

 VC = 20 V

 Assume silicon transistor with  = 100.

Solution

Calculation of RC

  ICQ = IC = 
1
2

IC (sat) = 5 mA

  RC = CC C

C

V V
I
−

 = 
30 V 20 V

5 mA
−

 = 2 k

Calculation of RE

  IC (sat) = CC

C E

V
R R+

  RC + RE = 
( )sat

CC

C

V
I

 = 
30 V

10 mA
 = 3 k

  RE = 3 k – RC =  1 k

Calculation of RB

  IB = ( )1
CC BE

B E

V V
R R

−
+ + 

 (A) 

  IB = CI


 = 
5 mA
100  = 50 mA
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Using this value in Equation (A) we have,

  50 mA = ( )( )
30 V 0.7 V

101 1 kBR
−

+ Ω

  RB + 101 k = 586 k 

  RB = 586 k – 101 k = 485 k

Example 2.30

Design an emitter stabilized network shown using the following data

 ICQ =  
1
2

IC (sat) 

RB

RC

RE

VCC

IC

IE

IB

+

–

VCE

 VCEQ =  
1
2

VCC

 VCC = 20 V
 IC (sat) = 10 mA
  = 120
 RC = 4 RE 

Solution

   IC = ICQ = 
1
2

IC (sat) = 
1
2

(10 mA) = 5 mA

  IB = CI


 = 
5 mA
120

 = 41.66 mA

  VCEQ = VCE = 
1
2

VCC = 
1
2

(20 V) = 10 V

Calculation of RC and RE
From the KVL equation of collector-emitter circuit we have

VCC = IC RC + VCE + IE RE 

 Given RC = 4 RE and taking IC ≈ IE we have

  VCC – VCE = IC [5RE]
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  RE = 5
CC CE

C

V V
I
−

 = ( )
20 V 10 V

5 5 mA
−

 = 400 

  RC = 4 RE = 1.6 k

Calculation of RB

  IB = ( )1
CC BE

B E

V V
R R

−
+ + 

  41.66 mA = ( )
20 V 0.7 V

121 0.4 kBR
−

+ Ω

  RB + 48.4 k = 
19.3 V

41.66 Am  = 463.27 k

  RB = 463.27 k – 48.4 k = 414.87 k

 2.10 DEsIGN RULE
To design the values of biasing circuit elements R1 , R2 and RE , the following thumb rules are 
normally used.

 • In emitter stabilized and voltage divider configurations the emitter to ground voltage VE 
is taken equal to one-tenth of the dc supply voltage VCC

 i.e., VE = 
1

10
 VCC (2.54)

  RE is calculated using the relation

  RE = E

E

V
I   E

C

V
I

 (2.55)

  This rule ensures that, RE will neither be too large nor be too small. Too large value of RE 
reduces the swing of VCE (i.e., output voltage swing) and too small value of RE degrades 
the stability of Q point.

 • In voltage divider configuration, the resistors R1 and R2 are calculated assuming that the 
current through R1 and R2 is at least 10 times greater than the base current. This leads to 
the condition 

  R2 £ 
1

10   RE (2.56)

  R1 is calculated from the relation

  VB = VTh = 2

1 2

CCV R
R R+   (2.57)

Design of biasing networks is considered in the following examples.
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Example 2.31

Design the values of RB , RE and RC for the emitter-stabilized bias circuit shown below. Assume 
silicon transistor with   = 140.

RB

RC

RE

2 mA

+

–

10 V

22 V

Solution
Given

ICQ = IC = 2 mA
VCEQ = VCE = 10 V  = 140

 There are three unknowns, RB , RE and RC . But we have only the following two equations.

  IB = ( )1
CC BE

B E

V V
R R

−
+ + 

 (A)

  VCC = IC RC + VCE + IE RE

VE



  (B)

To start with the design, we assume VE . Typically VE is taken equal to one-tenth of VCC .

  VE = 
10

CCV
 = 

22 V
10  = 2.2 V

  VE = IE RE  IC RE

  RE = E

C

V
I

 = 
2.2 V
2 mA

 = 1.1 k

  IB = CI


 = 
2 mA
140

 = 14.28 mA



190   Analog Electronic Circuits

From Equation (A)

  14.26 mA = ( )( )
22 V 0.7 V

141 1.1 kBR
−

+ Ω

  RB + 155.1 k = 1493.68 k

  RB = 1.33 M

From Equation (B)

  RC = CC CE E

C

V V V
I

− −
 = 

22 V 10 V 2.2 V
2 mA

− −
 = 4.9 k

Example 2.32

Determine the values of RC , RE , R1 and R2 for the current-gain stabilized (Beta-independent) 
circuit with IC = 10 mA ,  VCE = 12V and VCC = 24 V. Assume silicon transistor with  (min) = 100.

Solution
Current-gain stabilized (Beta-independent) circuit is nothing but voltage divider bias circuit.
Given

ICQ = IC = 10 mA VCEQ = VCE = 12 V (min) =  = 100
Calculation of RE

Let  VE = 
10

CCV

  VE = 
24 V
10  = 2.4 V

  RE = E

E

V
I   E

C

V
I  = 

2.4 V
10 mA  = 240 

Calculation of RC

  IC = CC C

C

V V
R
−

  RC = CC C

C

V V
I
−

  VC = VCE + VE = 12 V + 2.4 V = 14. 4 V

  RC = 
24 V 14.4 V

10 mA
−

 = 960 

Calculation R1 and R2 

  VB = 2

1 2

CCV R
R R+  (A)

  VB = VBE + VE = 0.7 V + 2.4 V = 3.1 V
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In Equation (A), we have two unknowns R1 and R2. 
Let us assume that the current through R1 and R2 is 10 times more than IB. This implies that

  R2 £ 
10

ER
 

  R2 £ 
( )( )100 240

10
Ω

 

  R2 £ 2.4 k

 Let R2 = 2.4 k

From Equation (A)

  3.1 V = 
( )( )

1

24 V 2.4 k
2.4 kR

Ω
+ Ω

  R1 + 2.4 k = 18.58 k

  R1 = 16.18 k

 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.

IB

IC RC
RB

RE
IE

+

+
––

– VCC

VCE

VBE

VC

VE

VB

Fig. 2.21 Emitter-stabilized configuration using pnp transistor
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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.

 • The directions of IB , IC and IE 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.

 • The polarities of VCE , VBE , VC , VE 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.

 • pnp transistor requires negative dc supply – VCC in the collector circuit.    

Circuit Analysis
Applying KVL to base-emitter circuit, we have

– IE RE + VBE – IB RB + VCC = 0

Using IE = (1 +  ) IB , we obtain

  IB = ( )1
CC BE

B E

V V
R R

+
+ + 

 (2.58) 

It should be note that, VCC is positive and VBE is – 0.7 V for pnp silicon transistor. This results 
in positive value for IB.

Applying KVL to collector, emitter circuit we have

 – IE RE + VCE – IC RC + VCC = 0

 VCE = – VCC + IC RC + IE RE (2.59)

Since the direction of IE is reversed but the polarity of VE is retained

  VE = – IE RE (2.60)

As in case of npn transistor

  VB = VBE + VE (2.61)

  VC = VCE + VE (2.62)

 and VCB = VC – VB (2.63)

Example 2.33 

For the emitter-stabilized bias configuration shown below determine

(a) IB , IC and IE 
(b) VE and VB    
(c) VCE and VC

(d) VCB and IC (sat)

 Assume silicon transistor with   = 75.
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IB

IC 2 kΩ

1 kΩ

470 kΩ

IE

+

+
––

–16 V

VCE

VBE

VC

VE

Solution
The circuit uses pnp silicon transistor 

  VBE = – 0.7 V
 also – VCC = – 16 V  VCC = 16 V

(a) IB , IC and IE

  IB = ( )1
CC BE

B E

V V
R R

+
+ + 

 

   = ( )( )
16 V 0.7 V

470 k 76 1 k
−

Ω + Ω
 = 28.02 mA

  IC =  IB = (75) (28.02 mA) = 2.1 mA
  IE = IC + IB = 2.1 mA + 28.02 mA = 2.12 mA

(b) VE and VB

  VE = – IE RE = –	(2.12	mA)	(1	kΩ)	=	–	2.12	V
  VB = VBE + VE = – 0.7 V – 2.12 V = – 2.82 V

(c) VCE and VC

  VCE = – VCC + IC RC + IE RE

   = –	16	V	+	(2.1	mA)	(2	kΩ)	+	(2.12	mA)	(1	kΩ)
   = – 9.68 V
  VC = VCE + VE =  – 9.68 V – 2.12 V =  – 11.8 V
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(d) VCB and IC (sat)

  VCB = VC – VB = – 11.8 V – (– 2.82 V) = – 8.98 V

  IC (sat) = CC

C E

V
R R+

 = 
16 V

2 k 1 kΩ + Ω
 = 5.33 mA

Example 2.34

For the voltage divider configuration shown below calculate 
(a) IB , IC , and IE  
(b) VE and VB
(c) VCE and VC
(d) VCB and IC (sat)

 Assume silicon transistor with   = 110.

IC

IB

IE

+

–

–20 V

VCE

VC

VE

10 kΩ

50 kΩ 2.7 kΩ

1.2 kΩ

Solution

  – VCC = – 20 V  VCC = 20 V
  VBE = – 0.7 V (pnp Si transistor)

(a) IB , IC , and IE

  IB = ( )1
Th BE

Th E

V V
R R

+
+ + 

 (A)

  VTh = 2

1 2

CCV R
R R+  = 

( )( )20 V 10 k
50 k 10 k

Ω
Ω + Ω  = 3.33 V

  RTh = R1 || R2	=	50	kΩ	||	10	kΩ = 8.33	kΩ



Transistor Biasing  195

  IB = ( )( )
3.33 V 0.7 V

8.33 k 111 1.2 k
−

Ω + Ω  = 18.58 mA

  IC =  IB = (110) (18.58 mA) = 2.04 mA
  IE = IC + IB = 2.05 mA

(b) VE and VB

  VE = – IE RE	=	–	(2.05	mA)	(1.2	kΩ)	=	–	2.46	V
  VB = VBE + VE = – 0.7 V – 2.46 V = – 3.16 V

(c) VCE and VC

  VCE = – VCC + IC RC + IE RE

   = –	20	V	+	(2.04	mA)	(2.7	kΩ)	+	(2.05	mA)	(1.2	kΩ)
   = – 12.03 V
  VC = VCE + VE = –12.03 V – 2.46 V = – 14.49 V

(d) VCB and IC (sat)

  VCB = VC – VB = – 14.49 V – (– 3.16 V) = – 11.33 V

  IC (sat) = CC

C E

V
R R+  = 

20 V
2.7 k 1.2 kΩ + Ω  = 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).

Vi

V

VC

VCC

0
(a)

0 tt

IC

RC

RB

IB

+

–

VCE

VC

Vi

VCC
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IC (mA)

VCC
VCE (V)

IC(sat)

0

VCEsat ≅ 0 V

IB2

IB3

IB4

IB5

IB6

IB1= 0

IB7

ICEO ≅ 0 mA

IB max=

(b)

Fig. 2.22 (a) Transistor switch  (b) Output characteristics

Applying KVL to the base-emitter circuit, we have

  Vi = IB RB + VBE

  IB = I BE

B

V V
R
-  (2.64)

For the collector, emitter circuit

  VCC = IC RC + VCE

  IC = CC CE

C

V V
R
-

  (2.65)

The output voltage is

  VC = VCE (2.66)

Now let us consider the following cases.

Case (i) : When Vi = V
This high input voltage will turn on the transistor. Let us assume that, RB is properly selected so 
as to produce heavy base current which drives the transistor in to saturation.

In saturation, VCE = VCE (sat)

 and IC = IC (sat)

For silicon transistor VCE (sat) is typically 0.1 V – 0.3 V.
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From Equation (2.65), the collector current at saturation is given by

  IC (sat) = ( )satCC CE

C

V V

R

−
 (2.67)

and from Equation (2.66), the output voltage is 

  VC = VCE (sat) (2.68)

From Equation (2.64), the base current is 

  IB = BE

B

V V
R
−

   (2.69)

Just before saturation, the transistor is in the active region. The base current in the active 
region just before saturation is approximately given by 

  IB (max)  
( )satC

dc

I


 (2.70) 

Some times dc is also denoted by hFE .
To ensure saturation, the level of IB given by Equation (2.69) must be greater than IB (max) given 

in Equation (2.70).

 i.e., IB > ( )satC

dc

I


 (2.71)

Typically IB is taken equal to 120 – 150% of IB (max) to ensure saturation.
The resistance between collector and emitter terminals, at saturation is

  R(sat) = 
( )

( )

sat

sat

CE

C

V

I  (2.72)

Under ideal conditions, VCE(sat)  0 V

From Equation (2.67), 

  IC(sat)  
CC

C

V
R    (2.73)

From Equation (2.66), 

  VC  0 V (2.74)

and from Equation (2.72) 

  R(sat)  0   (2.75)

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.

+

–

VCE(sat)

IC(sat)
C

E

B
≡

C

E

R(sat) ≈ 0 Ω

Fig. 2.23 Representation of saturated transistor 

Case (ii) : When Vi  = 0

When Vi = 0 , IB = 0 , only leakage current ICEO flows from collector to emitter and the transistor is 
driven into cut-off.

  IC = ICEO (2.76)

ICEO is in the order of few microamperes. 
From Equation (2.65) , the output voltage is

  VC = VCE(cut-off) = VCC – ICEO RC (2.77)

The resistance between collector and emitter terminals, at cut-off is

  R(cut-off) = 
( )cut-offCE

CEO

V

I  (2.78)

Under ideal conditions, ICEO   
Now from Equation (2.77) , 

  VC = VCE(cut-off) = VCC (2.79)

and from Equation (2.78) , 

  R(cut-off) = 
0
CCV

 =   (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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+

–

VCE(cut-off )

ICEO
C

E

B
≡

C

E

R(cut-off )  ≈  ∞ Ω

Fig. 2.24 Representation of transistor when operating at cut-off

summary
A high input voltage drives the transistor into saturation. When in saturation, the transistor

	 •	 Conducts heavy collector current, IC(sat)    CC

C

V
R

	 •	 Has low voltage between collector and emitter terminals 

  VC = VCE(sat)    0 V

	 •	 Has zero resistance (short circuit) from collector to emitter
	 •	 Acts as a closed switch

A low input voltage (0 V) drives the transistor into cut-off. When at cut-off the transistor

•	 Does not conduct, IC = ICEO    0
•	 has high voltage between collector and emitter terminals 

  VE = VCE    VCC

•	 has infinite resistance (open circuit) from collector to emitter
•	 acts as an opened switch

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(sat) and R(cut-off)

Take VBE = 0.7 V VCE(sat) = 0.15 V
 ICEO = 10 mA dc = hFE = 125
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Vi

0 V
t

VC

Vi

5 V

5 V

0.82 kΩ

68 kΩ

Solution

(a)  IC(sat) = ( )satCC CE

C

V V

R

−
 = 

5 V 0.15 V
0.82 k

−
Ω  = 5.91 mA

  IB(max) = ( )satC

dc

I


 = 

5.9 mA
125

 = 47.2 mA

 When Vi = 5V, the actual base current is

  IB = i BE

B

V V
R
−

 = 
5 V 0.7 V

68 k
−

Ω  = 63.23mA

 Observe that, IB > IB(max) . Hence the circuit works properly.

(b)  When Vi = 5V

  VC = VCE(sat) =  0.15 V

 When Vi = 0 V

  VC = VCE(cut-off) = VCC – ICEO RC

   = 5 V – (10 mA)	(0.82	kΩ)  5 V

(c)  R(sat) = 
( )

( )

sat

sat

CE

C

V

I  = 
0.15 V
5.9 mA  = 25.42	Ω	(low)

  R(cut-off) = ( )cut-offCE

CEO

V

I
 = 

5 V
10 Am

 = 500	kΩ	(very	high)

Example 2.36

For the transistor inverter shown below, determine the values of RB and RC . Take IC (sat) = 12 mA 
and hFE = 200.
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Vi VC

0 V tt

RC

RB

VC

Vi
12 V 12 V

12 V

0 V

Solution

Calculation of RC

  IC (sat) = ( )satCC CE

C

V V

R

−
 

 From the output waveform, VCE (sat) = 0 V

  RC = 
( )sat

CC

C

V
I

 = 
12 V

12 mA  =	1	kΩ

Calculation of RB

  IB(max) = 
( )sat

dc

CI


 = 

12 mA
200

 = 60 mA

 Let IB = 150 % of IB(max) [ To ensure saturation ]

   = (1.5) (60 mA) = 90 mA

  RB = i BE

B

V V
I
−

 

   = 
12 V 0.7 V

90 A
−
m  

	 	 	 =	 125.55	kΩ

Example 2.37 

Design the transistor inverter shown below with a saturation current of 10 mA. Take IB equal to  
120 % of IB(max) . For the transistor used dc = 100 and VBE = 0.7 V.
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Vi

0 V t

6 V

RC

RB

Vo

Vi

6 V

VC

t

6 V

0.2 V

Solution
Calculation of RC

  IC (sat) = ( )satCC CE

C

V V

R

−

 From the output voltage waveform, VCE(sat) = 0.2 V 

  RC = 
( )

( )

sat

sat

CC CE

C

V V

I

−
 = 

6 V 0.2 V
10 mA

−
 = 580	Ω

Calculation of RB

  IB(max) = 
( )sat

dc

CI


 = 

10 mA
100  = 100 mA

Given  IB = 120 % of IB(max) 

   = (1.2) (100 mA) = 120 mA

  RB = i BE

B

V V
I
−

 = 
6 V 0.7 V

120 A
−
m

 =	44.16	kΩ

Example 2.38 

For the transistor switch shown below

VBE = 0.7 V, VCE (sat) = 0.3V, ICEO = 5 mA and hFE = 125

(a) Calculate IC (sat) and IB (max)

(b)  Find IB and check whether the transistor goes to saturation when Vi = 8 V
(c)  Determine R(sat) and R(cut-off)

(d)  Sketch the output voltage waveform.
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Vi

0 V
t

VC

Vi

8 V

8 V

960 Ω

95 kΩ

Solution
(a) IC (sat) and IB (max) 

  IC (sat) = ( )satCC CE

C

V V

R

−
 = 

8 V 0.3 V
960

−
Ω  = 8.02 mA

  IB (max) = 
( )sat

dc

CI


 = 

8.02 mA
125

 = 64.16 mA

(b) IB when Vi = 8 V

  IB = i BE

B

V V
R
−

 = 
8 V 0.7 V

95 k
−

Ω
  = 76.84 mA

 Since IB > IB (max)	,	the	transistor	definitely	goes	to	saturation	when	Vi = 8 V.

(c) R(sat) and R(cut-off)

  R(sat) = ( )

( )

sat

sat

CE

C

V

I
 = 

0.3 V
8.02 mA  = 37.4 

  R(cut-off) = 
( )cut-offCE

CEO

V

I  = 
8 V

5 Am  = 1.6 M

(d)  Output Voltage
 The output voltage switches between VCE(sat) and VCC as shown below.

VC

0.3V
0

t

8 V



204   Analog Electronic Circuits

 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.

ts
tf

toff
t1

t

ton

tr

td
0

0.1 IC(sat)

0.9 IC(sat)

IC(sat)

IC

Transistor “on” Transistor “off ”

Fig. 2.25 Transistor switching times

At t = 0 the transistor switch is turned on by applying a high voltage at the input. The collector 
current does not rise immediately to IC (sat). Instead it takes a finite turn on time ton to reach the 
steady state value of IC (sat).

  ton = td + tr (2.81)

td = delay time
tr = rise time

Delay time is the time taken by the collector current to rise from zero to 10 % of IC (sat) .
Rise time is the time taken by the collector current to rise from 10 % to 90 % of IC (sat) .
At t  =  t1 , 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 toff  to turn-off.

  toff = ts + tf (2.82)

ts = storage time
tf = fall time

Due to stored charges in the base, the collector current remains at IC (sat) over the interval ts and 
later it starts decreasing towards zero.

The time taken by the collector current to decrease from 90 % to 10 % of IC(sat) during turn-off 
is called the fall time.
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Switching transistors are designed with small values of ton and toff in order to operate at higher 
speeds.

For general purpose transistor 2N4123 the following switching times are available on data 
sheet at IC = 10 mA.

  ts = 120 ns
  td = 25 ns
  tr = 13 ns
  tf = 12 ns
  ton = tr + td = 13 ns + 25 ns = 38 ns
  toff = ts + tf = 120 ns + 12 ns = 132 ns

where as for the switching transistor BSV52L the data sheet provides:

ton = 12 ns and toff = 18 ns

Note that switching transistors have very small values of ton and toff .

 2.14 bIAs sTAbILIsATION
The collector current in a transistor is sensitive to each of the following parameters

  ICO	doubles	for	every	10	˚C	rise	in	temperature.
  VBE decreases about 2.5 mV per degree celcius increase in temperature 
    increases with increase in temperature

The three stability factors S( ICO ), S(  ) and S( VBE ) which have been already defined Section 
2.4, indicates how IC changes when ICO,  and VBE 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(ICO)
The expression for collector current in terms of β and ICO is given by

  IC = (1 + ) ICO +  IB (2.83)

The stability factors S(ICO) is defined as 

  S(ICO) = 
, constantBE

C

CO V

I
I

∂
∂



 (2.84)

Differentiating Equation (2.83) partially with respect to IC , treating  β  constant , we get

  1 = (1 + β ) CO

C

I
I

∂
∂

 +  B

C

I
I

∂
∂
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  (1 +  ) CO

C

I
I

∂
∂

 = 1 – β B

C

I
I

∂
∂

  S( ICO ) = C

CO

I
I

∂
∂

 = 
1

1 B

C

I
I

+
∂

−
∂




 (2.85)

Stability factor S( ICO ) against variation in ICO for any configuration can be found by computing 
B

C

I
I

∂
∂

. 

Recall that, lower the stability factors, the lower is the variation of IC with respect to ICO , β and 
VBE. An observation of Equation (2.85) shows that for S( ICO ) to be small

  1 –   B

C

I
I

∂
∂

 	1 + 

 or B

C

I
I

∂
∂

 	– 1  B

C

I
I

∂
∂

  1

This implies that the variation of B

C

I
I

∂
∂

 must be negative as well as substantial. 

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( ICO ) , S( VBE ) and S( β ). Other nomenclatures for 
these stability factors are shown in Table 2.3.

Table 2.3 Other nomenclatures for stability factors

Stability factors
S( ICO ) S( VBE ) S( β )

S S  S 
SICO

SVBE
Sβ

Stability Factor S( ICO )

     S( ICO )  º  C

CO

I
I

∂
∂  (2.86)

From Equation (2.9)

  IB = CC BE

B

V V
R
−
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 But VCC 			VBE

  IB  CC

B

V
R

 which is constant

The analysis of the fixed-bias circuit can be found in Section 2.5.
Differentiating with respect to IC ,

  B

C

I
I

∂
∂

 = 0

Substituting in Equation (2.85)

  S( ICO ) = 1 +  (2.87)

S( ICO ) is very large because   is usually very large, say, typically that   = 100 for a transistor. 

Equation (2.87) implies that S( ICO ) = 101. This means that C

CO

I
I

∆
∆

 = 101 or  IC = 101  ICO . This 

implies that IC changes by nearly hundred times the change in ICO , indicating very poor stability of 
the operating point. This basically happens because in this configuration IB is independent of IC .

Stability Factor S( VBE )

  S( VBE ) º C

BE

I
V
∂

∂
 (2.88)

From Equation (2.9)

  VCC = IB RB + VBE (2.89)

  VBE = VCC – IB RB (2.90)

 But IB 	 CI


Substituting in Equation (2.90)

  VBE = VCC – CI


 RB (2.91)

Differentiating with respect to VBE , keeping  constant , we get

  1 = 0 – BR


 C

BE

I
V
∂

∂
 (2.92)

From Equation (2.88) and Equation (2.92)

  S( VBE ) = – 
BR


 (2.93) 
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The negative sign implies that if VBE decreases, due to, say an increase in temperature , IC will 

increase. In order to minimize variation of IC with VBE , the ratio 
BR


 needs to be kept low either 

by the choice of a large RB or by using transistor with small   . 

Stability Factor S(  )

  S(  ) º CI∂
∂

Since the variation of IC with  cannot be obtained in analytical form, S(  ) is computed as 

  S(  ) = CI∆
∆ 

 (2.94)

From Equation (2.91)

  IC = 
BR


 [ VCC – VBE ] (2.95)

Let IC = IC1
 and  = 

1
 at temperature T1 and

      IC = IC2
 and  = 

2
 at temperature T2

  IC1
 = 

BR


( VCC – VBE ) (2.96)

  IC2
 = 

BR


( VCC – VBE ) (2.97)

Dividing Equation (2.97) by Equation (2.96)

  2

1

C

C

I
I

 = 2

1



    (2.98)

Subtracting 1 on both sides, 

  2

1

C

C

I
I

 – 1 = 2

1




 – 1

  2 1

1

C C

C

I I
I
−

 = 2 1

1

− 



  
1

C

C

I
I

∆
 = 

1

∆ 



  S() = CI∆
∆ 

 = 1

1

CI


 (2.99)

From Equation (2.99) it is clear that to keep S(  ) low, the   of the transistor must be large. 
This is in contrast to S( ICO ) and S( VBE ) which require small values of   to remain low.
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 2.17 sTAbILITy fACTORs fOR EmITTER-bIAs CIRCUIT
Let us now obtain expression S( ICO ) , S( VBE ) and S(  ) for the emitter-bias circuit.

Stability Factor S( ICO )
Refer Fig 2.11

From Equation (2.85), we have

  S( ICO ) = 
1

1 B

C

I
I

+
∂

−
∂




 (2.100)

From Equation (2.15)

  VCC = IB RB + VBE + IE RE

 But IE = IB + IC

  VCC = IB RB + VBE + IB RE + IC RE (2.101)

Differentiating Equation (2.101) with respect to IC keeping VBE constant, we get

  0 = B

C

I
I

∂
∂

RB + B

C

I
I

∂
∂

RE + RE = B

C

I
I

∂
∂

(RB + RE) + RE

  B

C

I
I

∂
∂

 = – E

B E

R
R R+

  (2.102)

Substituting Equation (2.102) in Equation (2.100)

  S( ICO ) = 
1

1 E

B E

R
R R

+
 −

−  + 




 = 

1

1 E

B E

R
R R

+
 

+  + 





   = 
( )( )1 E B

B E E

R R
R R R

+ +
+ +




 = 

( )( )
( )

1
1

E B

E B

R R
R R

+ +
+ +





  S( ICO ) = 
( )

( )

1 1

1

B

E

B

E

R
R
R
R

 
+ + 

 

+ +




 (2.103)

Design Considerations

If  
B

E

R
R     (1 + )

 or (1 +  ) RE    RB
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From Equation (2.103), we get 

  S( ICO )  1 + 
( )

( )

1 1

1

B

E

R
R

 
+ + 

 
+




 

 or S( ICO )  1 + B

E

R
R

The smallest achievable value of S( ICO ) is therefore 1 under the condition B

E

R
R

  1.

Variation of S( ICO ) of emitter bias circuit with B

E

R
R

For B

E

R
R
 1, S( ICO )  1 as shown in the previous section.

For B

E

R
R

 > ( 1 +  ), from Equation (2.103) we have 

  S( ICO )	  

( )1 1 B

E

B

E

R
R

R
R

 
+ + 

 


  ( 1 +  )

For 1  <  B

E

R
R

  <  ( 1 +  )  S( ICO )  1 + B

E

R
R

  B

E

R
R

Figure 2.26 shows the variation of S( ICO ) with B

E

R
R

.

β + 1

β + 1

S(ICO)

Stability factor

S ~= β+1 (for RB
RE

> β+1

(

S ~= (for 1 < 
RB
RE

RB
RE

RB
RE

>

β+1

(

11
2

S ~= 11 (for RB
RE

> (

Fig. 2.26 Variation of S(ICO) with B

E

R
R
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(ii) Stability Factor S( VBE )
By definition

  S( VBE ) = C

BE

I
V
¶
¶

From Equation (2.101)

  VCC = IB RB+ VBE + IB RE + IC RE

Substuiting IB = CI


  VCC = CI


RB + VBE + CI


 RE + IC RE

   = B E
E

R R R 
+ + 

  
 IC + VBE

   = B E ER R R + +
 
 




 IC + VBE

  VCC = 
( )1B ER R + + 

 
 



  IC + VBE (2.104)

Differentiating Equation (2.104) with respect to IC , keeping   constant, we get

  0 = 
( )1B ER R+ + 


 + BE

C

V
I

∂
∂

  S( VBE ) = C

BE

I
V
∂

∂
 = ( )1B ER R

−
+ +




 (2.105)

Design Considerations

If  ( 1 +  ) RE  RB

From Equation (2.105) we have 

  S( VBE )  ( )1 ER
−

+




For large , ( 1 +  ) »	 

  S( VBE )  
1

ER
−

Note that S( VBE ) can be made small by increasing the value of RE .

(iii) Stability Factor S()
By definition 

  S(  ) = CI∂
∂ 
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But to find  S(  ) we use

  S(  ) = CI∆
∆ 

From Equation (2.104)

  VCC = 
( )1B ER R + + 

 
 




 IC + VBE

  IC = ( )1
CC BE

B E

V V
R R

−
+ +




 (2.106)

Let IC = IC1
 and  = 1 at temperature T1 and IC = IC2

 and   = 
2
 at temperature T2. 

Substituting in Equation (2.106) we obtain

  IC1
 = ( ) 1

11
CC BE

B E

V V
R R

−
+ +




 (2.107)

  IC2
 = ( ) 2

21
CC BE

B E

V V
R R

−
+ +




  (2.108)

Dividing Equation (2.108) by Equation (2.107)

  2

1

C

C

I
I

 = 
( )
( )

1 2

2 1

1
1

B E

B E

R R
R R

+ +
+ +

 

 
 

  2

1

C

C

I
I

 = 
1

2

1
2

1

1

B

E

B

E

R
R
R
R

+ +

+ +





 (2.109)

Subtracting 1 from both sides of Equation (2.109)

   2

1

C

C

I
I

 – 1 = 
1

2

1
2

1

1

B

E

B

E

R
R
R
R

+ +

+ +





 – 1

  2 1

1

C C

C

I I
I
−

 =  
1 2 2 1

1 2

1 1

1

B B

E E

B

E

R R
R R

R
R

   
+ + − + +   

   
 

+ + 
 

   

 

  
1

C

C

I
I

∆
 = 

2 1 2 2 1 1 2 1

1 21

B B

E E

B

E

R R
R R

R
R

+ + − − −

 
+ + 
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1

C

C

I
I

∆
 = 

( ) ( )2 1 2 1

1 21

B

E

B

E

R
R

R
R

− + −

 
+ + 

 

   

 
 = 

( )2 1

1 2

1

1

B

E

B

E

R
R

R
R

 
− + 

 
 

+ + 
 

 

 
 

  S(  ) = CI∆
∆ 

 = 
1

1 2

1

1

B
C

E

B

E

RI
R

R
R

 
+ 

 
 

+ + 
 

 
 (2.110)

Design Considerations

  ( 1 + 2 )  2

From Equation (2.110) we have

  S(  )  
1

1 2

1 B
C

E

B

E

RI
R
R
R

 
+ 

 
 

+ 
 

 
  

1

1 2
2

1

1

B
C

E

B

E

RI
R
R
R

 
+ 

 
 

+ 
 

 


For large  , 
2

B

E

R
R

  1

  1 + 
2

B

E

R
R

  1

  S()  1

1 2

1C B

E

I R
R

 
+ 

  
  1

1 2

CI
 

S(ICO)

Thus S(  ) can be minimized by selecting a transistor with large  as well as by keeping  
B

E

R
R

  1.

 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.

(i) Stability Factor S( ICO )

  S( ICO ) = 
1

1 B

C

I
I

+
∂

−
∂
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From Equation (2.29)

  VTh = RTh IB + VBE + IE RE

 But IE = IC + IB

  VTh = RTh IB + VBE + IC RE + IB RE  (2.111)

Differentiating the above equation partially with respect to IC , keeping VBE constant, we get

  0 = ( RE + RTh ) 
B

C

I
I

∂
∂

 + RE

  B

C

I
I

∂
∂

 = E

E Th

R
R R

−
+

Substituting in the expression for S( ICO ) , we get

  S( ICO ) = 
1

1 E

E Th

R
R R

+

+
+




 = 

1

E Th ER R R
+

+ +



 ( RE + RTh )

  S( ICO ) = (  + 1 ) ( )
E Th

E Th

R R
R R
+

+
 (2.112)

  S( ICO ) = (  + 1 ) 
( )

1

1

Th

E

Th

E

R
R

R
R

 
+ 

 

+ +
 (2.113)

Design Considerations
Consider the denominator of Equation (2.112). Generally (  + 1 ) RE  RTh

 Hence, S( ICO ) 	( )( )
( )
1

1
E Th

E

R R
R

+ +
+




 = 1 + Th

E

R
R

The smallest achievable value of S( ICO ) is therefore 1 under the condition RTh  RE .

(ii) Stability Factor S( VBE )
By definition

  S(VBE) = 
C

BE

I
V
∂

∂

From Equation (2.111)

  VTh = RTh IB + VBE+ IC RE +IB RE

Substituting IB = CI
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  VTh = Th E
E

R R R
 

+ +   
 IC + VBE

   = Th E ER R R + +
  




IC + VBE

  VTh = 
( )( )Th ER R +

 
 




IC + VBE (2.114)

Differentiating partially with respect to VBE , keeping  constant

  0 = 
( ) 1Th E C

BE

R R I
V

+ ∂
+

∂




  S( VBE ) = C

BE

I
V
∂

∂  = ( )1Th ER R
−

+ +



 (2.115)

Design Considerations
Again from Equation (2.115)

If ( + 1)  RE     RTh , 

  S( VBE ) 	( )1 ER
−
+





 For large ,  + 1  

  S( VBE ) = – 
1

ER

Thus, S( VBE ) can be made small by increasing the value of emitter resistance RE .

(iii) Stability Factor S(  )
By definition

  S(  ) = 
CI∆

∆ 

From Equation (2.114)

  Vth = 
( )1Th E

C

R R
I

 + +
  




 + VBE

   
( 1)Th E

C
R R I

æ ö+ +
ç ÷è ø




 = Vth – VBE

  IC = 
( )

(1 )
Th BE

Th E

V V
R R

-

+ +
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Let IC = IC1
 and  = 1 at temperature T1 and 

Let IC = IC2
 and  = 2 at temperature T2

  IC1 
= 

( )
1(1 )

Th BE

Th E

V V
R R

-

+ +



 (2.116)

 and IC2
 = 

( ) 2

2(1 )
Th BE

Th E

V V
R R

-

+ +




 (2.117)

Dividing Equation (2.117) by Equation (2.116)

  2

1

C

C

I
I

 = 1 2

2 1

(1 )
(1 )

Th E

Th E

R R
R R

+ +
´

+ +
 

 
 (2.118)

Subtracting 1 from both sides of Equation (2.118)

  2

1

1C

C

I
I

-  = 1 2

2 1

(1 )
1

(1 )
Th E

Th E

R R
R R

+ +
´ -

+ +
 

 

  
1

C

C

I
I
D

 = 
[ ] [ ]

[ ]
1 2 2 1

2 1

(1 ) (1 )
(1 )

Th E Th E

Th E

R R R R
R R

+ + - + +

+ +

   

 

   = 
[ ]

2 2 1 2 1 1 1 2

2 1(1 )
Th E E Th E E

Th E

R R R R R R
R R

+ + - - -
+ +

       

 

   = 
( ) ( )

( )
2 1 2 1

2 11
Th E

Th E

R R
R R

− + −
 + + 

   

 

  CID
D 

 = 
1

1

CI
  

2(1 )
Th E

Th E

R R
R R

+
+ +  (2.119)

  S(  ) = CID
D 

 = 
1

1 2

1

1

Th
C

E

Th

E

RI
R

R
R

æ ö
+ç ÷è ø

æ ö
+ +ç ÷è ø

 
 (2.120)

Design Considerations
From Equation (2.120)

  S(  ) = 
( ) ( )

1

1 2
2

1

1 1
1

Th
C

E

Th

E

RI
R

R
R

æ ö
+ç ÷è ø

æ ö
+ +ç ÷+è ø

 


Now  2 + 1  2
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  S(  ) = 
1

1 2
2

1

1

Th
C

E

Th

E

RI
R
R

R

æ ö
+ç ÷è ø

æ ö
+ç ÷è ø

 


 (2.121)

For large  
2

Th

E

R
R

   1

  1 + 
2

Th

E

R
R

 	1

From Equation (2.121)

  S(  ) = 1

1 2

1C Th

E

I R
R

æ ö
+ç ÷è ø 

 = ( )1

1 2

C
CO

I
S I

 

Thus, S(  ) can be minimized by selecting a transistor with large  as well as by keeping  
Th

E

R
R   1.

 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( ICO )

  S( ICO ) = 
1

1 B

B

I
I

+
¶

-
¶





From Equation (2.47)

  VCC = (IC + IB) RC + IB RB + VBE + IE RE

   = (IC + IB) RC + IB RB + VBE + (IB + IC) RE

  VCC = (RC + RE) IC + (RC + RE + RB) IB + VBE          (2.122)

Differentiating Equation (2.122) partially with respect to IC ,

  0 = (RC + RE) + (RC + RE + RB) B

C

I
I
¶
¶

  B

C

I
I
¶
¶

 = – C E

C E B

R R
R R R

+
+ +

 Now S( ICO ) = – 1
( )1 C E

C E B

R R
R R R

+
æ ö- +

- ç ÷+ +è ø







218   Analog Electronic Circuits

  S( ICO ) = 
( )( )1

(1 )( )
C E B

B C E

R R R
R R R

+ + +

+ + +




  (2.123)

  S( ICO ) = 
( )

( )

1 1

1

B

C E

B

C E

R
R R

R
R R

æ ö
+ +ç ÷+è ø

+ +
+





  (2.124)

(ii) Stability Factor S( VBE )

By	definition S( VBE ) = C

BE

I
V
¶
¶

From Equation (2.122)

  VCC = (RC + RE) IC + (RC + RE + RB) IB + VBE

  VCC = (RC + RE) IC + (RC + RE + RB) CI


 + VBE            (2.125)

Differentiating Equation (2.125) partially with respect to IC

  0 = 
( )

( ) C E B BE
C E

C

R R R VR R
I

+ + ¶
+ + +

¶

  0 = 
( )( )C E C E B BE

C

R R R R R V
I

+ + + + ¶
+

¶





    S( VBE ) = C

BE

I
V
¶
¶

 = ( )( )C E C E BR R R R R
-

+ + + +



 

  S( VBE ) = 
( 1)( )C E BR R R

-
+ + +




 (2.126)

(ii) Stability Factor S(  )

By	definition S(  ) = CID
D 

From Equation (2.125)

  IC = 
( )
( )( )1

CC BE

B C E

V V
R R R

-

+ + +





Let IC = IC1 and  = 1 at temperature T1 and
 IC = IC2

 and  = 2 at temperature T2

  IC1
 = 1

1

( )
(1 )( )

CC BE

B C E

V V
R R R

-
+ + +



 (2.127)
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  IC2
 = 2

2

( )
(1 )( )

CC BE

B C E

V V
R R R

-
+ + +



 (2.128)

Dividing Equation (2.128) by Equation (2.127), we get

  2

1

C

C

I
I  = 1 2

2 1

(1 )( )
(1 )( )

B C E

B C E

R R R
R R R

+ + +
´

+ + +
 

 
 (2.129)

Subtracting 1 from both sides of Equation (2.129)

  2

1

1C

C

I
I

-  = 1 2

2 1

(1 )( )
1

(1 )( )
B C E

B C E

R R R
R R R

+ + +
´ -

+ + +
 

 

  
1

C

C

I
I
D

 = [ ] [ ]
[ ]

1 2 2 1

2 1

(1 )( ) (1 )( )
(1 )( )

B C E B C E

B C E

R R R R R R
R R R

+ + + - + + +

+ + +

   

 

   = [ ]
2 1 2 1 1 2

2 1

(1 ) ( ) (1 )( )
(1 )( )

B C E B C E

B C E

R R R R R R
R R R

+ + + - + + +
+ + +

     

 

   = 
( ) ( )( )

( )( )
2 1 2 1

2 11
B C E

B C E

R R R
R R R

− + + −
 + + +  

   

 

  
1

C

C

I
I
D

 = 
[ ]
[ ]

2 1

2 1

( ) ( )
(1 )( )

B C E

B C E

R R R
R R R

+ + -

+ + +

 

 

  S(  ) = CID
D 

 = 
[ ]

[ ]
1

1 2

( )
(1 )( )

C B C E

B C E

I R R R
R R R

+ +

+ + + 
 (2.130)

Example 2.39

For the circuit shown below derive the expressions for S( ICO ) , S( VBE ) and S(  ) .

RC

RB

VCC
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Solution 
The given circuit is nothing but the collector feedback configuration with RE	=	0	Ω	.

The required results can be obtained by substituting RE	=	0	Ω	in	the	results	of	section	2.19.
From Equation (2.124)

  S( ICO ) = 

(1 ) 1

(1 )

B

C

B

C

R
R
R
R

é ù
+ +ê ú

ë û

+ +





From Equation (2.126)

  S( VBE ) = (1 )B CR R
-

+ +




From Equation (2.130)

  S(  ) = 
[ ]

[ ]
1

1 2(1 )
C B C

B C

I R R
R R

+

+ + 
 

Example 2.40 

Calculate the stability factor S( ICO ) and the change in IC from 25° C to 100° C for the transistor 
which has ICO (25° C) = 0.1 nA and ICO (100° C) = 20 nA, for the following emitter bias arrangements. 
Take   = 50.

(a) B

E

R
R

 = 100  (b)  B

E

R
R

 = 0.1

Also calculate ICQ at 100° C for each case if ICQ at 25° C is 2 mA.

Solution
For the emitter bias configuration 

  S( ICO ) = 
1

(1 )
(1 )

B

E

B

E

R
R

R
R

+
+

+ +




(a) B

E

R
R

 = 100  

  S( ICO ) = 
( )( )51 1 100

51 100
+

+
 = 34.11

   IC = S( ICO )  ICO 

   ICO = ICO (100° C) – ICO (25° C)

   = 20 nA – 0.1 nA = 19.9 nA
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  Δ	IC = (34.11) (19.9 nA)
   = 0.67 mA
  IC2

 = ICQ at 100° C
  IC1 

= ICQ at 25° C = 2 mA
  IC2

 = IC1
 +  IC

   = 2 mA + 0.67 mA
    2 mA

(b) B

E

R
R

 = 0.1

  S( ICO ) = (51)(1.1)
51 0.1+

 = 1.09

   IC = S( ICO )  ICO

   = (1.09) (19.9 nA) = 21.69 nA
  IC2

 = IC1
 + IC

   = 2 mA + 21.69 nA

    2 mA

Observe that changes IC is minimal when B

E

R
R

   1.

Example 2.41 

Determine the stability factor S( VBE ) and the change in IC from 25° C to 100° C for the transistor 
with VBE (25° C) = 0.65 V and VBE (100° C) = 0.48 V for the following bias arrangements

(a) Fixed bias with RB	=	270	kΩ	and	β = 120.
(b) Emitter bias with RB	=	39	kΩ,	RE	=	1.2	kΩ	and	β = 120.
(c) Voltage divider bias with R1	=	39	kΩ,	R2	=	10	kΩ,	RE	=	1	kΩ	and	β = 120.

Solution

   VBE = VBE (100° C) – VBE (25° C)

   = 0.48 V – 0.65 V = – 0.17 V

(a) Fixed Bias
RB	=	270	kΩ	  = 120

  S( VBE ) = 
BR

- 
 = 

120
270 k

-
W

 = – 0.44 × 10–3

   IC = S( VBE )  VBE 

   = (– 0.44 × 10 – 3) (– 0.17) = 74.8 mA
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(b) Emitter Bias
RB	=	39	kΩ	 RE	=	1.2	kΩ	  = 120.

  S(VBE) = (1 )B ER R+ +
 


 

   = 
120

39 k (121)(1.2 k )
-

W+ W  = – 0.65 × 10–3

   IC = S( VBE )  VBE = (– 0.65 × 10–3) (– 0.17) = 110.5 mA

(c) Voltage Divider Bias
R1	=	39	kΩ	 R2	=	10	kΩ	 RE	=	1kΩ	 β = 120

  S( VBE ) = ( )1Th ER R
−

+ +




  Rth = R1 || R2	=	39	kΩ	||	10	k = 7.95 k

  S( VBE ) = ( )( )
120

7 95 k 121 1 k.
−

Ω + Ω = – 0.93 × 10–3

   IC = S( VBE )  VBE = (– 0.93 × 10– 3) (– 0.17) = 158.1 mA

Example 2.42 

Determine the stability factor S( β ) and the change in IC from 25° C to 100° C for the transistor 
with β (25° C) = 50 and β (100° C) = 100 for the following bias arrangement.

(a) Fixed bias with RB	=	330	kΩ

(b) Emitter bias with B

E

R
R

= 5

(c) Voltage divider bias with Th

E

R
R

 = 1.5.

 Also calculate ICQ at the 100° C in each case if ICQ at 25° C is 3 mA.

Solution
  1 =  (25° C) = 50
  2 = β (100°C) = 100
    = 2   – 1 = 50
  IC1

 = ICQ (25° C) = 3 mA
  IC2

 = ICQ (100° C)

(a) Fixed bias

  S( β ) = 1

1

CI


 = 
33 10

50

-´
 = 0.06 × 10 –3
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   IC = S(  )   = (0.06 ×10 –3) (50) = 3 mA
  IC2

 = IC1
 +  IC = 3 mA + 3 mA = 6 mA

Observe the doubling of IC value when β is doubled.

(b) Emitter Bias

  B

E

R
R

 = 5

  S( β ) = 
1

1 2

1

1

B
C

E

B

E

RI
R

R
R

 
+ 

 
 

+ + 
 

 
 = 

( )[ ]
[ ]

3 mA 1 5
50 101 5

+
+  = 3.39 × 10 –6

   IC = S(  )   = (3.39 × 10 –6) (50) = 0.17 mA
  IC2

 = IC1
 + IC = 3 mA + 0.17 mA = 3.17 mA

(c) Voltage Divider Bias

  Th

E

R
R

 = 1.5

  S(  ) = 
1

2

1

1

Th
C

E

Th

E

RI
R

R
R

 
+ 

 
 

+ + 
 

 
 = 

( )[ ]
[ ]

3 mA 1 1 5
50 101 1 5

.
.

+
+  = 1.46 × 10 –6

   IC = S(  )   = (1.46 ×10 –6) (50) = 73 mA
  IC2

 = IC1
 +  IC = 3 mA + 73 mA = 3.07 mA

Example 2.43

For a voltage divider bias circuit, the following values are given :
R1 = 62 k R2 = 9.1 k RC = 3.9 k RE = 680  VBE = 0.7 V  = 80 VCC = 16 V
Calculate 

(a) S( ICO )
(b) S( VBE )
(c) S(  ) with ( T1 ) = 80 and ( T2 ) = 25 % more than ( T1 )
(d) Net change in IC if ICO increases from 0.2 to 10 mA, VBE drops from 0.7 to 0.5 V and  increases 

by 25 %.

Solution
(a) S( ICO )

  S( ICO ) = ( ) ( )
E Th

E Th

R R
R R
+

+
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  RTh = 1 2

1 2

R R
R R+  = 

62 k 9.1 k
62 k +9.1 k

W´ W
W W  = 7.94 k

  S( ICO ) = 
( )( )
( )( )
80 1 0.68 k +7.94 k
80+1 0.68 k 7.94 k

+ W W
W + W  = 11.08

(b) S( VBE )

  S( VBE ) = ( )Th ER R
-

+




   = ( )3

80
7 94 10 80 1 680.

−
× + +

 = 1.27 × 10–3

(c) S(  )

  S(  ) = 
1

1

1

Th
C

E

Th

E

RI
R

R
R

æ ö
+ç ÷è ø

æ ö
+ +ç ÷è ø  

  IC1
 = 

( )
( )1

Th BE

Th E

V V
R R

-

+ +








  Vth = 2

1 2
CC

RV
R R+

 = ( ) 9.1 k16 V
62 k +9.1 k

W
W W

 = 2.05 V

  IC1
 = 

( )
( )

2 05 V 0 7 V 80
7 94 k 1 80 0 68 k

. .
. .

− ×
Ω + + Ω  = 1.71 mA

  2 = 25 % more than 1 = 1.25 × 80 = 100

  S(  ) = 

3 7 94 k1 71 10 1
0 68 k

7 94 k80 1 100
0 68 k

..

.
.
.

−  Ω × +   Ω 
 Ω

+ + Ω 

  = 2.41 × 10 –6

(d)	 Net	change	in	collector	current,	 Δ	IC

   IC = S( ICO )  ICO + S( VBE )  VBE + S(  )  

   ICO = 10 mA – 0.2 mA = 9.8 mA

   VBE = 0.5 V – 0.7 V = – 0.2 V

    = 2 – 1 = 100 – 80 = 20
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   IC = [11.08] [9.8 × 10 –6] + [– 1.27 × 10 –3] [– 0.2] 

     + [2.141 × 10 -6] [20]

   = 0.41 mA

  IC2
 = IC1

 +  IC = 1.71 mA + 0.41 mA = 2.12 mA

Note : Similarly we can calculate the net change in collector current for the other biasing 
configurations. 

Example 2.44

Find an expression for S( ICO ) for the circuit shown below.

RE

VEE RC

RB

VBB

Solution
The given circuit with actual current directions voltage polarities is redrawn in Fig. A.

RE

VEE

VCE

VBE

RC

RB

VBB

+
+

–

–

IE

IB

IC

Fig. A
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  S( ICO ) = 
1

1 B

C

I
I

+
¶

-
¶





 Writing the KVL equation to the base-emitter circuit,

– VBB + IB RB + VBE  – VEE + IERE = 0

  IB RB + IE RE = VBB + VEE – VBE

 But IE = IB + IC

  IB(RB + RE) + IC RE = VBB + VEE – VBE

Differentiating partially with respect to IC

  B

C

I
I

∂
∂

(RB + RE) + RE =  0

  B

C

I
I

∂
∂

 = ( )
E

B E

R
R R

−
+

  S(ICO) = 
1

E

B E

R
R R

+
æ ö
ç ÷+è ø





  S(ICO) = 
1

B E E

B E

R R R
R R

+
+ +

+




    = 
( )( )

( )
1

1
B E

B E

R R
R R
+ +

+ +




 

  S(ICO) = 
( )

( )

1 1

1

B

E

B

E

R
R
R
R

æ ö
+ +ç ÷è ø

+



 

Example 2.45

Design a voltage divider bias circuit using a silicon transistor with VCC = 18 V, IC = 2.3 mA,  
VCE = 8.2 V, RC = 3.3 k,  = 100 and S( ICO	)		≤		5.

Solution
The circuit is shown below.
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3.3 kΩR1

R2 RE

RC

VCE = 8.2 V

18 V

IE

+

–

IC = 2.3 mA

IB

Given IC = 2.3 mA,

  IB = CI


= 
2 3 mA

100
.

 = 0.023 mA

  IE = IB + IC = 2.3 + 0.023 = 2.32 mA

  VBE = 0.7 V for a silicon transistor

  VCE = VCC – IC (RC + RE)

  RC + RE = CC CE

C

V V
I
-

 and RE = 
18 V  8.2 V

2.3 mA
-

 – 3.3 k =	0.96	kΩ

  S(ICO) = ( ) ( )
1

1
E Th

E Th

R R
R R
+

+
+ +




  S(ICO) £ 5 implies

  ( ) ( )
E Th

E Th

R R
R R
+

+



 £ 5

  (  + 1 )( RE + RTh ) £  5 [ (  + 1 ) RE + RTh ]

  101 RE + 101 RTh £ 505 RE + 5 RTh

  96 RTh £ 404 RE



228   Analog Electronic Circuits

  RTh £ 404
96

 RE

  RTh £ 404
96

 × 0.96 k

  RTh £ 4.04	kΩ
 Let RTh =	 4	kΩ
  VTh = RTh IB + IE RE + VBE

   =	 (4	kΩ	×	0.023	mA)	+	0.7	V	+	(2.32	mA	×	0.96	kΩ)
   = 3.02 V

  VTh = 2

1 2
CC

RV
R R+

Multiply and divide by R1

  VTh = 1 2

1 1 2

CCV R R
R R R+

  RTh = 1 2

1 2

R R
R R+

  VTh = 
1

CC
Th

V R
R

  R1 = CC
Th

Th

V R
V

 

   = 
18 V

3 02 V.
 × 4 k 

   = 23.84 k

  RTh = R1 || R2 

  
1

ThR
 = 

1

1
R

 + 
2

1
R

  
2

1
R

 = 
1

ThR
 – 

1

1
R

 = 1

1

Th

Th

R R
R R
-

  R2 = 1

1

Th

Th

R R
R R−

   = 
( )( )23 84 k 4 k
23 84 k 4 k

.

.
Ω Ω
Ω − Ω

   = 4.81 k
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Exercise Problems

 2.1 A npn silicon transistor with VBE = 0.7 V and  = 75 is used in a fixed bias circuit. If  
RB = 330 k, RC = 1.5 k and VCC = 32 V. Find the coordinates of the Q point. Draw the 
dc load line and locate the Q point on dc load line.

 2.2 A npn germanium transistor with VBE = 0.3 V and  = 90 is used in a fixed bias circuit. 
VCC = 15 V, RC = 4.7 k and RB = 820 k. Find the coordinates of the Q point and locate 
it on the dc load line.

 2.3 In a fixed bias circuit the coordinates of the Q point which is located at the center of the 
dc load line VCE = 5 V and IC = 2 mA. Find the values of VCC, RC, and RB. Assume a silicon 
transistor with  = 100.

 2.4 For a voltage divider-bias circuit, VCC = 18 V, R1 = 50 k, R2 = 12 k, RC = 2.2 k,  
RE = 1 k, VBE = 0.7 V and  = 125. Find the (a) Coordinates of the Q point and locate it 
on the dc load line (b) Stability factors S( ICO ) and S( VBE ).

 2.5 Find the values of R1, R2 and RE for a voltage divider bias-circuit given that VCC = 30 V, 
VCE = 15 V, IC = 3 mA, RC = 3.3 k, VBE = 0.7 V,  = 100 and S( ICO )  £ 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 re model of the 
transistor. The effects of source resistance and load resistance are also considered.

 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:
IB , IC and IE represent dc currents.
VBE , VCE , and VCB represent dc voltages between terminals.
VB , VC , and VE 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:

ib , ic , and ie represent instantaneous currents.
vbe , vce , and vcb represent instantaneous voltages between terminals.
vb , vc and ve 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:

Ib , Ic and Ie  represent rms currents.
Vbe , Vce and Vcb represent rms voltages between terminals.
Vb , Vc and Ve represent rms terminal voltages with respect to ground.
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 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

 rac  = 
26 mV

DI   (3.1)

where ID is the dc current through the diode at the Q point. In Equation (3.1), ID is in  
milli amperes.

The ac resistance re of emitter-base diode can be obtained by replacing ID by IE in Equation (3.1).

∴ re = 
26mV

EI
  (3.2)

IE is the dc emitter current at the Q point and it is in mill amperes.

 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.

Vi Vo

+ +

– –

Two Port
 Network

Ii Io

Fig. 3.1 Two port network

A port network is characterized by the two currents, Ii and Io and the two voltages Vi and Vo.

 Ii  is the input current
 Io  is the output current
 Vi  is the input voltage 
 Vo  is the output voltage

By convention Ii and Io are assumed to be into the network.
A BJT 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 (C B) amplifier and
 (c) Common collector (C C) amplifier
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 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 Q 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 re 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 re model is the more practical model. The important parameter, re of this model is 
determined by the actual operating conditions rather than using a data sheet value. The re model 
does not include feedback term, which in some cases is important.

It is important to note that the hybrid model and the re model are the small signal low frequency 
models. The hybrid  model (discussed later in the chapter) is used almost exclusively for high 
frequency analysis. The re model is infact a reduced version of the hybrid  model.

 3.5 the re 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 Ib and Ic are same and always opposite to 
that of Ie. For an npn-transistor Ie is out of the transistor as indicated by the arrow on the emitter 
terminal and Ib and Ic are into the transistor.

\ Ii = – Ie  (3.3)

and Io = Ic  (3.4)
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Ii Io= – Ie = Ic

+ + 

– – 

E 

B 

Vi Vo 

C 

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

  = c

e

I
I   

 or  Ic  =  Ie  (3.5)

Note that the collector current Ic is controlled by the emitter current Ie. Hence at the output the 
common-base transistor can be represented by a controlled current source.

Since Ic flows through the collector-base junction, the controlled current source apperars 
between the collector and base terminals.

The re model of npn transistor in CB configuration is shown in Fig. 3.3.

Ii = – Ie

+ + 

– – 

E 

B 

Vi 
Vo 

Io = Ic

Ic = α Ie

C 

B 

Fig. 3.3 re model of transistor in CB configuration

For ac response, the diode can be replaced by its equivalent ac resistance, re . The ac resistance 
of emitter-base diode is given in Equation (3.2) as

 re = 
26mV

EI
 (3.6)

The common-base re equivalent circuit is obtained by replacing the diode in Fig. 3.3 by its ac 
resistance re. This is shown in Fig. 3.4.
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Ii = – Ie

+ + 

– – 

E 

B 

Vi 
Vo 

Io = Ic

Ic= α Ie

C

B 

Zi Zo

re 

Fig. 3.4 Common base re equivalent circuit

From the circuit of Fig. 3.4, let us find the following performance parameters :
 · Input impedance Zi is given by 

  Zi = i

i

V
I

 = re  (3.7)

  Note that the input impedance is quite low, which is in the order of few tens of ohms.
 · Output impedance Zo is  W, 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 MW which is quite a high value. 

 · With RL connected between the output terminals, the voltage gain is given by 

 AV = 0

i

V
V = L

e

R
r

α
 (3.8)

  Since AV is positive, Vo and Vi are in phase. Also, due to low value of re , AV is quite high.
 · With RL connected between the output terminals, the current gain is given by 

 AI = o

i

I
I  = –  » –1 (3.9)

  Note that the magnitude of current gain is approximately unity.

 3.6 re model of pNp traNsistor iN Cb CoNfiguratioN 
Figure 3.5 shows the re model of pnp transistor in CB configuration. Note that for pnp transistor, 
Ie is into the transistor. Therefore Ib and Ic are out of the transistor.

Ii = Ie Io = –Ic

+ + 

– – 

E 

B 

Vi Vo 

C 

B 

Ii = Ie

+ +

– –

E

B

Vi
Vo

Io = – Ic

Ic = α Ie

C

B

Zi Zo

(a)

(b)
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Ii = Ie Io = –Ic

+ + 

– – 

E 

B 

Vi Vo 

C 

B 

Ii = Ie

+ +

– –

E

B

Vi
Vo

Io = – Ic

Ic = α Ie

C

B

Zi Zo

(a)

(b)

Fig. 3.5 re 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, IE = 4 mA,  = 0.991. An ac signal of 3 mV is 
applied between the base and emitter terminals. If RL = 610 W. Calculate
 (a) re and Zi (b) AV and AI

 (c) Vo , Ii and Io (d) Zo with ro =  and Ic , Ie and Ib

Solution

(a)  re = 
26mV

EI
 = 

26mV
4mA  = 6.5 W

  Zi  = re = 6.5 W

(b) AV  = L

e

R
r

α
 = 

( )( )
( )

0.991 610
6.5

Ω
Ω  = 93

  AI  = –  = – 0.991

(c)  Vo  = AV Vi  = (93) (3 mV) = 279 mV

 Ii = i

i

V
Z

 = 
3 mV
6.5 Ω  = 461.52 mA

 Io  = AI Ii  = – (0.991) (461.52 mA) = – 457.36 mA

(d) Zo = ro = 

 Ii = – Ie  and Io = Ic

To avoid confusion with signs, let us take only the magnitudes of Ic , Ib and Ie .
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 \ Ie  = 461.52 mA

 Ic  = 457.36 mA

 Also  Ie =  Ib + Ic

 \ Ib  = Ie – Ic = 461.52 mA – 457.36 mA = 4.16 mA

 3.7 the re model of traNsistor iN CommoN-emitter ( C e ) 
 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 Ib and the output current is Ic.

  \  Ii = Ib  (3.10)

 and Io = Ic (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.

Ii = Ib

Io = Ic

+ 

+

– –

B

E

Vi 

Vo 

C

E

Fig. 3.6 npn transistor in CE configuration

In common-emitter configuration the current gain Beta is given by

 b = c

b

I
I  

 or  Ic  =  b Ib  (3.12)

Note that the collector current Ic is controlled by the base current Ib . Since Ic flows through the 
collector-base junction, the controlled current source is connected between the collector and base 
terminals. The re model is shown in Fig. 3.7.
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Ii = Ib

+ 

+ 

– – 
E 

B 

Vi 

Vo 

Io = Ic

Ic = β Ib

C 

E 

Zi Zo 

Fig. 3.7 re model of transistor in CE Configuration

For ac response, the diode can be replaced by its equivalent ac resistance, re as shown in  
Fig. 3.8.

Ii = Ib  

+ 

+ 

+ 

– – – E

B

Vi 

Vo 

Io = Ic

Ic = β Ib

C 

E 

Zi Zo 

re 

Ie 

Vbe 

Fig. 3.8 Common emitter re equivalent circuit

Input Impedance ( Zi )

 Zi = 
i

i

V
I   (3.13)

 Vi  = Vbe = Ie re = ( 1 + b ) Ib re  
   »  b Ib re (since 1 + b » b ) (3.14)
 Also  Ii = Ib
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 Now  Zi = b e

b

I r
I

b
 

 or  Zi = b re  (3.15)

Note that the input impedance of transistor in CE configuration is b times the value of re. 
Stated alternatively, a resistive element in the emitter leg is reflected into the input circuit 
with a multiplying factor b .

For instance if re = 6.5 W and b = 200, the input impedance is 

 Zi = b re  = (200) (6.5 W) = 1.3 kW

For the common-emitter configuration, typical values of Zi range from a few hundred ohms to 
the kilo ohms range, with a maximum of about 6 kW to 7 kW.

Output Impedance ( Zo )
The output impedance is given by the reciprocal of output characteristic. Typically it is in the 
range of 40 – 50 kW. Zo is also denoted by ro .

Voltage Gain ( AV ) and Current Gain ( AI )
With RL connected between the output terminals, the voltage gain is given by 

 AV  = – L

e

R
r  (3.16)

The negative sign implies that Vo and Vi are 180° out of phase. The magnitude of voltage gain is 

 | AV | = L

e

R
r   (3.17) 

Also the current gain is  AI = b (3.18)

Observe that due to low value of re and large value of b , the voltage and current gains are quite 
high.

 3.8 re model of traNsistor iN Ce CoNfiguratioN iNCludiNg ro

In CE configuration:

 (a) The input impedance is measured between the base and emitter terminals. Thus a resistance 
b re is connected between the base and emitter terminals.

 (b) The output resistance is measured between the collector and emitter terminals. Thus a 
resistance ro is connected between the collector and emitter terminals.

 (c) The emitter current Ie is given by

 Ie  = Ib + Ic

  = Ib + b Ib

Note that the contribution of collector current to make emitter current is b Ib.
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Thus a controlled current source of current b Ib is connected between the collector and emitter 
terminals.

Figure 3.9 shows the re model of transistor in CE configuration including the effect of ro.

Ii  = Ib

+ + 

– – 

β Ibβ re

E E

B

Vi 
Vo

Io C

Zo 

ro 

Fig. 3.9 re model of CE configuration including ro

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.

 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 Ii and Vo as independent variables and Vi and Io as dependent 
variables.

Vi Vo

+ +

– –

Two Port
 Network

Ii Io

Fig. 3.10 Two port network

We can express Vi and Io in terms of Ii and Vo as follows:

 Vi =  f1 ( Ii , Vo )  (3.19)

 Io  =  f2 ( Ii , Vo )  (3.20)

Note that we are developing a small signal low frequency model which is a linear model. Thus 
we can express Vi and Io as a linear combinations of Ii and Vo.

 \  Vi = h11 Ii + h12 Vo  (3.21)

 and  Io  = h21 Ii + h22 Vo  (3.22)
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The parameters h11 , h12 , h21 and h22 are called the hybrid parameters or h-parameters. The 
name hybrid is due to the fact that they do not have the same units. Let us now, define these 
parameters.

Set Vo = 0 by short circuiting the output terminals:
From Equation (3.21),

 h11  = 
0o

i

i V

V
I

=

  (3.23)

h11 is called the input impedance with output short circuited and has the unit ohms.
From Equation (3.22),

 h21 = 
0o

o

i V

I
I

=

  (3.24)

h21 is the short circuit forward transfer current ratio and has no unit
Set Ii = 0 by open circuiting the input:
From Equation (3.21),

 h12  = 
0i

i

o I

V
V

=

  (3.25) 

h12 is the open circuit reverse transfer voltage ratio and has no unit
From Equation (3.22),

 h22  = 
0i

o

o I

I
V

=

 (3.26)

h22 is the open circuit output admittance and has the unit mhos.
Note that:
h11 has the unit ohms
h22 has the unit mhos
h12 and h21 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 r represent 12 denoting reverse transfer

Equations (3.21) and (3.22) now become

 Vi  = hi  Ii + hr  Vo  (3.27)

 Io = hf  Ii + ho  Vo  (3.28)



242   Analog Electronic Circuits

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:

 hi  Ii  representing a voltage drop across the impedance hi and 
 hr Vo representing a controlled voltage source.

Equation (3.28) has two components:

 hf  Ii representing a controlled current source and
 ho Vo representing the current through admittance ho .

Ii

+ + 

– 
– 

Vi
hr Vo

hi 

~ 

       

+ 

– 

Vo

Io 

ho hf Ii

 
Fig. 3.11 Circuit model of Vi = hi Ii + hr Vo   Fig. 3.12 Circuit model of Io = hf Ii + ho Vo

Combining these two models, we obtain the hybrid model of the two-port network as shown 
in Fig. 3.13.

Ii

+ + 
+ 

– 
– 

– 

Vi 
Vo 

Io 

ho hr Vo

hi 

hf  Ii~ 

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

Hybrid Parameters
Configuration

CE CB CC
hi hie hib hic

hf hfe hfb hfc

hr hre hrb hrc

ho hoe hob hoc

 3.10 hybrid model of Cb CoNfiguratioN
The two port network representation of CB configuration is shown in Fig. 3.14.

  Ie Ic

+ + 

– – 

E

B

Veb Vcb 

C 

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

Vi

Ii

Vo

Io

Veb

Ie

Vcb

Ic

Equations (3.21) and (3.22) now become

 Veb  = hib Ie + hrb Vcb  (3.29)

 Ic = hfb Ie + hob Vcb  (3.30)

The hybrid model constructed based on Equations (3.29) and (3.30) is shown in Fig. 3.15.
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Ie

+ + 
+

– 
– 

–

Veb 
Vcb

Ic 

hob hrb Vcb

hib

hfb Ie~ 

E

B B

C 

Fig. 3.15 Hybrid model of CB configuration

 3.11 hybrid model of Ce CoNfiguratioN
The two port network representation of CE configuration is shown in Fig. 3.16.

 Ib 

 Ic 

+ 

+

– –

B

E

Vbe 

Vce

C 

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

General two port network CE Configuration
Vi Vbe

Ii Ib

Vo Vce

Io Ic

Equations (3.21) and (3.22) now become

 Vbe  = hie Ib + hre Vce  (3.31)

 Ic  = hfe Ib + hoe Vce  (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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Ib

+ + 
+ 

– 
– 

– 

Vbe 
Vce 

Ic  

hoe hre Vce

hie 

hfe Ib ~ 

E E 

B C 

Fig. 3.17 Hybrid model of CE configuration

 3.12 hybrid model of CC CoNfiguratioN
The two port network representation of CC configuration is shown in Fig. 3.18.

 Ib 

 Ie 
+ 

+ 
– – 

B 

C 

Vbc 
Vec
C 

E 

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

Vi

Ii

Vo

Io

Vbc

Ib

Vec

Ie

Equations (3.21) and (3.22) now become

 Vbc  = hic Ib + hrc Vec  (3.33)

 Ie  = hfc Ib + hoc Vec  (3.34)

Based on these equations, the hybrid model for the CC configuration can be developed as 
shown in Fig. 3.19.
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Ib 

+ + 
+

–
– 

–

Vbc
Vec

Ie  

hoc hrc Vec

hic 

hfc Ib~ 

B

C

E

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
hi 1 kW 20 W 1 kW

hr 2.5 × 10–4 3.0 × 10–4 1
hf 50 – 0.98 – 50
ho 25 mA/V 0.5 mA/V 25 mA/V

1/ho 40 kW 2 MW 40 kW

 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 h-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 h-parameters are normalized to 1. Figure 3.20 shows 
the variation in h-parameters (in CE mode) with collector current for IC = 1 mA, VCE = 5 V, T = 25oC and  
f = 1 kHz.

The axis are graduated on a logarithmic scale to accommodate wide variations. The operating 
point is at VCE = 5 V and IC = 1 mA and hence all the parametric curves intersect at this point. 
Observe from Fig. 3.20 that at IC = 0.1 mA, hfe is 50% of its value at IC = 1 mA. Thus, if hfe is 100 
at IC = 1mA, it would be 50 at IC = 0.1 mA. At IC = 3 mA, hfe is 150% of its value at IC = 1 mA. If 
hfe is 100 at IC = 1 mA, it would be 150 at IC = 3 mA.

Further, observe the variation in hre. The value of hre increases to nearly 10 times its value at 
IC = 1 mA, while hoe increases to nearly 40 times its value at IC = 1 mA. At such values hoe may 
become large enough in comparison with load resistance to be ignored while approximating the 
model. Figure 3.21 shows the variation of h-parameters with collector-emitter voltage.

The variations are plotted with reference to the same operating point as in the previous figure. 
Observe that hfe and hie do not change much in comparison with hre and hoe. Note that values of hoe 
and hre 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 hfe is minimal when compared 
to other parameters.

0.1 0.2 0.5 1 2 5 10 20 50 

50 

20 

10 
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0.1 
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hie 

hre 

hfe 

hoe 

hie 

hfe 

hre 

hoe 

IC = 1 mA 

IC , mA 

VCE = 5 V 
T    = 25˚C 

f      = 1 kHz 

Fig. 3.20 Variation of CE h-parameters with collector current
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hoe 
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VCE  
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(% of VCE = 5V value of each quantity) 

Fig. 3.21 Variation of CE h-parameters with collector-emitter voltage
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Figure 3.22 shows the variation of h-parameters with respect to temperature. Observe that hoe 
is least affected by the changes in temperature. However, in general, the values of all parameters 
increase with temperature. The value of input impedance hie varies the most with temperature. The 
value of hfe drops to half its value at 25o C at a temperature of – 50o C and, at 150o C it increases to 
150% of its value at 25o C. All these variations must be taken into consideration when designing 
circuits using transistors.

hre

hoe

hoe

hie

hie

hre

hre

hfe

hfe

IC = 1 mA
VCE = 5 V
T    = 25˚C
f      = 1 kHz

–100 –50 0 25˚ 50 100 150 200
T(˚C)

3.0

2.0

1.5

1.0

0.7

0.5

0.4

0.3

Relative magnitude of parameters

(Freezing H2O) (Boiling H2O)

Fig. 3.22 Variation of CE h-parameters with temperature

 3.14 advaNtages of h - parameters
The advantages of h-parameters are :

 · The h-parameters are extremely useful in the analysis and design of circuits using 
transistors. 

 · At audio frequencies the h-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 h-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 h-parameters are graphically obtained for one configuration, the  
h-parameters of other configurations can be obtained by a simple conversion.



Transistor at Low Frequencies  249

 3.15 approximate hybrid equivaleNt CirCuit
Consider the hybrid equivalent circuit of Fig. 3.13. For the CE and CB configurations, the 
magnitude of hr and ho is such that the results obtained for the important quantities such as Zo, Zi 
AV and AI are only slightly affected if hr and ho are not included in the model.

From Table 3.5 we find that

hre = 2.5 × 10–4 and hrb = 3.0 × 10–4

Due to very small values of hre and hrb we can take hre and hrb approximately equal to zero. 
As a result hr Vo = 0. Thus the controlled voltage source hr Vo can be replaced by a short circuit as 
shown in Fig. 3.23. 

Also from Table 3.5 we find that

   1 / hoe = 40 kW and 1 / hob = 2 MW

In practical situations, these values are quiet large when compared with the parallel load RL 
which will be connected between the output terminals. Thus 1 / ho can be replaced by an open 
circuit as shown in Fig. 3.23.

Ii 

+ +

– –

Vi Vo

Io  
hi 

hf Ii 

Fig. 3.23 Removing hr and ho from the hybrid equivalent model

Figure 3.24 shows the approximate hybrid equivalent circuit.

Ii

+ +

– –

Vi 
Vo 

Io 

hi hf Ii 

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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Ib 

+ +

– –

Vbe
Vce

Ic 

hie hfe Ib

E

C

E

B

Fig. 3.25 Approximate hybrid equivalent circuit for CE configuration

Figure 3.26 shows the approximate hybrid equivalent circuit for CB configuration.

Ie 

+ +

– –

Veb
Vcb

Ic 

hib hfb Ie 

E C

B B

Fig. 3.26 Approximate hybrid equivalent circuit for CB configuration

 3.16 relatioN betweeN the parameters of hybrid model 

 aNd the re model 
Figure 3.27 shows the comparison between the approximate hybrid model and the re model of the 
transistor in CE configuration.

Ib Ic 

hie hfe Ib 

E

C B

E

Ib Ic 

E

CB

E

β re β Ib

Fig. 3.27 Hybrid model versus re model for CE configuration

Comparing the two models we obtain the following relations:

 h ie  =  b re  (3.35)

 and  hfe  = b  (3.36)

In Fig. 3.28 the approximate hybrid model and re model of the transistor in CB configuration 
are compared.
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Ie Ic

hib hfb Ie 

E C

B B BB

– Ie Ic CE

re α Ib

Fig. 3.28 Hybrid model versus re model for CB configuration

Comparing the two models we obtain the following relations:

 hib  = re  (3.37)

 hfb  =  

In any transistor (either pnp or npn) Ie and Ic are in opposite directions. Therefore hfb , which is 
the ratio of Ic to Ie must have negative sign. But the value of  is given with positive sign. Hence 
it is appropriate to write.

 hfb  = –   (3.38)

Since  » 1, we can write

 hfb  = –  » – 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

 hib  = 
1

ie

fe

h
h+

  (3.40)

 hrb  = 1
ie oe

fe

h h
h+

 – hre  (3.41)

 hfb  = 
1

fe

fe

h
h

-

+
  (3.42)

 hob  = 1
oe

fe

h
h+    (3.43)
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CC Hybrid Parameters in Terms of CE Hybrid Parameters

 h ic  = hie  (3.44)

 hrc = 1 – hre (3.45)

 hfc  = – ( 1 + h fe )  (3.46)

 hoc  = hoe  (3.47)

Example 3.2

Given IE = 3.2 mA, hfe = 150, ro = 
1

oeh
 = 40 kW and hob = 0.5 mS, determine

 (a) The common-emitter hybrid equivalent circuit
 (b) The common-base re model.

Solution

(a) re  = 
26mV

EI   = 
26mV
3.2mA

 = 8.125 W

 hie  = b re = (150) (8.125 W) = 1.22 kW

The common-emitter hybrid equivalent circuit is shown below.

 Ib 

 Ib 
  Ib 

E

Vce

B

E

Ic C
+

–

hie hfe 
1.22 kΩ 150 

1 
hoe 

40 kΩ 
Vbe

+

–

(b)  ro  = 
1

obh
 = 

1
0.5 Sm

 = 2 MW

 hfb  = 
1

fe

fe

h
h

-

+
 = 

150
151
-

 = – 0.993 » – 1

The common-base re model is shown below.

 – Ie

 Ie

 ≈ – Ie

BB

E 
Ic C

re ro hfb
8.125 Ω  2 MΩ
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 3.17 hybrid  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.

 Ib

 I′b

B

E E

Ic C

Cu 
 

rb B′

ro

ru

rπ Cπ 
Vπ Vπ 

gm 

+ 

– 

Fig. 3.29 The hybrid- model of transistor in CE configuration

Let us discuss the significance of each component in the model shown in Fig. 3.29.

Hybrid  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


 is usually just a few picofarads to a few tens of picofarads.

Cu represents the transition capacitance of the reverse biased collector-base junction. Cu 
typically extends from less than 1 pF to a few Picofarads.

C

  and Cu are alternatively represented by Cbe and Cbc respectively.

Hybrid  Resistances
The internal node B¢ is not physically accessible as shown in Fig. 3.30. Node B represents the 
external base terminal. The resistance rb includes the following.

 · the base contact resistance
 · the base bulk resistance and 
 · the base spreading resistance.

It is typically a few ohms to tens of ohms.
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B

E

C

rb 

ru

rπ

B'

Fig. 3.30 Hybrid  resistances

The resistors  r

 , ru and ro are the resistances between the indicated terminals of the transistor 

when the transistor is in the active region.
The resistance r


 is identical to b re introduced in the common-emitter re model. The resistance 

ru represents the feedback from collector to base. It is very large typically in the mega ohm 
range. 

ro is the output resistance which appears between the collector and emitter terminals. Typically 
it lies in the range of 5 kW to 40 kW and it is determined from the hybrid parameter hoe .

Hybrid  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 gm V

 connected between 

the collector and emitter terminals.
The subscripts  and u is associated with hybrid  parameters have the following meaning.

 : comes from the hybrid  terminology.
u : the element with this subscript provides union between collector and base terminals.

Hybrid  Parameters in Terms of re and h Parameters
The following relations can be used to find the parameters of hybrid  model using re and the  
h parameters.

 r 

  =  b re  (3.48)

 gm  = 
1

er
 (3.49)

 r0  =  
1

oeh  (3.50)
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 hre  = 
u u

r r
r r r

π π

π

»
+

  (3.51)

3.17.1 low frequency hybrid model from hybrid  model 
For low-to-mid frequency analysis, the effect of capacitances C


 and Cu can be neglected due to 

the very high reactance associatd with each of them.  
The resistance rb is usually so small, it can be replaced by a short-circuit. The resistance ru 

usually so large, it can be treated as an open circuit.
The simplified low frequency hybrid  model is shown in Fig. 3.31.

 Ib 

gm Vπrπ Vπ 

E E 

B 
Ic C 

ro

+ 

– 

Fig. 3.31 Simplified low frequency hybrid  model 

 r 

  =  b re  =  hie 

 r0 = 1 / hoe

 V

  = Ib r

 = Ib  b re

 gm V

  = 

1

er
 ( Ib b re ) =  b Ib = hfe Ib (  b = hfe )

The resulting model is shown in Fig. 3.32 which is same as the low frequency hybrid model 
with hre taken equal to zero.

Ib Ic

hie hoe
hfe Ib

B C

E E

1

Fig. 3.32 Low frequency hybrid model with hre removed

Example 3.3

(a) Sketch the Giacoletto (hybrid ) model for a common-emitter transistor given that:

   rb = 4 W C

 = 5 pF Cu = 1.5 pF

  hoe = 18 mS b = 120  re = 14 W
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(b) If the applied load is 1.2 kW and the source resistance is 250 W, draw the approximate  
hybrid  model for low and mid frequency range.

Solution
(a)  r


  = b re = (120) (14 W) = 1.68 kW

 gm  = 
1

er
= 

1
14 Ω

 = 0.0714 

 ro  = 
1

oeh
= 6

1
18 10-´  = 55.56 kW

 hre  » 
u

r
r
π   ru  =  

re

r
h

π  

Since hre is not given, let us take hre  = 0

 \ ru  =   open circuit.

The hybrid  model is shown below.

C 

E E 

ro 

rb 

+ 

– 

Ic Ib 

55.56 kΩ 1.68 kΩ 

 4 Ω 

gm Vπ 
0.0714 Vπ  

1.5 pF

Vπ 

rπ Cπ

5 pF

Cu

B 

(b) For low and mid frequency range of operation, the capacitors Cu and C

 can be replaced by 

open circuit equivalent due their high reactance. The simplified hybrid  model is shown 
below.

C 

E 

+ 

– 

RS 

0.0714  
1.2 kΩ 

 250 Ω 

4 Ω 

Vπ + 

– 
VS 

Vπ 
RL 

∼

B 

E 

55.56 kΩ 1.68 kΩ 
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 3.18 CommoN-emitter fixed-bias CoNfiguratioN
Figure 3.33 shows the common-emitter amplifier using fixed bias. The ac input signal Vi is applied 
to the base of transistor through the input coupling capacitor C1. The amplified signal Vo is taken 
at the collector through the output coupling capacitor C2.

RC 

RB 

VCC

C2

C1

 
Io

Vo
Ii

Vi

Zi

Zo 

B 

E 

C 

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 VCC to zero and short circuiting the coupling capacitors C1 and C2 as shown 
in Fig. 3.34.

RC 
RB

C2 

C1

 

VCC  

Io

Vo

Ii
Vi

Zi

Zo 

B 

E 

C 
Short circuited

Short circuited 

Connected to ground 

Fig. 3.34 AC equivalent circuit

Note that RB appears between base and ground and RC between collector and ground. The ac 
equivalent circuit is redrawn in Fig. 3.35.
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RC 

RB 

Io

Vo

IiVi

Zi

Zo 

B 

E 

C 

 Fig. 3.35 AC equivalent circuit redrawn

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 re model as shown in  
Fig. 3.36.

RC 

Ii
Ic

Io 
Ib 

VoVi

 

B C 

Zi Zo 

RB β Ibβ re

 

ro

Fig. 3.36 AC equivalent circuit with re model

3.18.1 input impedance (Z i )
The input impedance is given by 

 Zi  = i

i

V
I

  (3.52)

From the input circuit of Fig. 3.36, we find that, Zi is given by the parallel combination of RB 
and b re .

 \ Zi  = RB || b re  (3.53)
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3.18.2 output impedance ( Zo )
To find the output impedance we have to reduce Vi to zero.

With Vi = 0 , I i = 0 ,  Ib = 0 and therefore  b Ib = 0. Thus we have to open circuit the current 
source. The output equivalent circuit under this condition is shown in Fig. 3.37.

Zo
 

RC ro

Fig. 3.37 Circuit to find Zo

Note that Zo is given by the parallel combination of ro and RC 

 \ Zo  = ro || RC  (3.54)

3.18.3 voltage gain ( AV )
To find the voltage gain let us consider the output equivalent circuit shown in Fig. 3.38.

C C 

β Ib
β Ib VoVoRCro 

≡ 

+ + 

––

Zo

Fig. 3.38 Circuit to find Vo

 Vo    b Ib Zo

  = – b Ib [ ro || RC ]  (3.55)

From the input circuit of Fig. 3.36 we have

 Vi  = Ib [ b re ]  (3.56)

Now the voltage gain is

 AV  = o

i

V
V
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  = 
 I [ || ]

[ ]
b o C

b e

r R
I r

− b

b
 

 AV  = – 
||o C

e

r R
r

  (3.57)

If RB  10 b re , RB || b re  »  b re

Now Equation (3.53) become

 Zi  »  bre  (3.58)

For ro  10 RC

Under this situation

 RC || ro  » RC

From Equation (3.54)

 Zo  »  RC  (3.59)

From Equation (3.57)

 AV  » – C

e

R
r

  (3.60)

3.18.4 Current gain ( AI )
The current gain is defined by

 AI  = o

i

I
I   (3.61)

 V0  = – Io RC (From Fig. 3.36 )

 \ Io  = o

C

V
R

−
  (3.62)

 Also  Ii  = i

i

V
Z

   (3.63)

Using these relations in Equation (3.61) we have

 AV  = o i

C i

V V
R Z

   −
÷   

   
 

  = – o i

i C

V Z
V R

   
   
   

 

 AI  = V i

C

A Z
R

−   (3.64)
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Using Equations (3.60) and  (3.58) for AV and Zi respectively, we obtain 

 AI  »  
1

CR
 
 
 

 C

e

R
r

 −
  

 ( b re )

 AI  » b  (3.65)

3.18.5 phase relationship
The negative sign in the equation for AV implies that the input signal Vi and the output signal  
Vo are 180 o out of phase as shown in Fig. 3.39.

O 

Vi

t O 

Vo

t 

Fig. 3.39 180º Phase shift between Vi and V0

Example 3.4

For the circuit shown below:
 (a) Determine re
 (b) Find Zi , Zo , AV and AI  (with ro =  W)
 (c) Repeat part (b) taking ro = 50 kW and compare the results.

15 V

4.7 kΩ 
470 kΩ 

 
Vo 

Vi 

Zi
Zo 

10 µF

10 µ F 

β = 100 

Solution

(a) re  = 
26mV

EI
 

 IE  =  (1 + b) IB
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 IB  = 
CC BE

B

V V
R

−
 = 

15 V 0.7 V
470 k

−
Ω  = 30.43 mA 

  IE  = (101) (30.43 mA) = 3.073 mA

 re  = 
26mV

3.073mA  = 8.46 W

(b) Zi  = RB  ||  b re

 b re = (100) (8.46 W) = 846 W
 Zi  = 470 kW || 846 W = 844.47 W

 Zo  = ro  ||  RC =  W  ||  4.7 kW = 4.7 kW

 AV  = 0 || C

e

r R
r

−  = 
4.7 k
8.46

−
W

W
 = – 555.55

  AI  = V i

C

A Z
R

−
 = 

( 555.55) (844.47 )
4.7 k

− − Ω
Ω  = 99.82

(c) When  ro  = 50 kW

Zi is not affected by ro

 \ Zi = 844.47 W. (As calculated in part (b))

 Zo  = 50 kW || 4.7 kW = 4.3 kW

 AV  = 
4.3 k

8.46
− W

W
 = – 508.27

 AI  = 
( 508.27)(844.47 )

(4.7 k )
−

−
W

W
 = 91.32

Note that the values of Zo and AV with finite ro are less than that with ro = .

Example 3.5

For the amplifier circuit shown below calculate VCC for a voltage gain of AV = – 200. Take b = 90 
and ro =  W.

VCC 

4.7 kΩ 
470 kΩ 

Vo 

Vi 
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Solution

 AV = – 
||o C

e

r R
r

 

 RC || ro  = 4.7 kW ||  W

  = 4.7 kW

 – 200  = 
4.7k

er
− Ω

 

 re  = 23.5 W

 re  = 
26mV

EI
 

 IE  = 
26mV
23.5Ω  = 1.106 mA

 IE  = ( 1 + b ) IB

 IB  = 
1

EI
+ β

= 
1.106mA

91
= 12.15 mA

 IB  = CC BE

B

V V
R
−

 

  VCC  = IB RB + VBE = (12.15 mA) (470 kW)  . V = 6.4 V

Example 3.6

For the circuit shown below, taking b = 100 and ro = 60 kW, calculate
 (a) re  (b) Zi and Zo

 (c) AV (d) the effect of ro = 30 kW on AV

12 V

10 V

4.3 kΩ

390 kΩ

Vo 

Vi 

Zo 

Zi

Io

Ii
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(a) IB  = 
10V

390k
BEV
Ω

−
 = 

10V 0.7V
390 k

−
Ω

 = 23.85 mA

 IE  = (1+ b) IB = (101) (23.85 mA) = 2.4 mA

 re  = 
26mV

EI  = 
26mV
2.4mA  = 10.83 W

(b) From the given figure, RB = 390 kW and RC = 4.3kW

 Zi  = b re = (100)(10.83 W)  1.083 kW

 Z0  = RC || ro = 4.3 kW || 60 kW = 4.012 k W

(c)  AV  = 
||C o

e

R r
r

−  = 
4.012 k– Ω
10.83 W

 = – 370.45

(e) when  ro  =  30 kW

 RC || ro  = 4.3 kW || 30 kW = 3.76 kW

 AV  = 
3.76 k
10.83

−
W

W
 = – 347.18

 3.19 CommoN emitter CoNfiguratioN with voltage 
 divider  bias
Figure 3.40 shows CE configuration using voltage divider bias. 

Ii

IoR1

R2

RE 

RC

C2 

C1

CE 

Vi 

VCC

Vo 

Zi 

Zo 

B 

C

E 

Fig. 3.40 CE configuration using voltage divider bias
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The ac input signal Vi is applied to the base of the transistor through the input coupling capacitor 
C1. The amplified signal Vo is taken at the collector through the output coupling capacitor C2  . The 
emitter bypass capacitor CE is used to prevent the loss of voltage gain due to ac negative feedback 
through RE by creating an ac ground at the emitter. C1 , C2 and CE 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 VCC to 
zero and replacing the capacitors C1, C2 and CE by short circuits as shown in Fig. 3.41.

IoR1

R2

RE 

RC 

C2 

C1 

CE 

Vi 

VCC 

Vo 

B 

C 

E 

Connected to 
      ground 

Short circuited 

Short  
circuited 

Short circuited 

Fig. 3.41 AC equivalent circuit

The following observations can be made from Fig. 3.41.

 (a) R1 appears between base and ground. Thus R1 comes in parallel with R2 .
 (b) RC appears between collector and ground
 (c) RE is in parallel with a short circuit (0 W)

 \  RE || 0 W   0 W

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.

 Let  R¢  = R1 || R2 = 1 2

1 2

R R
R R+   
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Ii IoVi

Vo 

Zi Zo 

E 

B 

RC 

R1 R2 

C 

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, RB 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.

 ·  Zi = i

i

V
I

 = R¢  ||  b re  (3.66)

 ·  Zo  = ro  ||  RC  (3.67)

 ·  AV  = 
||o C

e

r R
r

−   (3.68)

 ·  AI  = – V i

C

A Z
R

 (3.69)

For ro   10 RC  

 ·  Zo » RC  (3.70)

 ·  AV » – C

e

R
r   (3.71)

  Negative sign in AV reveals that, Vi and Vo are 180° out of phase.

Example 3.7

For the circuit shown below, taking ro =  W, calculate:

 (a) re (b) Zi

 (c) Zo (d) AV and AI

 (e) Repeat part (b) to (d) with ro = 1

oeh
 = 50 kW and compare the results.
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Ii

Io

Vi 

Vo

Zi

Zo

47 kΩ 

8.2 kΩ 

6.2 kΩ 

1.5 kΩ 

10 µF  

10 µF 

20 µF  

22 V 

β = 90 

Check for b RE   R2

  b RE  = (90) (1.5 kW) = 135 kW

 10 R2  = (10)(8.2kW) = 82 kW

Since b RE > 10 R2 , we can use approximate analysis

 RTh = R¢ = R1 || R2 = 47 kW || 8.2 kW = 6.98 kW

 VB = VTh  = 
( ) ( )2

1 2

22V 8.2k
47k 8.2k

CCV R
R R

Ω
=

+ Ω + Ω  = 3.268 V

 VTh = VBE + VE  VE = VTh – VBE

 VE  = 3.268 V – 0.7 V = 2.568V

 IE  = 
E

E

V
R  = 

2.568V
1.5kΩ

 = 1.712 mA

(a) re  = 
26mV

EI  = 
26mV

1.712mA  = 15.18 W

(b)  Zi  = R¢ || b re = (6.98 kW) || (90) (15.18 W) = 1.152 kW

(c)  Zo  = ro || RC = ( W ) || RC = RC = 6.2 kW

(d) AV  = – 
||o C

e

r R
r  = – C

e

R
r

 = – 
6.2 k

15.18
Ω
Ω  = – 408.43
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 AI  = – V i

C

A Z
R

 = – 
( )( )

( )
408.43 1.19k

6.2k
− Ω

Ω  = 78.39

(e) When ro = 50 kW

Check for ro  10 RC

 10 RC  = (10) (6.2 kW) = 62 kW

 Since ro < 62 kW, we have to use exact analysis. 

 Zi  =  1.152 kW (same as before)
 Zo  = 50 kW || 6.2 kW = 5.52 kW

 AV  = – 
5.52 k
15.18

Ω
Ω

 = – 363.64

 AI  = – ( )( )
( )

363.64 1.152 k
6.2 k

− Ω
Ω

 = 67.56

There is a considerable difference in the values of Zo , AV and AI since the condition ro  10 RC 
is not satisfied.

Example 3.8

For the circuit shown below determine VCC if AV = – 160 and ro = 100 kW. Take b100

Vi 

Vo

82 kΩ

5.6 kΩ 

3.3 kΩ 

1 kΩ CE 

C1 

C2

VCC 

Solution

 AV  = – 
||o C

e

r R
r  
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 – 160  = – 
100 k || 3.3 k

er
Ω Ω

 

  re  = 19.96 W

 re  = 
26mV

EI
  IE = 

26mV

er
 

 IE  = 
26mV

19.96Ω
 =1.3 mA

 VTh  = VBE + IE RE = 0.7 V + (1.3mA)(1 kW) = 2V

 VTh  = 2

1 2

CCV R
R R+

  VCC = ( )1 2

2

ThV R R
R

+

 VCC  = 
( ) ( )2 V 82 k 5.6 k

5.6 k
Ω + Ω

Ω
 = 31.2 V

 3.20 CommoN-emitter CoNfiguratioN usiNg emitter-bias 

 with uNbypassed RE

Figure 3.43 shows CE configuration using emitter–bias. Note that the emitter resistor RE is 
unbypassed.

RC 
RB

RE 

VCC 

C2

C1

 

Io

Vo
Ii

Vi

Zi 

Zo 

B 

E 

Fig. 3.43 CE configuration with emitter bias

The ac equivalent circuit is drawn by reducing VCC to zero and replacing C1 and C2 by short 
circuit equivalent as shown in Fig. 3.44.
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RC 

RB 
RE 

Io

Vo

IiVi

Zi 
Zo 

B 

C

E 

Fig. 3.44 AC equivalent circuit

Let us replace the transistor by its common-emitter re model as shown in Fig. 3.45. To simplify 
the analysis, ro is not included in the model.

RE 

RC RB

Ie

Ii

Ib Io

β re β Ib

+ + 

––

Vo Vi 
 

B 

E 

C 

Zi Zb Zo 

Fig. 3.45 AC equivalent circuit using re model

Input Impedance ( Zb )
Applying KVL to the input circuit of Fig. 3.45 we have 

 Vi  = Ib  b re + Ie RE  (3.72)

using  Ie  = ( 1 + b ) Ib

 Vi  = Ib  b re + ( 1 + b ) Ib RE

The input impedance looking into the network to the right of RB ( i.e., excluding RB ) is

 Zb  = 
i

b

V
I  =  b re + ( 1 + b ) RE  (3.73)

Since  b > > 1, ( 1 +  b )  »  b
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 ∴  Zb  »  b re +  b RE

 or  Zb  =  b ( re + RE )  (3.74)

Usually re  RE .
Now Equation (3.74) can be further reduced to 

 Zb  »  b RE  (3.75)

Input Impedance ( Zi )
Zi takes the effect of RB into account. It is given by the parallel combination of RB and Zb as shown 
in Fig. 3.46.

+ 

– 

Vi 

Zi 

Zb

Ii

RB

Fig. 3.46 Determining Zi

 Zi  = i

i

V
I

 = RB  ||  Zb  (3.76)

Output Impedance ( Zo )
To find Zo , we have to set Vi to zero. With Vi = 0 , Ib = 0 and therefore  b Ib = 0. Thus the controlled 
current source can be replaced by an open circuit as shown in Fig. 3.47.

RE 

RC 

Zo 

Fig. 3.47 Circuit to find Z0

From Fig. 3.47 we find that Zo is given by the parallel combination of RC and  ohms  
(open circuit).
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 Zo  = RC  ||  W
   Zo  = RC  (3.77)

Voltage Gain (AV )

 Vo  = – Io RC

  = –  b Ib RC

From Equation (3.73), 

Ib =  i

b

V
Z

 ∴  V0  = –  b i

b

V
Z

 
  

 RC

 AV  = o

i

V
V  

  = C

b

R
Z

-
β

  (3.78)

Using, Zb =  b( re + RE ) we have

 AV  = C

e E

R
r R

-
+

 (3.79)

Taking, re + RE » re we get

 AV  » C

E

R
R

-   (3.80)

Note that AV is b independent. As a result the voltage gain is independent of transistor, which 
is a desirable feature.

Current Gain ( AI )

 Io  = – o

C

V
R

 

 and  Ii  = i

i

V
Z

  

 Now  AI  = o

i

I
I  

  = – 0 i

C i

V V
R Z
é ù é ù
ê ú ê ú¸ê ú ê úë û ë û

  = – 0 i

i C

V Z
V R
é ù é ù
ê ú ê ú
ê ú ê úë û ë û
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 AI = – V i

C

A Z
R

  (3.81)

Effect of Unbypassed RE

Following are the effects of unbypassed RE on the performance parameters of the amplifier.

 · The input impedance increases by  b RE

 · Voltage gain decreases
 · Voltage gain is independent of b. Thus voltage gain is independent of the transistor and 

it depends only on the external components RC and RE. It means that voltage gain is 
stabilized.

  The reason for these results is that, there is an ac negative feedback through RE.

Phase Relationship
The negative sign in equation for AV reveals that Vi and Vo are 180° out of phase.

 3.21 Ce emitter bias CoNfiguratioN with bypassed RE

Figure 3.48 shows CE emitter bias configuration with RE bypassed by an emitter bypass  
capacitor CE.

RC 
RB 

RE 

VCC 

C2

C1

 

 

Io

Vo 
Ii

Vi 

Zi 

Zo

CE 

Fig. 3.48 CE emitter bias configuration with bypassed RE

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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RC 

RB  

 

Io

Vo

Ii
Vi

Zi 

Zo 

B 

E 

C 

Fig. 3.49 AC equivalent circuit

Example 3.9

For the circuit shown below calculate
 (a)  re (b) Zi

 (c)  Zo (d)  AV

 (e)  AI

Take  b = 120 and ro = 40 kW

20 V

2 kΩ
470 kΩ 

0.6 kΩ

 Io

Vo 
Ii

Vi 

Zi 

Zo
10 µF

10 µ F 

Solution

(a)  IB  = ( )
–
1

CC BE

B E

V V
R R+ +β  

  =  ( )( )
20V – 0.7 V

470 k + 121 0.6kΩ Ω  = 35.57 mA.

 IE  = (1 +  b) IB = (121) (35.57 mA) = 4.3 mA
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 re  = 
26mV

EI  = 26mV
4.3 mA

 = 6.04 W

(b)    Zb  = b ( RE + re ) = 120 (600 W + 6.04 W) = 72.72 kW

 Now  Zi  = Zb  || RB = 72.72 kW || 470 kW = 62.98 kW

(c)  Zo  » RC = 2 kW  

(d) AV  » – C

b

R
Z

b
 = – 

( )( )
( )
120 2 k
72.72 k

Ω
Ω  = – 3.3

(e)  AI  = – V i

C

A Z
R

 = – ( )( )–3.3 62.98 k
2 k

Ω
Ω

 = 103.92.

Note : If RE is bypassed by CE 

 · re remain unchanged since CE does not affect dc conditions.
 · In the calculations of Zb , Zi , AV and AI , we have to substitute RE = 0 W, since RE will be 

shorted out by CE .

 3.22 CommoN–emitter CoNfiguratioN usiNg voltage 
 divider bias with uNbypassed RE 
Figure 3.50 shows common-emitter configuration using voltage divider bias with unbypassed 
RE. 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 RB equal to the parallel combination of R1 and R2. Hence 
the analysis given in section 3.20 can be readily applied to this circuit.

RC 

R2

R1

RE

VCC 

C2

C1

 

Io

Vo

Vi 

Zi 

Zo

Fig. 3.50 CE Voltage divider configuration with un bypassed RE 
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RC

RE

Vo

Ii

Io

Vi

Zi Zo 

R1 || R2

Fig. 3.51 AC equivalent circuit

Example 3.10 

For the circuit shown below calculate

(a) re , Zi and Zo       (b)  AV and AI

Take  b = 210 and ro = 50 kW.

16 V 

0.68 kΩ 

2.2 kΩ 

10 kΩ

90 kΩ C2

C1

 

 

Io

Ii
Vo

Vi 

Zi 

Zo

Solution 
Using approximate analysis for voltage divider bias (since b RE > 10 R2 ) we get 

 IE = 1.324 mA

(a) re = 
26mV

EI
 = 26mV

1.324mA
 = 19.64 W.
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  RB = RTh  =  R¢
  = R1 || R2  = 90 kW || 10 kW = 9 kW

 Zb  »  b(re + RE) = 210 (19.64 W + 0.68 kW) = 146.92 kW

 Zi  = Zb || RB = 146.92 kW || 9 kW = 8.48 kW

  Zo = RC  = 2.2 kW

(b)  AV  » – C

e E

R
r R+

 = – 
2.2 k

19.64 + 0.68 k
Ω

Ω Ω
 = – 3.14

  AI  = – V i

C

A Z
R

= – 
( )( )

( )
–3.14 8.48 k

2.2k
Ω

Ω
 = 12.1

 3.23 voltage divider bias aNd emitter bias 
 CoNfiguratioNs with partly bypassed RE

Figure 3.52 shows emitter-bias configuration with partly bypassed RE. The voltage divider bias 
configuration with partly bypassed RE is shown in Fig. 3.53.

For dc operation, CE acts as an open circuit. Hence the emitter resistance for dc analysis  
(i.e., for the calculation of re ) is RE = RE1 + RE2

.
For ac operation, RE2

 is shorted out by CE. Hence for ac analysis (i.e., to calculate Zi , AV etc)  
the emitter resistance is, RE = RE1

. 

RC 
RB 

RE2

RE1

VCC 

C2

C1

 

 

Io

Vo

Ii

Vi

Zi 

Zo

CE

Fig. 3.52 Emitter-bias configuration with partly bypassed RE
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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 

 RB = RTh  =  R¢ = R1 || R2

RC

R2

R1 

RE1

RE2 

VCC

C2

CE

C1

Io

Ii

Vo

Vi

Zi 

Zo

Fig. 3.53 Voltage divider-bias configuration with partly bypassed RE

 3.24 emitter-follower CoNfiguratioN
Figure 3.54 shows the circuit of emitter-follower configuration.

Ii

Io

RB

RE 

C

C2C1

Vi 

VCC

Vo E 

B 

Zi

Zo 

Fig. 3.54 Emitter-follower configuration
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The input signal Vi is applied to the base of transistor through the input coupling capacitor C1. 
The output signal Vo is taken at the emitter through the output coupling capacitor C2.

Let us draw the ac equivalent circuit by reducing VCC to zero and replacing the capacitors C1 
and C2 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 Vi is the sum of ac base-emitter voltage 
Vbe and ac output voltage Vo.

 ie.  Vi   = Vbe + Vo

Neglecting Vbe we can write

 Vo  » Vi  (3.82)

The output voltage (emitter voltage) follows the input voltage (base voltage). Hence the name 
emitter follower.

From Equation (3.82) we have

 AV  = o

i

V
V  » 1  (3.83)

Thus for emitter follower the voltage gain is approximately unity.

E

Ii

Io
RB

RE 

C

Vi

Vo

B

Zi Zo

– –

+

+

Fig. 3.55 AC equivalent circuit

Let us replace the transistor in the circuit of Fig. 3.55 by its re model as shown in Fig. 3.56. 
Note that ro is not considered for simplicity.
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RE 

RB Ie 

Io

Ii

Ib

β re β Ib

+

+

––
Vo

Vi 

 

B 

E 

C 

Zi Zb Zo

Fig. 3.56 AC equivalent circuit with re model

Input Impedance ( Zi  )
Applying KVL to the input circuit we have

 Vi  =  Ib   b re + Ie RE

Using Ie = ( 1 +  b ) Ib we have 

 Vi  =  Ib  b re + (1 +  b) Ib RE

 Now  Zb  = i

b

V
I

 =  b re + (1 +  b) RE  (3.84)

 Zi  = i

i

V
I  = RB  ||  Zb  (3.85)

Since (1 + b ) » b , Equation (3.84) becomes

 Zb  »  b( re + RE )  (3.86)

Taking re + RE » RE , we can write

 Zb  »  b RE  (3.87)

Output Impedance ( Zo  )

Consider  Zb = i

b

V
I

   Ib = i

b

V
Z

Using  Ib  = 
1

eI
+ b

  we have

 1
eI

+ β   = i

b

V
Z  

 Ie  = 
( )1 i

b

V
Z
β+
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Substituting for Zb from Equation (3.84) we have

 Ie  = 
( )
( )

1
1

i

e E

V
r R

+

+ +

b

b b
  (3.88)

 ( 1 +  b )  »  b

  b re + ( 1 +  b ) RE  »  b ( re + RE )

Using these relations in Equation (3.88) we have

 Ie  » 
( )

i

e E

V
r R
b

b +
 

 Vi  » Ie ( re + RE )

 or Vi » Ie  re + Ie  RE  (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 Ie RE  gives the output voltage Vo .

+

–
Vi

Vo

Zo

RE 

re 

~
Ie

Fig. 3.57 Circuit representation of Equation (3.89)

To find Zo let us set Vi to zero. The resulting circuit is shown in Fig. 3.58.

Zo

RE 

re 

Fig. 3.58 Circuit to find Zo

Since re and RE are in parallel we have

 Zo  = re || RE = e E

e E

r R
r R+

  (3.90)
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Taking re + RE » RE, we get

 Zo  » e E

E

r R
R

 

 or  Zo  » re  (3.91)

Voltage Gain ( AV  )
Applying voltage division rule to the circuit of Fig. 3.57 we have

 Vo  = E

e E

R
r R+

 Vi

 Now  AV = o

i

V
V

 = E

e E

R
r R+

  (3.92)

Usually RE  re  ∴  RE + re  » RE 

 AV  = o

i

V
V

 » 1  (3.93)

 or  Vo  » Vi

Note that the output voltage follows the input voltage as stated earlier.

Current Gain ( AI  )

 Vo = Ie RE = – Io RE  [  Ie = – Io ]

 ∴ Io = – o

E

V
R

 Also  Ii  = i

i

V
Z

 

 Now  AI  = o

i

I
I

 

  = – o

E

V
R

é ù
ê ú
ê úë û

 ÷ i

i

V
Z
é ù
ê ú
ê úë û

  =  – o

i

V
V
é ù
ê ú
ê úë û

 i

E

Z
R
é ù
ê ú
ê úë û

 AI  = – V i

E

A Z
R

  (3.94)

Phase Relationship
The positive sign for AV in Equation (3.93) reveals that Vo and VI are in phase.

Note : ro has no significant effect on ac analysis.
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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 RB by R1 || R2.

Ii

Io

R1

R2 RE

C2C1

Vi

VCC

Vo

Zi 
Zo 

Fig. 3.59 Emitter follower using voltage divider bias

 3.26 emitter follower usiNg ColleCtor resistor
Figure 3.60 shows the circuit of emitter follower using collector resistor RC . The presence of 
RC affects only the dc operation of the circuit. Since RC 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 RB by R1 || R2. It is important to note that since the addition of RC does not affect IE , the 
value of re remains unchanged. Only VCE will get affected. 
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Ii

Io

R1

R2 RE

RC

C2C1

Vi 

VCC

Vo

Zi 
Zo 

Fig. 3.60 Emitter follower using collector resistor

Example 3.11

For the emitter follower shown below calculate

 (a) re     (b)  Zi and Zo    (c)  AV and AI 

 Take  b = 100 and ro = .

Ii
Vi

Vo

Zi Zo 

4.7 µ F 4.7 µF

3.3 kΩ

220 kΩ

12 V
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Solution

(a)  IB  = ( )
–

1
CC BE

B E

V V
R Rb+ +

 

  =  ( )( )
12 V – 0.7 V

220 k + 101 3.3 kΩ Ω  = 20.42 mA

 IE  = (1 +  b) IB = (101) (20.42 mA) = 2.062 mA

 re  = 
26mV

EI  = 
26mV

2.062mA  = 12.61 W

(b) Zb  =  b re + ( 1 +  b ) RE

  = (100) (12.61 W) + (101) (3.3 kW) = 334.56 kW

 Zi  = RB || Zb = 220 kW || 334.56 kW = 132.72 kW

  Zo  = RE || re = 3.3 kW || 12.61 W = 12.56 W

(c)  AV  = E

E e

R
R r+  = 

3.3 k
3.3 k + 12.61 

Ω
Ω Ω

 = 0.996

  AI  = – V i

E

A Z
R  = – 

( )( )
( )

0.996 132.72 k
3.3 k

Ω
Ω

 = – 40

Example 3.12

For the circuit shown below calculate

 (a) re      (b)  Zi and Zo    (c)  AV and AI

Take  b = 100 and ro = 50 kW

 

Io

Ii

Vo

Vi

Zi
Zo 

100 kΩ 

15 kΩ
1.2 kΩ

4 kΩ

18 V 
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Solution
(a) Using exact analysis for voltage divider bias circuit (since b RE < 10 R2 ) we get 

  IE = 1.23 mA

  re = 
26mV

EI  = 
26mV

1.23mA
 = 21.13 W

(b) Zb  =  b (re + RE) = 100 (21.13 W +1.2 kW) = 122.11 kW

 Zi  = RB || Zb

 RB  = 100 kW || 15 kW = 13.04 kW

 Zi  = 13.04 kW || 122.11 kW = 11.78 kW

  Zo  = RE || re = 1.2 kW || 21.13 W = 20.76 W

(c)  AV = E

e E

R
r R+

 = 
1.2 k

21.13 +1.2 k
Ω

Ω Ω
 = 0.983

  AI = – V i

E

A Z
R  = – 

( )( )
( )

0.983 11.78 k
1.2 k

Ω
Ω

 = – 9.65

 3.27 CommoN-base CoNfiguratioN
Figure 3.61 shows the circuit of common-base configuration.

RC

VCC

Ii Ie Ic

Io

+ + 

––

Vo 
Vi  

E

B 

C 

Zi Zo

RE

VEE

Fig. 3.61 Common-base configuration

The ac equivalent circuit is drawn in Fig. 3.62 by replacing the transistor with its re equivalent 
model. The output impedance ro of the transistor in CB configuration is typically in the mega ohm 
range. Hence it is ignored in parallel with RC.
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RC 

Ii Ic

IoIe

+ + 

– – 

Vo 
Vi  

E

B 

C 

Zi Zo 

RE re α Ie

Fig. 3.62 AC equivalent circuit with re model

Input Impedance ( Zi  )
From the ac equivalent circuit of Fig. 3.62 we find that Zi is given by the parallel combination of 
RE and re .

 Zi = i

i

V
I

 = RE || re  (3.95)

Since re  RE

 Zi  » re  (3.96)

Output Impedance ( Zo  )
To find Zo, we have to set Vi = 0. with Vi = 0, Ie = 0 and therefore α Ie = 0. Thus the current source 
should be replaced by its open circuit equivalent as shown in Fig. 3.63.

Zo

RC 

C 

Fig. 3.63 Circuit to find Z0

From the circuit of Fig. 3.63 we find that

 Zo  = RC  (3.97)
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Voltage Gain ( AV  )
Refer the circuit of Fig. 3.62

 Vo  = – Io RC

  = – ( – Ic ) RC  (  Ic = – Io )
  = Ic RC

 Vi  = Ie re

  = cI
α

 re     (  Ic = α Ie )

 Now  AV  = o

i

V
V

 

  = [ Ic RC ] ÷ c eI ré ù
ê ú
ê úë û

 AV  = C

e

R
r

α
  (3.98)

 AV  » C

e

R
r

      (Since α » 1) (3.99) 

Current Gain ( AI )
Since re  RE , we can take Ie » Ii

 Io = – Ic  = – α Ie

 AI  = 0

i

I
I

 = – e

e

I
I

α

 AI  = – α  (3.100)

 Since  α » 1, AI  » – 1  (3.101)

Phase Relationship
The positive sign for AV reveals that, the input voltage Vi and the output voltage Vo are in phase.

Effect of ro 
For the CB configuration, the output resistance ro =1 obh  is typically in the megohm range and 
much larger than the parallel resistance RC. Hence we can take 

 ro || RC  » RC

 3.28 importaNt CharaCteristiCs of Cb CoNfiguratioN

Following are the important characteristics of CB configuration.

• Very low input impedance.
 Zi  = RE || re » re
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• High voltage gain.

 AV  » C

e

R
r   1  [ Since re   RC ]

• Approximately unity current gain.
• High output impedance, since ro is typically in the megohm range.
• Input and output voltages are in phase.

 3.29 appliCatioNs of Cb CoNfiguratioN
Due to its low input impedance C B amplifier overloads most signal sources. Thus C B 
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

(a) re       (b)  Zi  and  Zo     (c)  AV  and  AI

Take b = 499 and ro = 1 MW.

Ii

Io

VoVi  

Zi Zo 

6 V 
 

– 10 V

4.7 kΩ 6.8 kΩ 

Solution

   = 
1+

b

b
  =  0.998

(a) IE  = 
–EE BE

E

V V
R

 = 
6V – 0.7V

6.8 kΩ
 = 0.779 mA

 re  = 
26mV

EI
=

26mV
0.779mA

= 33.38 W
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(b) Zi  = RE || re = 6.8 kW || 33.38 W = 33.21 W
 Zo  = RC = 4.7 kW

(c)  AV  = C

e

R
r

α  = 
( )( )0.998 4.7 k

33.38
Ω

Ω
 = 140.52

 AI  = – α = – 0.998.

 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 RF  to increase the stability of the system.

Ii

Io

Vi

Vo

Zi 

Zo E 

B 

C1

C2RF 

RC 

VCC 

C 

Fig. 3.64 Collector feedback configuration

The ac equivalent circuit is drawn by reducing VCC to zero and replacing C1 and C2 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.

Ii
IoVi

Vo

Zi Zo 

E 

B 

RF 

RC

C 

Fig. 3.65 AC equivalent circuit
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Let us replace the transistor by its re equivalent model as shown in Fig. 3.66. Note that in the 
re model, the output resistance ro of the transistor is not included, for simplicity.

RC 

Ii

Io

Ib

++

––

Vo 
Vi  

B

E 

C

Zi Zo

β Ibβ re

RF

I′

Fig. 3.66 AC Equivalent circuit with re model

Input Impedance ( Zi  )

 Vi  = Ib  b re  (3.102)

Applying KCL at the base node we have

 Ib  = Ii + I ¢  (3.103)

 I ¢  = 0 i

F

V V
R
-

 

 I ¢ = 0

F

V
R

 – i

F

V
R

 (3.104)

 Vo  = – Io RC  (3.105)

Applying KCL at the collector node we have

 Io  =  b Ib + I ¢

Usually   b Ib   I ¢

Thus  Io  »  bIb

Using this relation in Equation (3.105) we have

 Vo  = –  b Ib RC
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Substituting for Ib from Equation (3.102)

 Vo  = –  b i

e

V
r

æ ö÷ç ÷ç ÷ç ÷ç ÷è øβ
 RC = – Vi 

C

e

R
r

Substituting this relation in Equation (3.104) we have

 I ¢  = – Vi 
C

e F

R
r R

 – i

F

V
R

 I ¢  = – 
1

FR
 1 C

e

R
r

é ù
ê ú+ê úë û

 Vi  (3.106)

Let us substitute this relation in Equation (3.103)

 Ib  = Ii  – 
1

FR
 1 C

e

R
r

é ù
ê ú+ê úë û

Vi

 i

e

V
rβ

  = Ii – 
1

FR
 1 C

e

R
r

é ù
ê ú+ê úë û

Vi

 Vi  = Ii  b re – e

F

r
R
β

 1 C

e

R
r

é ù
ê ú+ê úë û

Vi

 Vi  1 1e C

F e

r R
R r

é ùé ù
ê úê ú+ +ê úê úê úë ûë û

b  = Ii  b re

Now  Zi = i

i

V
I

  = 
1 1

e

e C

F e

r
r R

R r
é ù
ê ú+ +ê úë û

b

b
  (3.107)

Usually,  RC  re      1 + C

e

R
r

 » C

e

R
r

Hence  Zi  » 
1

e

C

F

r
R

R
+

b
b

 

 or  Zi  = 1
e

C

F

r
R
R

+
b

  (3.108)

Output Impedance ( Zo )
Το find Zo, let us set Vi = 0. With Vi = 0, Ib = 0 and hence  b Ib = 0. The circuit to find Zo is shown 
in Fig. 3.67.
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Zo Zo 

RC RC 

RF 

RF 

C C 

E E 

β re β Ib = 0
Vi = 0

≡

Fig. 3.67 Circuit to find Z0

Zo is given by the parallel combination of RF and RC

 ∴  Zo  = RF || RC  (3.109)

Voltage Gain ( AV )
Refer the circuit of Fig. 3.66

 Io =  bIb + I ¢  »  bIb  Since  b Ib  I ¢

 V0  = – Io RC = –  b Ib RC

 Vi  = Ib  b re      (From Equation (3.102))

 AV = 0

i

V
V   = – b C

b e

I R
I r
b

b
 

 AV  = – C

e

R
r  (3.110)

Current Gain ( AI )

 Vo  =  – Io RC     Io = 0

C

V
R
-

 Vi = Ii Zi     Ii = i

i

V
Z

 Now  AI  = o

i

I
I

  = o C

i i

V R
V Z
-

  = – 0

i

V
V

i

C

Z
R

 \  AI  = –  AV i

C

Z
R

  (3.111)
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Phase Relationship
The negative sign for AV in Equation (3.110) implies a 180° phase shift between Vo and Vi .

Note : If an emitter resistance RE which is unbypassed and included in the circuit of Fig. 3.64 the 
expressions for Zi  and AV gets modified as follows.

 \  Zi  = 1
E

E C

F

R
R R

R
+

+
b

  Zo =  RC || RF  (same as before)

  AV =  – C

E

R
R

Example 3.14

For the circuit shown below calculate

(a) re        (b)  Zi and Zo       (c)  AV and AI

Take  b = 200 and ro = 60 kW.

Ii

Io

Vi

Vo

Zi 

Zo 

180 kΩ

10 µF

10 µF

9 V 

2.7 kΩ 

Solution

(a)  IB  = CC BE

F C

V V
R R

-
+ β  = ( )( )

9 V 0.7 V
180 k + 200 2.7 k

-
Ω Ω

  = 11.53 mA
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 IE  = (1 +  b) IB = (201) (11.53 mA) = 2.32 mA

 re  = 
26mV

EI
 = 26mV

2.32 mA
 = 11.21 W

(b) Zi  = 1
e

C

F

r
R
R

+
β

 = 
11.21

1 2.7 k
200 180 k

+

Ω
Ω
Ω

 = 560.5 W

 Zo  = RC || RF = 2.7 kW || 180 kW = 2.66 kW

(c)  AV  =  – C

e

R
r

= – 2.7 k
11.21 

Ω
Ω

 = – 240.86.

 AI = – V i

C

A Z
R

 = – 
( )( )240.86 560.5

2.7 k
- Ω

Ω
 = 50

 3.31 ColleCtor dC feedbaCk CoNfiguratioN
Figure 3.68 shows the circuit of collector dc feedback configuration. For dc operation capacitor 
C3 acts as an open circuit. Hence the total dc feedback resistance is RF1 + RF2. For ac operation 
C3 acts as a short circuit. Thus RF1 appears on the input side and RF2 on the output side. The split 
feedback resistor arrangement improves the stability of the system.

Ii

Io

Vi 

Vo

Zi 

Zo

E 

B 
C1

C2 
C3 

RF 

RC 

VCC 

C 

1 
RF 2 

Fig. 3.68 Collector dc fedback configuration

The ac equivalent circuit is drawn by reducing VCC to zero and replacing the capacitors by their 
short circuit equivalents as shown in Fig. 3.69.
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Ii

Io

Vi

Vo

Zi Zo

E 

B 

RF2 

RF1

RC 

C 
+ 

+

––

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 re model as shown in Fig. 3.70.

ro RF2 

Ii

Io

β IbIb

+ + 

– – 

Vo Vi 
 

B C 

Zi Zo 

RF1 
β re RC 

E 

Fig. 3.70 AC equivalent circuit with re model

Input Impedance ( Zi )
As seen from the input circuit of Fig. 3.70, Zi is given by the parallel combination of RF1

 and  
b re .

 \  Zi = i

i

V
I

  = RF1
 || b re  (3.112)

Output Impedance ( Zo )
To find Zo , let us set Vi  = 0.

With Vi = 0 , Ii = 0 , Ib = 0 and therefore b Ib = 0 .
The output equivalent circuit under this condition is shown in Fig. 3.71.
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Zo

RF2 RC 

C 

E 

ro 

Fig. 3.71 Circuit to find Z0

 Zo  = ro || RF2
 || RC  (3.113)

If ro ≥ 10 RC , ro || RC  » RC

 Zo  » RF2
 || RC  (3.114)

Voltage Gain ( AV )
Refer the circuit of Fig. 3.70.

Let us take,   

 R¢ = ro || RF2
 || RC  (3.115)

The simplified output equivalent circuit is shown in Fig. 3.72.

+

–

VoR′β Ib

Fig. 3.72 Circuit to find Vo

 Vo  = –  b Ib R¢

 Vi  =  b re Ib

 AV = 0

i

V
V   = – 

'b

e b

I R
r I

β
β

 

 AV  = – 
'

e

R
r

  (3.116)

 For ro ≥ 10 RC ,  R¢  = ro || RF2
 || RC

  » RF2
 || RC
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 Now     AV  » – 2
||F C

e

R R
r

  (3.117)

Current Gain ( AI )

 Vo = – Io RC     Io = – o

C

V
R

 Vi = Ii Zi     Ii = i

i

V
Z

Now  AI = 0

i

I
I

  = 
( )
( )

0 C

i i

V R
V Z

-

 AI  = – AV i

C

Z
R

  (3.118)

Phase Relationship
The negative sign for AV clearly reveals that Vo and Vi are 180° out of phase.

Example 3.15

For the circuit shown below calculate

 (a) re       (b)  Zi and Zo       (c)  AV and AI

Take b = 140 and ro = 30 kW.

Ii

Io

Vi

Vo

Zi 

Zo 

10 µF 

10 µF

0.1 µF

120 kΩ 68 kΩ

12 V

3 kΩ 

Solution
(a) For dc operation, 0.1 mF capacitor acts as an open circuit.

Thus the total dc feedback resistance is 

 RF  = 120 kW + 68 kW = 188 kW.
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 IB  = CC BE

F C

V V
R R

-
+ b

 = ( )( )
12 V 0.7 V

188 k + 140 3 k
-

Ω Ω  = 18.59 mA

 IE = ( b + 1 ) IB  = (141) (18.59 mA) = 2.62 mA.

 re = 
26mV

EI
  = 

26mV
2.62mA

= 9.92 W

(b)  Zi  = RF1
 || b re = 120 kW || (140) (9.92 W) = 1.37 kW

  Zo  = ro || RF2
 || RC =  30 kW || 68 kW || 3 kW = 2.62 kW

(c)  AV  = – 2
|| ||o F C

e

r R R
r

 = – 
2.62 k
9.92

Ω
Ω

 = – 264.11

 AI  = – V i

C

A Z
R

 = – 
( )( )264.11 1.37 k

3 k
Ω

Ω
-

 = 120.61

 3.32 effeCts of Rs aNd RL

So for we have analyzed amplifiers with out the load resistance RL and the source resistance RS . 
Now let us proceed to analyze the amplifiers considering the effects of RS and RL . 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 RL not connected between the output terminals and with 
out considering RS as shown in Fig. 3.73.

BJT
AmplifierVi

+ +

_ _
Vo

Fig. 3.73 Defining no load voltage gain

The no load voltage gain is given by

  AVNL
 = o

i

V
V

 (3.119)

It is important to note that AVNL
 is exactly identical to AV determined in the preceding sections. 

Thus in the subsequent analysis we shall use for AVNL
, the relations derived earlier for AV .

Loaded Voltage Gain
The loaded voltage gain is defined with RL connected between the output terminals and without 
considering RS as shown in Fig. 3.74.
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BJT
Amplifier

+

_

Vi RLVo

+

_

Fig. 3.74 Defining loaded voltage gain

The loaded voltage gain is given by

  AV = o

i

V
V

 (3.120)

Though Equations (3.119) and (3.120) seem identical, the difference is that in the latter Vo is 
measured in the presence of RL with same Vi .

Loaded Voltage Gain with Source Resistance
The loaded Voltage gain taking RS into consideration is given by

  AVS = o

s

V
V

 (3.121)

+

_

ViVS RL

RS

Vo

+

_

~
+

_
BJT

Amplifier

Fig. 3.75 Defining loaded voltage gain with RS

3.32.1 methods of analysis of amplifiers with Rs and RL

There are two methods to analyze the amplifier networks with load and/or source resistance.
In the first method the re 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 re model approach. 

 3.33 fixed bias CommoN-emitter amplifier with Rs aNd RL 
Figure 3.76 shows the fixed bias CE amplifier with RS and R L . The ac equivalent circuit is drawn 
by replacing the transistor with its re model as shown in Fig. 3.77.
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~
+

_

RB

RL

RC

Io

Vs

Ii

VCC

C1

C2

Rs

Vo

Fig. 3.76 Fixed bias CE configuration with RS and RL

β Ib
β re ro

+

+ +

_

_ _

VoRLRC              
IoRB IbVi

Ii

Rs

E

Zi

~

Zo 

B

VS

C

Fig. 3.77 AC equivalent circuit

Input Impedance ( Zi  )
As seen from the input circuit of Fig. 3.77, the input impedance Zi , is given by the parallel 
combination of RB and b re .

 \  Zi = i

b

V
I

 = RB || b re (3.122)

which is same as before.

Output Impedance ( Zo  )
From the output circuit of Fig. 3.77 we find that, the output impedance is given by the parallel 
combination of ro and RC .

  Zo = ro || RC (3.123)

as before.
It is important to note that, Zo does not take RL into account.
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Voltage Gain
Let RL¢ represent the parallel combination of ro , RC and RL .

 Now RL¢ = ro  ||  RC  || RL  (3.124) 

To simplify the analysis let us ignore the effect of ro . 

  RL¢ = RC || RL

The simplified output equivalent circuit is shown in Fig. 3.78.

R'L

+

_

VoβIb

      

+

+

–

–
Zi

RS

Vi

Ii

VS ~

Fig. 3.78 Simplified output equivalent circuit  Fig. 3.79 Simplified input equivalent circuit

  Vo  =  – b Ib RL¢  (3.125)

From the input circuit of Fig. 3.77 

  Vi =  Ib  b re  (3.126)

  AV  = o

i

V
V

 

   = –  
'b L

b e

I R
I r

b

b

  AV = – L

e

R
r
¢

 = – 
||C L

e

R R
r

 (3.127)

To find AVS
 let us consider the input equivalent circuit shown in Fig. 3.79.

Using voltage division rule we have

  Vi =  VS   
i

S i

Z
R Z+

 or  i

S

V
V

 = i

S i

Z
R Z+

 (3.128)

   AVS = o

S

V
V  = o

i

V
V

 i

S

V
V

  AVS = AV  
i

i S

Z
Z R+  (3.129)
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The following interesting observations can be made with reference to the voltage gain.

(a)  AV =	 –	
||C L

e

R R
r

For an unloaded amplifier, RL =  W

 \  RC || RL = RC

 Thus  AVNL = – C

e

R
r

Since  RC || RL < RC , it follows that

  | AV |  < | AVNL
 |

The loaded voltage gain of an amplifier is always less than the no load voltage gain.

(b)   AVS = AV 
i

S i

Z
R Z+

 Since  i

S i

Z
R Z+   < 1, it follows that

  AVS  < AV

The voltage gain obtained with RS in place will always be less than that obtained under 
loaded or unloaded conditions.

Thus for the same configuration
  | AVNL

 |  >  | AV |  >  | AVS
 |

In total, the highest gain is obtained under no load condition and the lowest gain with a source 
impedance and load in place

(c) RL¢ increases with increase in RL. Therefore :
For a  particular design, voltage gain increases with increase in RL.

(d) With smaller RS , 
i

S i

Z
R Z+

 approaches unity so that 

AVS
 approaches AV . Thus : 

For a particular amplifier, the smaller the internal resistance of the signal source, the 
greater is the voltage gain.

Current Gain ( AI  )

  AI = o

i

I
I

  Vo = – Io RL  Io = – o

L

V
R
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  Vi = Ii Zi   Ii = i

i

V
Z

 Now AI = 
( / )
( / )

o L

i i

V R
V Z

-
 

   = – o

i

V
V
æ ö÷ç ÷ç ÷ç ÷ç ÷è ø

i

L

Z
R

æ ö÷ç ÷ç ÷ç ÷ç ÷è ø

  AI = – AV i

L

Z
R

æ ö÷ç ÷ç ÷ç ÷ç ÷è ø
 (3.130)

  also AI = – 
L

V i

C R

A Z
R

= 

Example 3.16 

For the fixed bias configuration shown below

(a) Calculate AVNL
 , Zi and Zo

(b) Calculate AV , AVS
 and AI

(c) Calculate Vo if VS = 20 mV
Take b = 100.

~
+

_

Io

Zi Zo

Ii

Vs

18 V

3.3 kΩ

4.7 kΩ

680 kΩ

600 Ω

C1

C2

Vo

Solution 

(a)  IB = CC BE

B

V V
R
-  =  

18V 0.7V
680k
-

W
 = 25.44 mA

  IE = ( 1 + b ) IB = (101) (25.44 mA) = 2.57 mA
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  re = 26mV

EI
 = 

26mV
2.57mA

= 10.116 W

  AVNL =  – C

e

R
r

 = __ 3.3k
10.116

W

W
 = – 326.22

  Zi =  RB || b re = 680 kW || (100) (10.116 W) = 1.01 kW

  Zo =  RC = 3.3 kW

(b)  AV =  – 
||C L

e

R R
r

 = – 
3.3 k || 4.7 k

10.116
W W

W
 = – 191.65

  AVS = AV  
i

S i

Z
R Z+

 = (– 191.65) 1.01k
0.6k 1.01k
é ù
ê ú
ê ú+ë û

W

W W

   = – 120.22

  AI = – AV i

L

Z
R

 = – ( – 191.65 ) 
1.01 k
4.7 k

W

W
 = 41.18

(c)  AVS = o

s

V
V

    Vo = AVS
 VS

  Vo = (– 120.22) (20 mV) = – 2. 4 V

 3.34 CommoN-emitter voltage divider bias 
 CoNfiguratioN, with Rs aNd RL 
Figure 3.80 shows CE voltage divider bias configuration with RS and RL  . Its ac equivalent circuit 
using re model is shown in Fig. 3.81.

~
+

+

_

_

RL

Io

VS

Ii

Rs

Vo

VCC

RC

C1 C2

R2

RE CE

R1

Fig. 3.80 CE voltage divider bias configuration with RS and RL
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β Ibβ re ro

+

+

_

_

VoRL

Io

R2 Ib

Ii

Rs

E

Zi

~

Zo

B

Vs R1

C

RC

Fig. 3.81 Ac equivalent circuit using re model

Following the same procedure given in the previous section we obtain the following results.
 
 ·  Zi = R¢ || b re

 where R¢ = R1 ||R2

 ·  Zo = ro || RC

 ·  AV = – 
||C L

e

R R
r

 ·  AVNL = – C

e

R
r

 ·  AVS = o

S

V
V

 

    = AV  i

S i

Z
R Z+

 ·  AI = o

i

I
I

 = –  V i

L

A Z
R

 ·  AI = – 
L

V i

C R

A Z
R

= 

 3.35 emitter-follower CoNfiguratioN with Rs aNd RL

Figure 3.82 shows the emitter-follower configuration with RS and RL. Its ac equivalent circuit 
using re model is shown in Fig. 3.83.

To simplify the analysis ro is not included in the model.
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~

+

+ +
_

_ _

RL
Io

VS

Ii

Rs

Vo

VCC

C

C1

C2
RE

RB

B

E
Vi

Fig. 3.82 Emitter-follower configuration with RS and RL

β Ibβ re

+

+

+

_

_ _

Io

RB

Ib

RS

Ii

Zi

~

Zo

B

Ie
E

Vo
RL

Zb

RE

ViVs

C

Fig. 3.83 Ac equivalent circuit using re model

The analysis given in section 3.24 can be readily applied to this circuit by replacing RE with  
RE || RL in the equations of Zb and AV . The results are given below.

 ·  Zb =  b re + ( 1 + b ) ( RE || RL ) » b ( RE || RL ) (3.131)

 ·  Zi = RB || Zb (3.132)

 ·  Zo = re || RE  »  re (3.133)

 ·  AV = ||
||

E L

e E L

R R
r R R+

 (3.134)
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 ·  AVNL = E

e E

R
r R+

 (3.135)

 ·  AVS =  AV   
i

i S

Z
Z R+  (3.136)

 ·  AI = –  V i

L

A Z
R

 (3.137)

 ·  AI = – 
L

V i

C R

A Z
R

= 

 3.36 Ce emitter-bias CoNfiguratioN with Rs aNd RL 
Figure 3.84 shows CE emitter-bias configuration with RS and RL. For this circuit the analysis given 
in section 3.22 can be used by replacing RC by RC || RL in the equation of AV .

~

+

+

+

_

_ _

RL
Io

VS

Ii

Vo

VCC

C
C1 C2

RE

RB

B

E
Vi

RS

RC

Zi Zo

Fig. 3.84 CE emitter–bias configuration with RS and RL

The results are as follows : 

 ·  Zb = b re + ( 1 + b ) RE (3.138)
 ·  Zi = RB || Zb (3.139)
 ·  Zo = RC (3.140)

 ·  AV = – 
||C L

e E

R R
r R+

 (3.141)
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 ·  AI = – V i

L

A Z
R

  (3.142)

 ·  AVNL = – C

e E

R
r R+

 (3.143)

 ·  AI = – 
L

V i

C R

A Z
R

= 

 (3.144)

 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 Zi , output impedance 
Zo and the voltage gain AVNL

. These parameters are specified for the unloaded condition. Using 
these results, the gain and impedances can be calculated under loaded conditions. 

Vi

+ +

_ _
Vo

AVNL

Zi Zo

Ii Io

Fig. 3.85 Two – port system 

The input Voltage Vi and the input current Ii are related by Vi = Ii Zi. Therefore, between the 
input terminals, the amplifier can be represented by an impedance Zi .

Under no load condition

  AVNL = o

i

V
V

  Vo = AVNL
 Vi 

Thus at the output side, the amplifier can be represented by a controlled voltage source,  
AVNL

 Vi. Also it is appropriate to place the output impedance Zo in series with the controlled voltage 
source.

The voltage source AVNL
 Vi in series with the impedance Zo is referred to as Thevenin equivalent 

circuit. We oftenly write
  VTh =  AVNL

 Vi

 and  ZTh = Zo

where VTh is the open circuit voltage or the Thevenin voltage or no load output voltage and ZTh is 
the Thevenins impedance.

For BJT and FET amplifiers, both Zo and Zi are resistive. Thus we represent Zi by Ri and 
Zo by Ro. The two port representation of the amplifier with its internal elements is shown in  
Fig. 3.86.
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+

_

Vi

Zi Zo

Vo

+

+

_

_~Ri

RoIi Io

AVNL Vi

Fig. 3.86 Amplifier represented by two – port system 

Now let us justify the placement of the parameters Ro and AVNL
 in the output circuit. Applying 

KVL to the output circuit, we have 
AVNL

 Vi + Io Ro – Vo = 0.

Under no load condition (output open circuited), Io = 0.

  \ Vo = AVNL
Vi = open circuit output voltage.

 or  AVNL =   o

i

V
V

 =  no load or open circuit voltage gain.

To find the output impedance, we set Vi = 0. As a result AVNL
 Vi = 0 which represents a short 

circuit. The resulting circuit is shown in Fig. 3.87.

Ro

AVNL Vi = 0 

Zo = Ro  

~
+

+

_ _

Ii

Vi Ri
Ro Io

Vo

AVNL Vi

Fig. 3.87 justifying the placement of Ro  Fig. 3.88 Two port notation for op–amp

The circuit of Fig. 3.87 we find that Zo = Ro which justifies the placement of Ro. 
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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.

 3.38 aNalysis of amplifiers usiNg two – port system
 approaCh CoNsideriNg the effeCts of Rs aNd RL

Figure 3.89 shows the two port representation of an amplifier driven by a source of internal 
resistance RS and supplying the load RL.

+

+

+

+

_

_

_

_

Vo RL

Io

Vi

Ii
Rs

Zi

~ ~

Zo

Vs

Ro

Ri AVNL Vi

Fig. 3.89 Two - port system with RS and RL

Using voltage division rule in the input circuit we have

  Vi = i

S i

R
R R+

  VS (3.145)

 or  i

S

V
V

 = i

S i

R
R R+

 (3.146)

Applying voltage division rule to the output circuit we get

  Vo = L

o L

R
R R+

 AVNL Vi (3.147)

 or   AV =  o

i

V
V

 = L

o L

R
R R+

 AVNL (3.148)

The total voltage gain is given by

  AVS = o

S

V
V

   = o

i

V
V

 i

S

V
V

 (3.149)

Substituting Equations (3.146) and (3.148) into Equation (3.149) we have

  AVS = i

S i

R
R R+

. L

o L

R
R R+

AVNL (3.150)
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The current gain is given by 

  AI = o

i

I
I

Using Io = – o

L

V
R

 and Ii = i

i

V
R

 we get

  AI = 
( )
( )

o L

i i

V R
V R

−
 

   = __ o

i

V
V

. i

L

R
R

  AI = – i
V

L

RA
R

 (3.151) 

The current gain taking RS into account is given by

   AIS = o

i

I
I

 But  Ii = S

S i

V
R R+

 \  AIS
 = (– Vo / RL) 

S

S i

V
R R+

   = – o

S

V
V  . S i

L

R R
R
+

  AIS = – AVS 

S i

L

R R
R
+

 (3.152) 

It is important to note that   AI  =  AIS when RS = 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
(c) Determine AV , AVS

 and AI 
(d) Calculate AV , AVS

 and AI when RL = 2.7 kW and RS = 0.3 kW. 



Transistor at Low Frequencies  313

Solution 
(a)   

  AVNL = – 326.22
  Zi = Ri = 1.01 kW  [as calculated in example 3.16]

  Zo = Ro = 3.3 kW

(b) The two port model is shown below.

+

+

+

+

_

_

_

_

Vo

RL

Io

Vi

Ii

~Vs

Ro

Ri

RS

 k Ω

0.6 k Ω

– 326.22 Vi1.01
~~

3.3 k Ω

4.7 k Ω

(c)   AV = L

o L

R
R R+

 AVNL 

   = 
4.7k

3.3 k 4.7k+
W

W W
 (– 326.22) =  – 191.65

  AVS =  AV   
i

S i

R
R R+

 

   = (– 191.65) 
1.01k

0.6k 1.01 k+
W

W W
 = – 120.22

  AI = – AV 
i

L

R
R

 = – ( – 191.65) 1.01k
4.7k

W

W
 = 41.18 

Note that these results agree with those obtained in example 3.16
(d)  RL = 2.7 kW  RS = 0.3 kW. 

  AV = ( – 326.22 ) 
2.7k

3.3k 2.7k+
W

W W
 = – 146.79

  AVS = ( – 146.79 ) 1.01 k
0.3 k 1.01 k+

W

W W
 =  – 113.17

  AI = – ( – 146.79 ) 
1.01 k
2.7 k

W

W
 = 54.91

Note : Similarly we can analyse any BJT configuration using two-port system approach, with RS 
and RL.
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Example 3.18

For the packaged amplifier shown below:
(a) Calculate AV for RL = 1.2 kW and 5.6 kW and compare these values with AVNL

.
(b) Calculate AVS

 with RL = 1.2kW.
(c) Determine AI  with RL = 5.6 kW.

+

_
Vi

Vs RLVo

+

_
~

+

_

Rs Ii Io

 AVNL = – 500
 Zi = 3 kΩ
 Zo = 2 kΩ 

       k Ω0.2

Solution:

(a)  AV = L

o L

R
R R+

 AVNL

 with RL =  1.2 kW  AV = 
1.2k

2k 1.2k+
W

W W
(– 500) 

    = – 187.5

 with RL = 5.6 kW AV = 
5.6k

2k 5.6k+
W

W W
 (– 500) 

    = – 368.42

Note that as RL decreases, AV also decreases. It is important to note that AV  AVNL
 for RL  Ro.

(b)  AVS = i

S i

R
R R+

 AV

 with   RL  = 1.2 kW, AV  = – 187.5

  AVS = 
3k

0.2k 3k+
W

W W
 (–187.5) 

   = – 175.78.

Note that AVS
  AV for Ri  RS .

(c)  AI = –  V i

L

A Z
R

 with   RL  = 5.6 kW, AV = – 368.42

  AI = – ( 368.42)(3k )
5.6k

- W

W
 = 197.36.
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Exercise Problems

 3.1 A CE fixed bias configuration has RC = 2 kW, RB = 330 kW, b = 100, ro = 50 kW  and  
VCC = 15 V. Calculate  Zi , Zo , AV  and  AI .

 3.2 A CE emitter-bias configuration with unbypassed RE has RC = 2.7 kW, RB = 390 kW,  
RE = 1.2 kW, b = 150, ro = 25 kW and VCC = 16 V. Calculate  Zi , Zo , AV  and  AI .

 3.3 The following component values are available for an emitter follower.
  R1 = 62 kW, R2 = 10 kW, RE = 1.5 kW, b = 200,  ro = 50 kW and VCC = 18 V.
  Calculate  Zi , Zo ,  AV  and AI .

 3.4 A CB amplifier has RC = 3.9 kW, RE = 3.3 kW,  VCC = 9 V, VEE = 4 V, b = 100. Calculate  Zi , 
Zo , AV  and  AI .

 3.5 A CE collector dc feedback configuration has VCC = 14 V, RC = 3.3 kW, RF1
 = 120 kW,  

RF2
 = 68 kW,  b = 140,  and ro = 50 kW. Calculate Zi , Zo , AV  and  AI .



Chapter 4

TransisTor Frequency response 

 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 

	 •	 Low frequency region
	 •	 Mid frequency region
	 •	 High frequency region.

The drop in the gain at low frequencies is due to the coupling capacitors ( CC and CS ) and 
bypass capacitors ( CE ).
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Bandwidth

Mid-frequency
High-frequency

AV

AV mid

=
Vo
Vi

0.707 AV mid

Low
frequency

10 100 1000 10,000 100,000 f2f1 1 MHz 10 MHz
f (log scale)

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 AV mid.

4.1.2 frequency response of transformer coupled amplifier
Figure 4.2 shows the frequency response of transformer coupled amplifier.

Bandwidth

Mid-frequency

AV mid
0.707 AV mid

Low
frequency

10 100 1000 10,000 100,000f2f1
f (log scale)

High-frequency

AV =
Vo
Vi

Fig 4.2 Frequency response of transformer coupled amplifier

The magnetising inductive reactance of the transformer winding is XL = 2 π	f L.
At low frequencies the gain drops due to the small value of XL . At  f  = 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.

Band width
AV mid

0.707 AV mid

AV =
Vo
Vi

10 ( f1) f2100 1000 100,00010,000
f (log scale)

1 MHZ

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 f1 and f2 at which the gain is 0.707 AV mid are called cut-off frequencies or corner 
frequencies or break frequencies. f1 is called the lower cut-off frequency and  f2 the upper cut-off 
frequency.

The band width or the pass band of the amplifier is given by

 Band width, BW = f2 – f1  (4.1)

The output voltage in the mid band is

  | Vo | = | AV mid |   | Vi  |

Output power in the mid band is

  Po (mid) = 
2| |o

o

V
R

   = 
2 2

mid| | | |V i

o

A V
R

 (4.2)

The output voltage at cut-off frequencies is 

  | Vo |  =  | 0.707 AV mid | | Vi |
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and the output power at cut-off frequencies is 

  Po (cut-off)  =  
2 2

mid| 0.707 | | |V i

o

A V
R

   =  0.5 
2 2

mid| | | |V i

o

A V
R

 or Po (cut-off)  =  0.5 Po (mid)  (4.3)

Note that the output power at cut-off frequencies is half the mid band power output. For this 
reason  f1 and  f2 are also called the half power frequencies. More specifically f1 is called the lower 
half-power frequency and  f2 the upper half power frequency.

4.1.5 normalised Gain versus frequency Plot
The normalized gain is obtained by dividing the gain AV at each frequency by the mid band gain 
AV mid . Therefore

  Normalised gain  =  
mid

V

V

A
A  (4.4)

Figure 4.4 shows the normalized gain versus frequency plot for an RC-coupled amplifier.
Note that:

	 •	 The normalised mid band gain is mid

mid

V

V

A
A

 = 1 and

	 •	 The normalised gain at cut-off frequencies is mid

mid

0.707 V

V

A
A

 = 0.707.

AV
AV mid

1
0.707

10 f1 f2100 1000 10,000 100,000 1 MHz 10 MHz
f (log scale)

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

  
mid

V

V dB

A
A  = 20 log10 

mid

V

V

A
A

 
 
  

  (4.5)

Normalised decibel voltage gain in mid band is

  20 log10 
mid

mid

V

V

A
A

 
 
  

  = 0

Normalised decibel voltage gain at cut-off frequencies is

 20 log10 
mid

mid

0.707 V

V

A
A

 
 
  

 = – 3 dB.

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 f1 and f2 are also called the  
3 dB frequencies. More specifically f1 is called the lower 3 dB frequency and f2 the upper 3 dB 
frequency.

Figure 4.5 shows the plot of normalised decibel voltage gain versus frequency for an  
RC-coupled amplifier.

AV
AV mid  (dB)

0 dB
–3 dB
–6 dB
–9 dB

–12 dB

10 f1 f2100 1000 10,000 100,000 1 MHz 10 MHz
f (log scale)

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 Vo lags Vi by an additional 
angle q1.	Therefore the total phase shift between Vo and Vi is more than 180°.  At high frequencies 
Vo leads Vi by an additional angle q2.	 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°

0°
10 f1 f2100 1000 10,000 100,000 1 MHz 10 MHz

f (log scale)

θ

Fig. 4.6 Phase plot of single stage RC-coupled amplifier

 4.2 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.

R

++

––

Vo
Vi

C

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

  XC = 
1

2 f Cπ
 (4.6)

At f  = 0,  XC = 	W
i.e. at low frequencies the capacitor acts as an open circuit as shown in Fig. 4.8.

R

++

––

Vo
Vi

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, Vo = 0.
At high frequencies, XC 	0	W
i.e., at high frequencies the capacitor acts as a short circuit as shown in Fig. 4.9.

R

++

––

Vo
Vi

Fig. 4.9 Capacitor acts as short circuit at high frequencies

Form the circuit of Fig. 4.9, we find that, Vo  	Vi . Note that as the input signal frequency 
increases from zero to the mid band value, the output voltage rises from zero to Vi 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 

  Vo =  i

C

V R
R j X−

Voltage gain is given by

  AV = o

i

V
V  = 

C

R
R j X−

  AV = 
1

1 CXj
R

 −   

 (4.7)

The magnitude of voltage gain is

  | AV | = 
2

1

1 CX
R

 +   

 (4.8)

Now let us find the gain at different frequencies:

	 · At  f  = 0,  XC = 
1

2 f Cπ
 = 	W

	 	 	 ∴	 | AV | = 0

	 · At high frequencies
  f →	∞		and therefore  XC →	0
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  as a result,  | AV | →	1 = | AV | mid

  Now   | AV | mid (dB) = 20 log10 (1) = 0 dB.

	 · When the capacitive reactance equals the resistance

   ie   XC  =  R (4.9)

    | AV | = 
1
2

  o

i

V
V

 = 
1
2

 or Vo = 0.707 Vi

The corresponding decibel gain is

  20 log10 
1
2

 = – 3 dB

Note that this condition must give the cut-off frequency 
From Equation (4.9)

  
1

2 f Cπ
 = R

  f  = 
1

2 RCπ
 

The frequency given by the above equation is the lower cut-off frequency or the lower 3dB 
cut-off frequency denoted by f1 .

	 ∴	 f1 = 
1

2 RCπ
 (4.10)

  CX
R

 = 
1

2 f C Rπ
 = 

1 1
2 RC fπ

   
   

  
 = 1f

f

Using this relation in Equations (4.7) and (4.8) we have 

  AV  =  
1

1

1 fj
f

 
−  

 

 (4.11)

  | AV |  =  
2

1

1

1 f
f

 
+  
 

 (4.12)

From Equation (4.11) the phase angle of AV is 

	 	 q1	 =  tan–1 1f
f

 
 
 

 (4.13)

Since q1 is positive, Vo		leads Vi  by an angle q1.
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In magnitude and phase form, Equation (4.11) can be written as

  AV  = | AV | 1θ

  AV  =  1 1
2

1

1 tan

1

f
ff

f

−  
 
  

+  
 

 (4.14)

Figure 4.10 shows the plot of  | AV | versus frequency.

1

0.707

0
f1

f

AV

Fig. 4.10 Low frequency response of high pass-RC circuit

Bode Plot of Low Frequency Response 
From Equation (4.12) we have

  | AV |  = 
2

1

1

1 f
f

 
+  
 

Voltage gain in dB is 

  | AV |
dB  = 20 log10 2

1

1

1 f
f

 
+  
 

 
 
 
 
 
 

   =  – 20 log10  
2

11 f
f

 
+  
 

 (4.15)

Now let us construct the plot of  | AV |dB versus frequency using the straight line segments by 
considering the following frequency ranges.
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1. For frequencies, f    f1 or 1f
f

  1

Equation (4.15) can be approximated by 

  | AV | 
dB  		–  20 log10  

2
1f
f

 
 
 

 or  | AV | 
dB

  =  – 20 log10 
1f
f

 
 
 

 (4.16)

| AV | 
dB is calculated at different values of 1f

f
 and tabulated in Table 4.1.

Table 4.1 | AV | dB  at different frequencies

f 1f
f | AV | dB = – 20 log10 

f
f

 
 
 

1

1

10
f

10 – 20 dB   

1

4
f

4 – 12 dB

1

2
f

2 – 6 dB

f1 1 0 dB

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 

changes from  1

4
f   to  1

2
f  or  1

2
f   to  f1  (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  1

10
f   to  f1  (one decade), the gain increases by 20 dB.

	 •	 If we plot | AV |dB against log scale in the frequency range   1

10
f   <  f  <  f1 , we get a straight   

line with slope 6 dB/octave or 20 dB/decade, as shown in Fig. 4.11.
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–3

–6

–9

–12

–15

–18
–20
–21

f1
10

f1
4

f1
2 f1 2f1 3f1 5f1 10f1

AV dB

Actual frequency response

f (log scale)0

Slope = 6 dB / octave or 20 dB / decade

Fig. 4.11 Bode plot for low frequency region

2. For frequencies,  f    f1  or 1f
f

   1

Equation (4.15) can be approximated by 

  | AV | dB  		– 20 log10 1 = 0 dB 

The plot of  | AV | dB  against log scale for the frequency range f  f1, 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 f1. Hence f1  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  =  f1 , | AV | dB = 0.
 From actual plot, at  f  =  f1 , | AV | dB = – 3.

We find that at f  =  f1 , the gain read from the Bode plot differs from the actual gain by 3 dB.

Phase Plot 
At low frequencies, Vo  leads Vi   by an angle  q1	given in Equation (4.13) by

	 	 q1	 =		tan–1
 

f
f

 
 
 

1  (4.17)
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The value of q1 is calculated at different values of  1f
f

  and tabulated in Table 4.2.

Table 4.2 Phase angle between  Vo and Vi

f 1f
f

q1 = tan–1 f
f

 
 
 

1 Total phase shift 
q = 180 + q1

0 ∞ 90 o 270 o

1

100
f

100 89.4 o 269.4 o

f1 1 45 o 225 o

100 f1 0.01 0.572 o 180.572 o

∞ 0 0 o 180 o

	The total phase shift q between Vo	and Vi  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   f1 ).

	 •	 The phase shift q1 due to RC network decreases from  90° to 0°. The plot of q1 versus 
frequency is shown in Fig. 4.12.

	 •	 The total phase  q , decreases from 270° to 180°.

0°

45°

90º

θ1

f1 f1 100 f1
100

f

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 o

i

V
V

 (b) Calculate the break frequency 

 (c) Calculate o

i

V
V

 at 10 Hz, 100 Hz, 1 kHz, 2 kHz, 5 kHz and 10 kHz

 (d) Sketch the frequency response of  o

i

V
V

 (e) Construct the Bode magnitude plot 
 (f) Sketch the actual frequency response 
 (g) Compare the results obtained in part (d) and part (e).

R

+

_

Vo

+
_

0.068 µF

Vi 12 kΩ

C

Solution

 (a) The expression for  o

i

V
V  is given in Equation (4.12) which is derived under mathematical 

analysis in section 4.2.

  | AV | = o

i

V
V

  =  2
1

1

1 f
f

 
+  
 

 
 
 
 
 
 

 

(b) The break frequency is 

  f1  = 
1

2 RCπ  

   = ( ) ( ) ( )
1

2 12 k (0.068 F)π Ω m
 = 195 Hz.
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(c) Table A

f 1f
f

| AV | = o

i

V
V | AV | dB = 20 log10 | AV | 

10 Hz 19.5 0.0512 – 25.8
19.5 Hz

1

10
f =  

10 0.0995 – 20.04

100 Hz 1.95 0.456 – 6.82

195 Hz
[ = f1]

1 0.707 – 3

1 KHz 0.195 0.981 – 0.166

2 KHz 0.0975 1 0

5 KHz 0.039 1 0

10 KHz 0.0195 1 0

(d) Frequency response of  o

i

V
V

1.0

0.707

0 f

Vo

Vi

195 Hz 1 KHz 2 KHz

0.981

(e) Bode plot 
 It consists of two straight line segments. 

 at f  = 1

10
f

   | AV | dB   = 	– 20 log10 
1f
f

 
 
 

  =  – 20

 at  f  =  f1  | AV | dB  = 	– 20 log10 [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  =  f1 at it has slope of  

0 dB/decade.

 (f) The actual plot is sketched using the values given in the 4th column of Table A, along with 
Bode plot in the following figure.

–3dB

–5

–10

–15

–20

–30

–25

10

AV dB

Actual plot

f (log scale)0

19.5 100 1000 10,000 100,000 1 MHz 10 MHz195

Bode plot

Example 4.2

For the circuit shown below 

 (a) Determine the mathematical expression for the phase angle q1 between Vo	and Vi .
 (b) Calculate the break frequency.
 (c) Calculate phase angle q1 at  f  = 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).

R

+

_

Vo

+

_

Vi
5 kΩ

C

0.1 μF
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Solution
(a) The expression for q1	 is given in Equation (4.13) which is derived under mathematical 

analysis in section 4.2.

	 	 q1		 =		tan–1 1f
f

 
 
 

 

(b) The break frequency is 

  f1  = 
1

2 RCπ  = ( ) ( )
1

2 5 k 0.1 Fµπ Ω
 = 318.3 Hz

(c) Calculation of q1 at different frequencies 

f 1f
f

q1 = tan–1 1f
f

 
 
 

0 ∞ 90°
100 Hz 3.183 72.56°

318.3 Hz
[ =   f1 ]

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

45°

90º

θ1

f1100 Hz f

72.56°

17.66°

1 kHz

Example 4.3

For the circuit shown below
 (a) Calculate the lower 3 dB frequency.
 (b) Find the magnitude and phase angle of  AV at 1000 Hz.
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 (c) Calculate the output voltage if the input voltage is 
  vi = 10 sin [ 12566 t ] V

R

+

_

Vo

+

_

Vi
4 kΩ

C

0.1 μF

Solution
(a) Lower 3 dB frequency is 

  f1  = 
1

2 RCπ  = 
1

2 (4 k ) (0.1 F)π	 Ω m
 = 397.88 Hz

(b) Magnitude of  AV is 

  | AV |  = 
2

1

1

1 f
f

 
+  
 

Phase angle of  AV is 

	 	 q1	 =		tan–1 1f
f

 
 
 

At  f = 1000Hz

  | AV |  = 
2

1

397.881
1000

 +   

 = 0.929

	 	 q1	 =		tan–1
 

397.88
1000

 
  

 = 21.69°

(c)   vi = 10 sin [12566 t] = Vm sin wt
  Vm  =  10 V
	 	 w		 =	 12566	rad / s

  f  = 
2π
w

 = 
12566

2π
 = 2000 Hz

  | AV |  = 
2

1

397.881
2000

 +   

 = 0.98
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	 	 q1		 =	 tan–1 397.88
2000

 
  

  = 11.25°

vo  leads vi  by an angle q1
	 ∴	 vo  =  Vm ·  | AV | · sin [ wt +	q1 ]
	 	 	 =		[ 10 ]	[ 0.98 ]	sin [ 12566 t + 11.25° ]
   =  9.8 sin [ 12566 t + 11.25° ] V

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 W

Solution
(a) Note that 60 Hz lies in the low frequency region

	 ∴	 	| AV |  =  
2

1

1

1 f
f

 
+  
 

 (A)

 Given at  f  =  60 Hz, | AV | = 0.9

Using this condition in Equation (A), we get

  0.9  = 
2

1

1

1
60
f +   

  

Solving we get,  f1 = 29 Hz

(b)    f1   = 
1

2 RCπ

  C  = 
1

1
2 f Rπ

 = ( )( )
1

2 29Hz 2000π Ω
 

   = 2.74 mF

 4.3 loW frequency resPonse of BJt amPlIfIer
Figure 4.13 shows the circuit of single stage BJT amplifier. The coupling capacitors CS and CC and 
the bypass capacitor CE  determine the low frequency response. Now let us study the influence of 
each of these on low frequency response.
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~_

+
VS

RS

RC

RE

RL

CC

CS

R1

R2

VCC

Vi

Vo

CE

–

+

Fig. 4.13 Single stage BJT amplifier with coupling and bypass capacitors

Effect of Input Coupling Capacitor CS on Low Frequency Response
The input coupling capacitor CS couples the source signal to the active device (BJT). To study the 
effect of CS on low frequency response we have to neglect the effects of CC and CE. This can be 
done by treating them as short circuits.

Now let us obtain the ac equivalent circuit by reducing VCC to zero and replacing CC and CE  by 
their short circuit equivalents. CS is retained as it is. The ac equivalent circuit is shown in Fig. 4.14.

CS

RC

R2R1

R2

Ri hie

RL

~

+

+

+

– ––

Vi

Vo

VS

Fig. 4.14 AC equivalent circuit

The resistance of the transistor between base emitter is hie . The input ac equivalent circuit is 
shown in Fig. 4.15.
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RS

CS

R1 R2

~
+

_
Vs

Vi hie

+

–

(a)

RS

Ri

CS

~
+

_
Vs

Vi

+

–

(b)

Fig. 4.15 (a) Input ac equivalent circuit   
(b) Simplified input ac equivalent circuit

 Let  Ri  =  R1 || R2 || hie  (4.18)

 where  hie  =  b	re (4.19)

Using voltage division rule in the circuit of Fig. 4.15(b), the voltage applied to the amplifier 
is given by

  Vi  =  [ ]
S

S i

S i C

V R
R R j X+ −

 (4.20)

 where  XCs
  =  1

2 Sf Cπ
 (4.21)

  Vi  = 
1 S

i
S

S i

C

S i

RV
R R

X
j

R R

 
 + 
 

−  + 

 

  | Vi |  =  
2

| |

1 S

i
S

S i

C

S i

RV
R R

X
R R

 
 + 

 
+  + 

 (4.22)

In the mid frequency band, f is sufficiently large. As a result, XCS →	 0.	 Now from  
Equation (4.22) we have 

  | Vi | mid  =  
| |S i

S i

V R
R R+

 (4.23)
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Using this relation in Equation (4.22), we have

  | Vi |  =  mid
2

| |

1 S

i

C

S i

V

X
R R
 

+  + 

 (4.24)

The lower 3 dB cut-off occurs, when

  | Vi |  = mid| |
2

iV  = 0.707 | Vi | mid

From Equation (4.24) we find that, the 3 dB cut off occurs, when

  SC

S i

X
R R+

 = 1  or XCs
 = RS + Ri

  1
2 Sf Cπ

 =  RS + Ri

 or  f  =  [ ]
1

2 S i SR R Cπ +
 (4.25)

Equation (4.25) gives the lower 3dB cut-off frequency due to CS . Let us denote it by fLS
 .  Now 

we have

  fLS
  =  [ ]

1
2 S i SR R Cπ +

 (4.26)

Effect of Output Coupling Capacitor CC on Low Frequency Response
The output coupling capacitor CC couples the output of the active device to the load. To study the  
effect of CC on low frequency response, let us neglect the effect of CS and CE 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).

Ro

CC

Vc VoRL

+

–

+

–

(b)

ro

CC

Vc VoRLRC

+

–

+

–

(a)

Fig. 4.16  (a) AC equivalent circuit of output side
(b) Simplified ac equivalent circuit
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 Let  Ro  =  ro || RC  (4.27)

The simplified ac equivalent circuit is shown in Fig. 4.16(b).

Vc  = Output voltage of active device
Vo   = Load voltage

Using voltage division rule in the circuit of Fig. 4.16(b), the load voltage is given by

  Vo  =  [ ]
C

c L

o L C

V R
R R j X+ −

 (4.28)

 where  XCC =  
1

2 Cf Cπ
 (4.29)

  Vo  =  
1 C

L
c

o L

C

o L

RV
R R

X
j

R R

 
 + 
 

−  + 

  | Vo |  =  
2

1 C

L
c

o L

C

o L

RV
R R

X
R R

 
 + 

 
+  + 

 (4.30)

In the mid frequency band, XCC
 →	0.	Now from Equation (4.30) we have

  | Vo | mid  =  
| |c L

o L

V R
R R+

 (4.31)

Using this relation in Equation (4.30) we have

  | Vo |  =  mid

2

| |

1 C

o

C

o L

V

X
R R
 

+  + 

 (4.32)

The lower 3dB cut-off occurs when

  | Vo |  = mid| |
2

oV
 = 0.707 | Vo | mid

From Equation (4.32) we find that, the 3dB cut-off occurs when

  CC

o L

X
R R+

 = 1  or  XCC = Ro + RL

  
1

2 Cf Cπ
 = Ro + RL
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 or  f  =  [ ]
1

2 o L CR R Cπ +
 (4.33)

Equation (4.33) gives the lower 3 dB cut-off frequency due to CC . Let us denote it by fLC . Now 
we have

  fLC  =  [ ]
1

2 o L CR R Cπ +
 (4.34)

Effect of Emitter Bypass Capacitor CE on Low Frequency Response
To study the effect of CE on low frequency response, let us neglect the effect of CS and CC 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.

~
+

_

RC || RL

R1 || R2

RE CEVS

RS

Fig. 4.17 AC equivalent circuit to study the effect of CE

Let us replace the transistor by its low frequency small signal hybrid model as shown in  
Fig. 4.18.

~

RE CE

Re

RS

ro

VS

R1 || R2 β re β Ib RC || RL

B C

+

– E

Fig. 4.18 AC equivalent circuit using hybrid model
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Re is the ac equivalent resistance seen by CE . To find Re we reduce VS to zero as shown in  
Fig. 4.19. For simplicity the output circuit is omitted.

RE CE

Re

RS R1 || R2 β re

B

E

Fig. 4.19 Circuit to find Re

 Let  RS
 =  RS || R1 || R2  (4.35)

The ac equivalent circuit is redrawn as shown in Fig. 4.20.

RE CE

Re

R′S B E
β re

Fig. 4.20 AC equivalent circuit redrawn

Note that RS
 + b	re is in the base circuit. When it is transferred to the emitter circuit it gets 

divided by b	,	since the emitter current is approximately b	times the base current. The resulting 
circuit is shown in Fig. 4.21.
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RE CE

Re

R′S

E

Re
CE

β
+

≡

re

Fig. 4.21 Circuit to find Re

Note that

  Re  = RE || 
'S

e
R r
 

+ 
 b

  (4.36)

For the circuit of Fig. 4.21, the lower cut-off frequency due to CE is given by 

  f LE
  = 

1
2 e ER Cπ  (4.37)

Effect of CE on Voltage Gain
The midband voltage gain of the amplifier of Fig. 4.13 with out CE is given by 

  AV mid  = –  
||o L

e E

R R
r R+

 ( 4.38)

where   Ro  = RC || ro   

 If  CE  is connected in parallel with RE , then the voltage gain becomes a function of frequency. 
Now the voltage gain at any frequency is given by 

   AV  = – 
||

||
E

o L

e E C

R R
r R X+  (4.39)

where   XCE
  = 

1
2 Ef Cπ

 (4.40)

As the frequency increases:

 • XCE
 decreases 

 • RE || XCE
 decreases

 • AV  increases in magnitude 
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As the frequency approaches the midband value

 • XCE
  approaches zero

 • RE || XCE
 approaches zero (i.e RE is shorted out)

 • AV  approaches the maximum value or midband value 

                   AV mid   = – 
||o L

e

R R
r

 (4.41)

Note that, Equation (4.41) can be obtained from Equation (4.39) by substituting RE = 0 W

Over all Lower Cut-off Frequency 
The low frequency response of the amplifier is influenced by the capacitors CS , CC and CE . The 
lower cut-off frequencies due to CS , CC  and CE 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 ,  fLC

  = 25 Hz and  fLE
 = 320 Hz

then the lower cut-off frequency of the amplifier is  fLE
 = 320 Hz, since

fLC
 >  4 fLS

 and  fLE
 > 4 fLC

Example 4.5 

For the circuit shown below calculate the following:

 (a) re

 (b) Input resistance, Ri

 (c) Mid band voltage gains AV = o

i

V
V

 and AVS
 = o

S

V
V

 (d) Lower cut-off frequency due to CS

 (e) Lower cut-off frequency due to CC 

 (f) Lower cut-off frequency due to CE

 (g) Overall lower cut-off frequency 

For the transistor, b = 100 and ro = 	W.
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~_

+
VS

Vi

+

–

39 kΩ
4 kΩ

1. 5 kΩ10 kΩ

10 kΩ1 kΩ

10 V

0.45 µF

10 µF

20 µF

Ri

Solution
(a) Calculation of re 

Check for,  b	RE  ≥ 10 R2

   b	RE  = (100) (1.5 kW ) = 150 kW
  10 R2  = (10) (10 kW) = 100 kW

Since  b	RE > 10 R2 , we can use approximate analysis

  VB  = 2

1 2

CCV R
R R+

 = (10 V)(10 k )
39 k +10 k

Ω
Ω Ω

 = 2.04 V

  VE  = VB – VBE = 2.04 V – 0.7 V = 1.34 V

  IE  = E

E

V
R

 = 
1.34V
1.5 kΩ

= 0.893 mA

  re  = 
26mV

EI
 = 

26mV
0.893mA

 = 29.1 W

(b) Input Resistance 

  Ri  =  R1 || R2 || b	re

   = 39 kW || 10 kW || (100) (29.1 W) = 2.13 kW

(c) Midband Voltage Gain 

  AV  = o

i

V
V

  =  – 
||o L

e

R R
r
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  Ro  = RC || ro = 4 kW ||   =  4 kW
  Ro || RL  = 4 kW || 10 kW = 2.86 kW 

  AV  = – 
2.86 k
29.1 

Ω
Ω

 = – 98.28

  AVS
  = o

S

V
V

   = o i

i S

V V
V V

⋅  

   =  AV  
i

S

V
V   (A)

In the midband, CS represents short circuit. The input equivalent circuit in the mid band is 
shown in Fig. A.

RS

ViRi

+

–

1 kΩ

~
+

_
Vs

Fig. A

Using voltage division rule

  Vi  = S i

S i

V R
R R+

  i

S

V
V

 = i

S i

R
R R+

 = 
2.13 k

1 k + 2.13 k
Ω

Ω	 Ω
 = 0.68

Using this value in Equation (A) we get 

  AV = ( – 98.28 ) ( 0.68 ) = – 66.83

(d) Lower Cut-off Frequency due to CS 

   fLS
  = [ ]

1
2 S i SR R Cπ +

   = [ ][ ]
1

2 1 k + 2.13 k 10 Fπ Ω	 Ω m  = 5.08 Hz
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(e) Lower Cut-off Frequency due to CC

  fLC  = [ ]
1

2 o L CR R Cπ +
 

  Ro  = RC || ro = 4 kW ||  = 4 kW

  fLC
  = [ ][ ]

1
2 4 k + 10 k 0.45 Fπ Ω	 Ω m

= 25.26 Hz

(f) Lower Cut-off frequency due to CE

  fLE  = 
1

2 e ER Cπ

  Re  = RE || 'S
e

R r
 

+ 
 b

  RS  = RS || R1 || R2 = 1 kW || 39 kW || 10 kW = 0.888 kW

  
'S

e
R r+
b

 = 0.888 k
100

Ω  + 29.1 W = 37.98 W

  Re  = 1.5 kW || 37.98 W = 37 W

  fLE
  = [ ] [ ]

1
2 37 20 Fπ Ω m

 = 215 Ηz

(g) Over all Lower Cut-off Frequency
We have
 fLS

 = 5.08 Hz fLC
 = 25.26 Hz  fLE

 = 215 Hz

 Note that fLC  >  4 fLS

 and  fLE >  4 fLC

Therefore over all lower cut-off frequency is fLE

  fL  =  fLE
 = 215 Hz

Example 4.6

Repeat example 4.5 with ro = 40 kW.

Solution  

  ro  = 40 kW
  RC  = 4 kW

Since ro ≥ 10 RC , the effect of ro can be neglected. Therefore, all the results remain 
unaffected.
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Example 4.7

Repeat example 4.5 with ro = 20 kW.

Solution
In this case ro < 10 RC . Only AV , AV mid and fLC

 get affected. Other values remain unchanged.

= 29.1 = 2.13 k
As calculated in example 4.5

= 5.08 Hz = 215 Hz
S E

e i

L L

r R
f f

Ω Ω 



Midband Voltage Gain

  AV
   = o

i

V
V

 = –
||o L

e

R R
r

  Ro  = RC || ro = 4k W || 20 kW = 3.33 kW
  Ro || RL  = 3.33 kW || 10 kW = 2.49 kW

  AV  = – 2.49 k
29.1 

Ω
Ω

 = – 85.56

  AVS
  = AV  i

i S

R
R R
 
 + 

 = (– 85.56) (0.68) = – 58.18

Lower Cut-off Frequency due to CC

  fLC
  = [ ]

1
2 o L CR R Cπ +

 

   = [ ][ ]
1

2 3.33 k +10 k 0.45 Fπ Ω Ω m
 = 26.53 Hz

Over all Lower Cut-off Frequency 

  fLS 
  = 5.08 Hz

  fLC
  = 26.53 Hz

  fLE
  = 215 Hz

 Note that   fLC
  > 4 fLS

 and   fLE  > 4 fLS

Hence the overall lower cut-off frequency is 

  fL  =  fLE
 = 215 Hz

Example 4.8

For the circuit shown below calculate the following:
 (a) re
 (b) Input resistance Ri
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 (c) Mid band voltage gains AV  =  o

i

V
V

 and AVS
  =  o

s

V
V

 (d) Lower cut-off frequency due to CS

 (e) Lower cut-off frequency due to CC

 (f) Lower cut-off frequency due to CE

 (g) Over all lower cut-off frequency 

For the transistor b =100 and ro = .

~_

+
VS

Vi

Vo

+

–

500 kΩ
3.3 kΩ

1 kΩ

5 kΩ
0.6 kΩ

20 V

1 µF

1 µF

6.8 µF

Ri

Solution 
(a) Calculation of re

  IB  = ( )1
CC BE

B E

V V
R Rβ

−
+ +

   = ( )( )
20V 0.7V

500 k + 101 1 k
−

Ω Ω
 = 32.11 mΑ

	 	 ΙΕ  = ( 1+ b ) IB = (101) (32.11 mΑ)	=	3.24	mΑ

  re  = 
26mV

EI
 = 

26mV
3.24mA

 = 8.02 W

(b) Input Resistance 

  Ri  = RB || b	re 

   = 500 kW	||	(100) (8.02 W)	=	800.72	W
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(c) Midband Voltage Gain 

  AV  = o

i

V
V

 = – 
||o L

e

R R
r

  Ro  = RC || ro = 3.3 kW	||	 = 3.3 kW
  Ro || RL  = 3.3 kW	||	5 kW	=	1.98 kW

  AV  = – 1.98 k
8.02 

Ω
Ω

 = – 246.88

  AVS
  = AV 

i

S i

R
R R+

   = [ – 246.88 ] 
800.72 

0.6 k +800.72
Ω

Ω 	Ω
 = – 141.12

(d) Lower Cut-off Frequency due to CS

  fLS
 = [ ]

1
2 S i SR R Cπ +

   = [ ][ ]
1

2 0.6 k 800.72 1 Fπ Ω+ Ω m  = 113.6 Hz

(e) Lower Cut-off Frequency due to CC

  fLC  = [ ]
1

2 o L CR R Cπ +
 

   = [ ][ ]
1

2 3.3 k +5 k 1 Fπ Ω	 Ω m
 = 19.17 Hz

(f) Lower Cut-off Frequency due to CE

  fLE
  = 

1
2 e ER Cπ

  Re  = RE || 
'S

e
R r
 

+ 
 b

  RS = RB || RS = 500 kW	||	0.6	kW	=	599.28 W

  SR
b

 + re = 
599.28

100
Ω

 + 8.02 W	=	14.01 W

  Re  = 1 kW	||	14.01 W = 13.82 W

  fLE  = [ ][ ]
1

2 13.82 6.8 Fπ µΩ
 = 1693.5 Hz
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(g) Over all Lower 3dB Frequency 

  fLS
  = 113.6 Hz

  fLC
  = 19.17 Hz

  fLE  = 1693.5 Hz
 Note that   fLS

  > 4  fLC

  fLE
  > 4  fLS

Hence the over all lower 3 dB frequency is 

  fL  = fLE
 = 1693.5 Hz

Example 4.9

For the emitter follower circuit shown below, calculate the following: 

 (a) re

 (b) Input resistance Ri

 (c) Mid band voltage gains AV = o

i

V
V

 and AVS
 = o

S

V
V

 (d) Lower cut-off frequency due to CS

 (e) Lower cut-off frequency due to CC

 (f) Over all lower cut-off frequency 

For the transistor, b =100 and ro =	.

~_

+
VS

Vo

120 kΩ

5 kΩ
2 kΩ33 kΩ

1 kΩ

15 V

0.1 µF

0.1 µF

Ri Zb

CC

CS
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Solution
(a) Calculation of re

	 	 b	RE  = (100) (2 kW	) = 200 kW
	 	 10	R2   = (10) (33 kW)	=	330 kW
 Note that,  b	RE  < 10	R2 

Hence we have to use exact analysis

  VTh  = 2

1 2

CCV R
R R+

 = 
( )( )15 V 33 k

120 k + 33 k
Ω

Ω	 Ω
 = 3.23 V

  RTh  = R1 || R2 = 120 kW	||	33	kW	=	25.88	kW

	 	 ΙΒ  = ( )1
Th BE

Th E

V V
R R

−
+ + b  = ( )( )

3.23V– 0.7V
25.88 k + 101 2 kΩ Ω

 = 11.1 mA 

  IE  = (1+ b) IB = (101) (11.1 mA) = 1.12 mA

  re  = 
26mV

EI  = 
26 mV

1.12 mA
 = 23.21 W

(b) Input Resistance 

  Ri  = R1 || R2 || Zb

  Zb  = b	re + (1 + b ) [RE || RL]
   = (100) (23.21W)	+	(101)	[2kW	||	5kW]	=	146.6	kW
  Ri  = 120 kW	||	33	kW	||	146.6	kW = 22 kW

(c) Midband Voltage Gain

  AV  = ( )
||

||
E L

E L e

R R
R R r+

  RE || RL  = 2 kW	||	5 kW = 1.43 kW

  AV  = 1.43 k
1.43 k +23.21 

Ω
Ω Ω

 = 0.984

  AVS
  = AV  

i

S i

R
R R+

 = (0.984)  
22 k

22 k  + 1 k
Ω 

 Ω Ω 
 =  0.941

(d) Lower Cut-off Frequency due to CS

  fLS  = [ ]
1

2 S i SR R Cπ +
 

   = [ ][ ]
1

2 1 k  + 22 k 0.1 Fπ Ω Ω m
 =  69.19 Hz
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(e) Lower Cut-off Frequency due to CC

  fLC = [ ]
1

2 o L CR R Cπ +
 

  Ro  = RE || re = 2 kW || 23.21 W	=	22.94 W

  fLC
  = [ ][ ]

1
2 22.94  + 5 k 0.1 Fπ Ω Ω m

 = 316.85 Hz

(g) Over all Lower Cut-off Frequency  

  fLS
  = 66.39 Hz fLC = 316.85 Hz

 Note that  fLC
  > 4 fLS

Hence fLC
  is the over all lower cut-off frequency. 

Example 4.10

For the common-base amplifier shown below, calculate the following:

 (a) re

 (b) Input resistance, Ri

 (c) Mid band voltage gains AV = o

i

V
V

 and AVS
 = o

S

V
V

 (d) Lower cut-off frequency due to CS

 (e) Lower cut-off frequency due to CC

 (f) Over all lower cut-off frequency.

 For the transistor b = 75 and ro =	.

Ri

~
+

+

– –
VS

Vi

Vo

10 µF

10 µF
120 Ω

4.7 kΩ

5 V – 15 V

1.5 kΩ 3 kΩ
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Solution
(a) Calculation of re

  IE  = EE BE

E

V V
R
−  = 5 V – 0.7 V

1.5 kΩ
= 2.86 mA

  re  = 26 mV

EI
 = 26 mV

2.86 mA
 = 9.09 W

(b) Input Resistance 

  Ri  = RE || re = 1.5 kW || 9.09	W	=	9.03 W

(c) Midband Voltage Gain

  AV  = 
[ ]||C L

e

R R
r

α

	 	 a		 =	
1+
b

b
	=	

75
76

	=	0.986

  RC || RL  = 3 kW	||	4.7 kW	=	1.83	kW

  AV  = ( )( )0.986 1.83 k
9.09 

Ω
Ω

 = 198.5

  AVS =	 AV 
i

S i

R
R R
 
 + 

 = [198.5] 9.03
120 9.03
 Ω
 Ω + Ω 

 = 13.89

(d) Lower Cut-off Frequency due to CS

  fLS
  = [ ]

1
2 S i SR R Cπ +

   = [ ][ ]
1

2 120 9.03 10 Fπ Ω+ Ω m
 = 123.34 Hz

(e) Lower cut-off Frequency due to CC

  fLC  = [ ]
1

2 o L CR R Cπ +
 

  Ro  = RC = 3 kW

  fLC
  = 

[ ][ ]
1

2 3 k  + 4.7 k 10 Fπ Ω Ω m
 = 2.06 Hz

(f) Over all Lower Cut-off Frequency 

  fLS
  = 123.34 Hz

  fLC
  =  2.06 Hz
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 Note that  fLS
  > 4 fLC

 \	Over all lower cut-off frequency is fLS
 

  fL  = fLS
 = 123.34 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 CS  must be at least 

equal to 5.5
R

 where R = RS + Ri . R is in kilo-ohms and  CS  in micro farads. Neglect the effects 

of CE  and CC .

Solution 
(a) Voltage gain in low frequency region is given by 

  | AV |   = 
2

1

1 Lf
f

 
+   

 (A)

 at f = 60 Hz, | AV | > 0.9

Using this data in Equation (A), we have

  
2

1

1
60

Lf+  
  

 > 0.9

	   1 +
60

Lf 
 
 

2
  < 1.235

 or  fL < 29 Hz

(b) Since the effects of CC and CE are to be neglected,

  fL  = fLS
 

 But  fLS
  =  

1
2 [ ]S i SR R C+p

  <  29 Hz

  2p [ RS + Ri ] CS  > 
1
29

  CS  >  
1

(2 )(29)( + )S iR Rπ

Since CS is in micro Farad and R = RS + Ri in kilo-ohms we have
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  CS [ 10–6 ]  > 
( )( )( )( )3

1
2 29 10Rp

  CS  > 5.5
R

Example 4.12

It is desired that the lower cut-off frequency due to CS be not more than 10 Hz for the RC-
coupled amplifier of Fig. 4.13. Calculate the minimum value of input coupling capacitor CS . Take  
R1 = 39 kW, R2 = 10 kW,	RS =1 kW, b = 100, VCC = 10 V.

Solution
 Given  fLS < 10Hz

  fLS
  = 

1
2 [ ]S i SR R C+p

 < 10 Hz

  2 p [ RS + Ri ] CS  > 0.1

  CS  > 0.1
2 [ + ]S iR Rp

 

  Ri  = 2.13 kW  [see example 4.5]

  CS  > 
0.1

2  [1 k + 2.13 k ]π Ω Ω
 

  CS  > 5.08 mF

 4.4 mIller effect caPacItance
Figure 4.22 shows an inverting amplifier with a capacitance Cf  between the input and output 
nodes.

+

–

+

–

Vi

Cf

Vi
AV = Vo

Vo

Fig. 4.22 Inverting amplifier with capacitance between input and output nodes
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It is important to note that, AV  is negative for inverting amplifier since Vo and Vi are 180° out of 
phase. Using Millers theorem we can find the loading effect of Cf  on the input and output circuits 
of the amplifier.

To find the Miller Input Capacitance [ CMi
 ]

We use the circuit of Fig. 4.23 to find the Miller input capacitance.

+

–

+

–

Vi

Cf

Vi
AV = Vo

Vo

I1

I2

Ii

Zi Ri

Fig. 4.23 Circuit to find Miller input capacitance 

 Let  Ri  = 
1

iV
I

  I1 = i

i

V
R

 and Zi  = i

i

V
I

  Ii = i

i

V
Z

Applying KCL at the input node we have

  Ii   =  I1 + I2  (4.42)

  I2  = 
f

i o

C

V V
X
−

 

   = 
f

i V i

C

V A V
X
−

  [  Vo = AV Vi ]

  I2  = 
[1 – ] 

f

V i

C

A V
X

Substituting for Ii , I1 and I2 in Equation (4.42) we get

  i

i

V
Z

 = i

i

V
R

 + 
[1 – ] 

f

V i

C

A V
X
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Eliminating Vi  throughout we have

  
1

iZ
 = 

1

iR
 + 

1

1 –
fC

V

X

A

é ù
ê ú
ê ú
ê úë û

  
1

iZ
 = 

1

iR
 + 

1

MiCX
 (4.43)

 where   XCMi
  =  

1
fC

V

X

A-
 (4.44)

  XCf
  = 

1
2 ff Cp

Using this relation in Equation (4.44) we have

  XCMi
  = 

1
2 [1 ]V ff A Cp -

 

  XCMi
 = 

1
2 Mif Cp

 (4.45)

 where  CMi  = [ 1– AV ] Cf  (4.46)

CMi is called the Miller input capacitance.
From Equation (4.43), Zi can be interpreted as the impedance resulting from the parallel 

combination of Ri and CMi . This is shown in Fig. 4.24.

Vi Ri

+

–

Ii

CMi

Zi

Fig 4.24 Miller input capacitance [ CMi ]

To find the Miller Output Capacitance [ CMo ]

We use the circuit of Fig. 4.25 to find the miller output capacitance.
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+

–

+

–

Vi

Cf

Vi
AV = Vo

Vo

I1 Io

I2

Ro Zo

Fig 4.25 Circuit to find miller output capacitance

 Let  Ro  = 
1

oV
I

  I1 = o

o

V
R

 and  Zo  = o

o

V
I

  Io = o

o

V
Z

Appling KCL at the output node we have

  Io  = I1 + I2 (4.47)

  I2  = 
f

o i

C

V V
X
−

 

Using Vi  = o

V

V
A

 we have

  I2  = 
f

o
o

V

C

VV
A

X

−
 = 

11

f

o
V

C

V
A

X

 
− 

   

Substituting for I1 and I2 into Equation (4.47) we have

  Io  = o

o

V
R

 + 

11

f

o
V

C

V
A

X

 
− 

   

Usually Ro is large and hence the term o

o

V
R

 can be neglected.

 Now  Io  	

11

f

o
V

C

V
A

X

 
− 
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  Zo  = o

o

V
I

 = 
11

fC

V

X

A
 
− 

 

 

  Zo  = 1
12 1 f
V

f C
A

 
− 

 
p

 

  Zo  = 
1

2 Mof Cp
 (4.48)

 where  CMo  = 11 f
V

C
A

 
− 

 
 (4.49)

CMo is called the miller output capacitance.

Summary of Millers Theorem
A capacitance Cf connected between the input and output nodes of an inverting amplifier can be 
replaced by

	 •	 A miller input capacitance, CMi = [ 1 – AV ] Cf connected between input node and ground 
and

	 •	 A miller output capacitance, CMo = 11 f
V

C
A

 
− 

 
 connected between output node and 

ground.

For non inverting amplifier AV is positive. In order to obtain positive values for CMi and CMo, 
Equations (4.46) and (4.49) should be modified as follows

  CMi  = [ 1 + AV ] Cf  (4.50) 

  CMo  = 11
VA

 
+ 

 
 Cf  (4.51)

Application of millers theorem to the amplifier of Fig. 4.25 results in the network shown in  
Fig. 4.26.

+

–

+

–

Vi Vi
AV = Vo

Vo
CMi CMo

Fig. 4.26 Amplifier with Cf replaced by Miller capacitances
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Applications of  Millers Theorem
Millers theorem is applied:

	 •	 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.

	 •	 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.

 •	 The network capacitance which includes the parasitic capacitances of the transistor and 
the wiring capacitances.

	 •	 The frequency dependence of the short circuit common emitter current gain hfe or β.

4.5.1 network Parameters
Figure 4.27 shows the RC-coupled amplifier with parasitic and wiring capacitances. Cbe , Cbc and 
Cce are the parasitic capacitances of the transistor. CWi and CWo are the input and output wiring 
capacitances which are introduced during the construction of the amplifier circuit.

~_

+
VS

Vi

Vo

+

–

CS

R1

R2

RS

RC

RE

RL

VCC

Cbc

Cbe

Cce

CC

CE

CWi

CWo

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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RS

Ri Ci

Ib

ViVS

+

+

–

Vo

+

–

–
~ R1 || R2 RC || RLβ Ib

ro Co

Fig. 4.28 High frequency ac equivalent circuit of the amplifier of Fig 4.27

	 •	 Using Millers theorem, the transition capacitance, Cbc can be replaced by two capacitances: 
CMi at the input and CMo at the output.

	 •	 The total input capacitance Ci , is the sum of the miller input capacitance CMi , base-emitter 
input capacitance Cbe and the input wiring capacitance CWi 

  Ci  = CWi + Cbe + CMi (4.52) 

 where  CMi  = [ 1 – AV ] Cbc (4.53)

	 •	 The total output capacitance Co , is the sum of the miller output capacitance CMo
, the 

collector-emitter parasitic capacitance CCe and the output wiring capacitance CWi
 

  Co  = CWo
 + Cce + CMo (4.54)

 where  CMo  = 11
VA

 
− 

 
 Cbc (4.55)

Upper Cut-off Frequency due to Input Capacitance Ci

To find the upper cut-off frequency due to the input capacitance Ci , we consider the input circuit 
of Fig. 4.28 which is shown in Fig. 4.29(a).

~
_

+
VS

RS

R1 || R2 R′i

+

_

Vi Ci Ci~_

+
VThi

RThi

+

_

Vi

(a) (b)
RThi

Fig. 4.29 (a) Input ac equivalent circuit  (b) Thevenin equivalent of input circuit
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The network consisting of VS , RS , R1 || R2 and Ri  can be replaced by its Thevenin equivalent as 
shown in Fig. 4.29(b).

The Thevenin voltage VThi
  and Thevenin resistance RThi

 can be calculated using the networks 
of Fig. 4.30(a) and 4.30(b) respectively.

~
_

+
VS

RS

R1 || R2 R′i R′i

+

_

VThi

(a) (b)

VS = 0 R1 || R2

RThi

RS

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

  VThi
  = VS  

1 2

1 2

|| || '
|| || '

i

S i

R R R
R R R R
 
 + 

 (4.56)

and from the circuit of Fig. 4.30(b)

  RThi
  = RS || R1 || R2 || Ri  (4.57)

where Ri  = β	re .
Now let us find the amplifier input voltage Vi , as a function of frequency from the circuit of 

Fig. 4.29(b).
Using voltage division rule we have

  | Vi |  = | VThi
 | 

( )2 2
i

i i

C

Th C

X

R X

 
 
 

 +   

  | Vi |  = 
2

| |

1+

i

i

i

Th

Th

C

V

R
X

 
 
  

 (4.58)

 where  XCi
  = 1

2 if Cπ
 (4.59)
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	 •	 In the midband, the effect of Ci  is negligible. As a result XCi
 can be treated as open circuit  

(i.e., XCi
 =  )

	 \		 |	Vi	|mid  	|	VThi
	|

	 •	 At high frequencies, Ci comes into play. With increase in frequency,  XCi
 decreases, i

i

Th

C

R
Xincreases, |	Vi	| decreases and hence the voltage gain decreases.

3dB cut-off occurs at a frequency at which

  | Vi |  = mid| |
2

iV
 = 

| |

2
iThV

From Equation (4.58) we find that, this condition occurs when

  RThi
  = XCi

  RThi
  = 

1
2 if Cπ

 

 or  f  = 
1

2
iTh iR Cπ

 (4.60)

Equation (4.60) gives the upper 3 dB cutoff frequency due to the input capacitance Ci . Let us 
denote it by fHi

  fHi
  = 

1
2

iTh iR Cπ
 (4.61)

 Consider  i

i

Th

C

R
X

 = 
1

2

iTh

i

R

f Cπ
 
 
 

  =  f [ 2 π	RThi
 Ci ]

   = 
iH

f
f

 
 
  

 

Using this relation in Equation (4.58) we have 

  | Vi |  = 2

| |

1

i

i

Th

H

V

f
f

 
+  
  

 (4.62)

Based on the above relation we can write

  | AV |  = 
2

1

1
iH

f
f

 
+  
  

 (4.63)
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Figure 4.31 shows the Bode plot of | AV | dB obtained using Equation (4.63).

– 3 dB

AV dB

Actual plot

0 dB
fHi (log scale)f 

– 20 dB / decade
[ – 6 dB / octave ]

Asymptotic plot

Fig. 4.31 Bode plot of equation  (4.63)

Note that due to Ci , 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 Co

To find the upper cut-off frequency due to output capacitance Co , we consider the output circuit 
of Fig. 4.28 which is shown in Fig. 4.32.

RC || RL Co Vo

+

_

roβ Ib

   

~
_

_

+

+

VTho

RTho

VoCo

Fig. 4.32 Output ac equivalent circuit Fig. 4.33 Simplified output ac equivalent circuit

The current source b	Ib along with the resistors ro and RC || RL can be converted into its equivalent 
voltage source as shown in Fig. 4.33.

  RTho
  = ro || RC || RL  (4.64)

  VTho
  = [ – b	Ιb ] [ ro || RC || RL ] (4.65)
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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

  | Vo |  = 
2

| |

1

o

o

o

Th

Th

C

V

R
X

 
+  
  

 (4.66)

 where  XCo
  = 

1
2 of Cπ

 (4.67)

The output voltage in the mid band is

  | Vo | mid  	| VTho
 | (4.68)

The upper 3dB cutoff frequency due to Co is 

  fHo
  = 

1
2

oTh oR Cπ
 (4.69)

and the magnitude of voltage gain is

  | AV |  = 
2

1

1
oH

f
f

 
+  
  

 (4.70)

Figure 4.34 shows the bode plot of Equation (4.70).
Note that due to Co , the voltage gain decreases at the rate of 20 dB/decade or 6 dB/octave.

– 3 dB

AV dB

Actual plot

0 dB fHo
f (log scale)

– 20 dB / decade
[ – 6 dB / octave ]

Asymptotic plot

Fig. 4.34 Bode plot of equation (4.70)
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Combined Effect of Ci and Co on High Frequency Response

	 •	 The input capacitance  Ci defines the upper cut-off frequency  fHi

	 •	 The output capacitance  Co , defines another upper cut-off frequency  fHo

	 •	 The lowest of these two frequencies will be taken as the overall upper-cutoff frequency.
	 •	 If the variation of  hfe with frequency is considered then the actual cut-off frequency may 

be lower than  fHi
 or  fHo .

4.5.2 Variation of hfe ( or β ) with frequency
Figure 4.35 shows the hybrid-p high frequency small signal model of BJT. Detailed explanation 
of this model is given in section 3.17 of Chapter 3.

_

Ib

rb B′

+

_

V� r�

I′b

C� ( Cbe )

B

E

ro

Ic

+

Vcegm V�

Cu ( Cbc )

ru

C

E

Fig. 4.35 Hybrid-π	high frequency small signal model of BJT

The base-emitter input capacitance Cπ	 (	Cbe	) and the base-collector depletion capacitance 
Cu (	Cbc	)  makes the short circuit current gain hfe to vary with frequency in the high frequency 
region.

4.5.3 expression for hfe as a function of frequency
To simplify the analysis we make the following reasonable approximations:

	 •	 rb is typically a few tens of ohms. Hence it can be treated as short circuit.
	 •	 ru is typically 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 ro gets short 
circuited. The resulting circuit is shown in Fig. 4.36.
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Ib

+

_

V� r� C�

B

E

Ic

Vce  =  0gm V�

Cu 

Fig. 4.36 Circuit to find short circuit current gain

Short circuit current gain is

  hfe  = 
0ce

c

b V

I
I

=

 (4.71)

The current  gm Vπ		flows into the short circuit.

	 ∴	 Ιc  =  gm Vπ	 (4.72)

Το	find  Ib , let us consider the input circuit of Fig. 4.36 which is shown in Fig. 4.37.

_

+

V�
r� C� Cu

Ib

Fig. 4.37 Circuit to find Ib

 Let  Z =  rπ	||	 [ ]
1

uj C Cπω +
		 (4.73)

	 	 Ζ		 =	
[ ]1 u

r
j r C C

π

π πω+ +

	 Νow  Vπ			=	 Ιb Z

  Vπ		 =	 [ ]1
b

u

I r
j r C C

π

π πω+ +
	 (4.74)
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Substituting Equation (4.74) in Equation (4.72) we have 

  Ic  =  [ ]1
m b

u

g r I
j r C C

π

π π+ ω +

 Now  hfe  = c

b

I
I

 = [ ]1 2
m

u

g r
j f r C C

π

π ππ+ +
  (4.75)

 Let  fβ = [ ]
1

2 ur C Cπ ππ +
 (4.76)

Using Equation (4.76) in Equation (4.75) we have

  hfe  = 
1

mg r
fj
f

π

β

 
+  

  

 (4.77)

  | hfe |  = 
2

1

mg r

f
f

π

β

 
+  
  

 (4.78)

In the mid band,  f    f
b
	.		As a result 

2
f
fβ

 
 
  

  1

From Equation (4.78) we have

  | hfe |mid  =  gm rπ		=		hfe mid  (4.79)

hfe mid  is also denoted by bmid 

Using Equation (4.79) in Equation (4.78) we have

  | hfe |  = mid

2

1+

feh

f
fβ

 
 
  

 (4.80)

Equation (4.80) gives the variation of | hfe | with frequency.

	 •	 As the frequency increases,  
2

f
fβ

 
 
  

  increases and hence  | hfe |  decreases.

	 •	 When  f  =  f
b

	 	 | hfe |  = mid

2
feh

 = mid

2
β
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Note that  f
b
		defines the upper 3-dB cut-off point for the short circuit current gain  hfe  . fb	is also 

denoted by fhfe
 . Now Equation (4.76) can be written as

  f
b
		 =	 	fhfe

  = [ ]
1

2 ur C Cπ ππ +
 (4.81)

Using rπ	=	b	re = bmid re  we have

  f
b
		 =	 fhfe

 = [ ]mid

1
2 e ur C Cππ +b

 (4.82)

f
b
		is called the b	cut-off frequency. f

b
	is also the bandwidth for the short circuit current gain 

hfe .
Figure 4.38 shows the variation of  | hfe | with frequency. Note that | hfe | decreases from its mid 

band value  hfe mid  with a slope of  20 dB/decade or 6 dB/octave.

hfe

hfe

hfe

hfb

mid
hfe mid

mid

√ 2

√ 2

3dB

3dB

hfe

hfb,

=1

Variation

hfb Variation

–20dB/decade

f
β

f
T

f
α

f (log scale)

Fig. 4.38 Plot of | hfe | and | hfb | versus frequency in the high-frequency region

4.5.4 expression for the gain-band width product [ fT ]
The gain-band width product,  fT  is the frequency at which | hfe | = 1 or | hfe | dB = 0 dB.

Substituiting this condition in Equation (4.80) we have 

  mid

1

T

fe

f f

h

f
fβ

=

 
+  
  

 =  1

  mid

2

1

fe

T

h

f
f

 
+  
  b

 =  1 (4.83)    
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 Since  fT    f
b
	,		

2

Tf
fβ

 
 
  

	  1	

 ∴ 
2

1 Tf
fβ

 
+  
  

	 ≈	 Tf
fβ

Using this relation in Equation (4.83) we have

  midfe

T

h

f
fβ

 
 
  

 =  1

 or fT   =  hfe mid    fb	 =  bmid   fb		 .
	

Note that	 hfe mid  is the midband short circuit current gain and f
b			

is the bandwidth.
For this reason  fT  is called the gain-bandwidth product.
Substituiting Equation (4.82) into Equation (4.84) we have

   fT  = 	bmid · 
mid

1
2 [ ]e ur C Cπp b +

 

  fT  =  
1

2 [ ]e ur C Cπ +p
 (4.85) 

4.5.5 expression for a	cut-off frequency [ f
a	
]

Figure 4.38 also shows the plot of | hfb | versus frequency. It is important to note that hfb mid  = 1, 
since the short circuit current gain in CB configuration is unity.

a	cut-off frequency,  f
a
 is the frequency at which | hfb | drops to mid

2
fbh

 . It is also frequency at 

which | hfe | drops to 1
2

. Using this condition in Equation (4.78), it can be shown that 

  f
b
  =  f

a
 [ 1 – a	]  (4.86)

 where a  =  amid =  hfb mid  (4.87)        

Example 4.13  

Consider the circuit of Example 4.5 with the same parameter values. Calculate the following
(a)  fHi   

and  fHo  

(b)  f
b	
		and  fT

Take C
p	

( Cbe ) = 35 pF Cu ( Cbc ) = 5 pF Cce = 1 pF CWi = 6 pF CWo = 10 pF.
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Solution

 

29.1
From example 4.5

– 99.28
e

V

r
A

Ω 



=
=

(a)  

  fHi
  = 

1
2

iTh iR Cp
 

  RThi
 = RS  || R1  || R2  || Ri 

  Ri  = b	re			.	W)		.	kW

  RThi
 =  	kW   || 39	kW   || 	kW  || 2.9	kW = 0.68 kW

  Ci  = CWi + Cbe + CMi 

   = 6 pF + 35 pF + [ 1 – ( – 98.28 ) ] 5 pF  = 537.4 pF

  fHi
 = 

1
2 [0.68 k ][537.4 pF]Ωp

 = 435.52 kz

  fHo
  = 

1
2

oTh oR Cp
 

  RTho
  = ro || RC || RL = 	|| 4	kW || 1	kW = 2.857	kW

  Co = CWo + Cce + CMo

       = 10 pF + 1 pF + 
11 –

– 98.28
 
 
 

 5 pF = 16.05 pF

  fHo
  = 

1
2 [2.857k ] [16.05pF]	 Ωp

 = 3.47 z 

(b)   f
b
		= 

mid

1
2 [ ]e ur C Cπ +p b

        bmid		= b		

  f
b	
		= 

1
2 (100)[29.1 ][35 pF 5 pF]Ω +p

		.	z

   fT			=  bmid		fb	= 	.	z		=	.	z

Example 4.14

For the circuit of Example 4.8 with the same parameter values, calculate the following

 (a)  fHi   
and  fHo  

 (b)  f
b	
		and  fT

Take CWi = 7 pF CWo = 11 pF Cbc = 5 pF Cbe = 20 pF Cce = 10 pF.
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Solution

    

= 8.02
From example 4.8

= – 246.88
e

V

r
A

Ω 



(a)    fHi
  = 

1
2

iTh iR Cp
 

  RThi
  = RS   ||  RB  ||  Ri 

  Ri  = b	re						.	W	)			W

  RThi
  = 0.6	kW  || 500	kW  || 8	W = 342.98 W

  Ci  = CWi + Cbe + CMi 

       = 7 pF + 20 pF + [1 – (– 246.88 )] 5 pF

      = 1.266 nF

  fHi
  = 

1
2 [342.98 ][1.266 nF]Ωp

 = 366.53 kHz

  fHo
 = 

1
2

oTh oR Cp
 

  RTho
 = ro || RC || RL

           = 	|| 3.3	kW || 5	kW

           = 1.987	kW

  Co = CWo + Cce + CMo

       = 11 pF + 10 pF + 
11 –

– 246.88
 
 
 

 5 pF

       = 26.02 pF

  fHo = 
1

2 [1.987 k ] [26.02 pF]Ωp
 = 3.07 z

(b)   f
b	
		= 

mid

1
2 [ + ]e be bcr C Cp b

 

											 	 	 = 
1

2 [100] [8.02 ] [20 pF 5 pF]Ω +p

											 	 	 = .	z
	
	

         fT			=  bmid		fb		

	 	 	 		.	z			z
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Example 4.15

Consider the circuit of Example 4.9 with the same parameter values. Calculate the following

 (a)  fHi   
and  fHo  

 (b)  f
b		
	and  fT

Take CWi = 7 pF CWo = 10 pF Cbc = 15 pF Cbe = 25 pF Cce = 12 pF.

Solution
= 23.21

From example 4.9
= 146.6 k

e

b

r
Z

Ω	 
Ω

(a)    fHi
  = 

1
2

iTh iR Cπ
 

        RThi
  = RS  || R1  || R2  || Ri 

 But  Ri  = Zb   	since configuration is CC 
  RThi

  = 1 kW  || 120	kW  || 33	kW || 146.6 kW
   = 956.5 W

B

C C

E

CWo

CWi

Cce

Cbc
Cbe

Fig.A

From Fig(A)
  Ci  = CWi + Cbc + Cbe 

       = 7 pF + 15 pF + 25 pF
       = 47 pF

  fHi
  = 

1
2 [956.5 ] [47 pF]Ωp

 

   = 3.54 MHz

  fHo
 = 

1
2

oTh oR Cp
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  RTho
  = RE || RL || re

          = 2 	kW || 5 kW || 23.21W
           = 22.83	W

From Fig A
  Co = CWo + Cce

       = 10 pF + 12 pF = 22 pF

  fHo
 = 

1
2 (22.83 )(22 pF)Ωp

  = 316.87 z

(b)   f
b	
			

mid

1
2 [ ]e be bcr C C+p b

	

										 	 	 	
1

2 (100)(23.21 )[25 pF 15p F]Ω +p

	 	 	 	.	z
	
	

   fT				 bmid		fb							.	z 		.	z

Example 4.16

For the circuit of Example 4.10 with the same parameter values calculate the following

 (a)  fHi   
and  fHo  

 (b)  f
b		
	and  fT

Take CWi = 10 pF CWo = 10 pF Cbc = 18 pF Cbe = 24 pF Cce = 12 pF.

Solution
  re  = 9.09 W   ( From example 4.10 )

(a)    fHi
  = 

1
2

iTh iR Cπ
       RThi

  = RS  || RE  || Ri 
        Ri   = re      [ since configuration is CB ]
  RThi

  = 120 W  || 1.5	kW  || 9.09 W = 8.4 W

CWi Cbe Cbc CWo

Fig. A
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From Fig. A
  Ci  = CWi

 + Cbe = 10 pF + 24 pF = 34 pF

  fHi
  =  1

2 (8.4 )(34 pF)Ωp
 =  557.26  MHz

  fHo
 = 

1
2

oTh oR Cπ

  RTho
  = ro || RC || RL

       =   || 3	kW || 4.7	kW
          = 1.83	kW
  Co = Cbc + CWo

                       [ see Fig A ]
       = 18 pF + 10 pF = 28 pF

  fHo = 
1

2 (1.83 k )(28 pF)Ωp
 = 3.1 z

(b)   f
b	
		=	

mid

1
2 [ ]e be bcr C C+p b

	

											 	 	 =	
1

2 [75] [9.09 ] [24 pF 18 pF]Ω +p
	

	 	 	 = 5.55 MHz

 fT = bmid  fb = ( 75 ) ( 5.55 MHz ) 

  = 416.25 MHz

Exercise Problems

 4.1 The following data is available for an amplifier 
  Pi = 100 W  Po = 50 W  Vi = 100 V  Ro = 20 W
  Calculate (a) Power gain in dB  (b) Voltage gain in dB.

 Hint: AP (dB) = 10 log10 [Po / Pi ]  AV (dB) = 20 log10 [Vo  / Vi ]

  Po = 
2

o

L

V
R

 = 
2

o

o

V
R

   Pi = 
2

i

i

V
R

 4.2 Two voltage measurements made across the same resistance are V1 = 20 V and V2 = 100 V. 
Calculate

 (a) Power gain in dB of the second reading over the first reading 
 (b) Voltage gain 

 Hint: Ri = Ro



Transistor Frequency Response  375

 4.3 If the applied ac power to a system is 5 mW at 100 mV and the output power is 48 W, 
calculate

 (a) Power gain in dB (b) Voltage gain in dB if RL = 40 kW
 (c) Input impedance (d) Output impedance

 4.4	 An	amplifier	is	required	to	deliver	50	W	to	a	16Ω	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.

 4.5 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

  AV (dB) = AV1 (dB) + AV2 (dB) + AV3 (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.

 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.

+ + + +

_ _ _ _
Vi AV1 Vo1= Vi2 Vo2 = Vi3

AV2 AV3 Vo

Zi1 = Zi Zo3 = ZoZo2 Zi3Zi2Zo1

RL

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 AV        1

 , AV2
 and AV3

 are the loaded voltage gains whose 
values can be calculated using the corresponding no load gains. Also for the cascaded system, the 
input impedance is that of the first stage and the output impedance is that of the last stage.

i.e., Zi = Zi1
 and Zo = Zo3
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     Since the output of one stage is connected as input to the next stage, 

 Vi2
 = Vo1

 and Vi3 = Vo2

 The total or the overall voltage gain of the cascaded system can be obtained as follows: 

 AVT
  = o

i

V
V

 AVT
  = 

3

.o

i

V
V

3

2

.i

i

V
V

2i

i

V
V

  

Using Vi3
= Vo2

 and Vi2 = Vo1
 we have

 AVT
 =  

3

o

i

V
V · 

2

2

o

i

V
V · 1o

i

V
V

  = A V3
· AV2

·AV1
 

 or   AVT
  = AV1

· AV2
· AV3  (5.1) 

where  AV1 
= 1

1

o

i

V
V  = Loaded voltage gain of stage 1

 AV2
  = 2

2

o

i

V
V

 = Loaded voltage gain of stage 2

 A V3 
= 3

3

o

i

V
V

= Loaded voltage gain of stage 3

For n cascaded amplifier stages, the total voltage gain is given by 

 AVT = AV1
 ·  AV2

 ·  A V3 
¼  AVn  (5.2)

The total current gain is given by

 AIT  = – AVT  
1i

L

Z
R   (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, AV and AVS

.
 (c) The total current gain for the system.
 (d) The total gain for the system if the emitter-follower configuration were removed.
 (e) The phase relation ship between Vo and Vi.
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+++ +

_
_

_ _

Vi1

AV1

Vo1 = Vi2

AV2

Vo = Vo2

Zi = Zi1
Zo2 = ZoZo1

Zi2 

Zi = 10 kΩ Zi = 26 Ω RL~Vs
k

kΩZo = 12Ω Zo = 5.1 kΩ

 Ω

AVNL = 1 AVNL = 240

Emitter follower Common base

8.2    

IoIi =Ii1Rs

1

Solution
(a) For the emitter-follower, the load is Zi2

,

 AV1
  =  

1

1

0

i

V
V  = 2

2 1

i

i o

Z
Z Z+

AVNL = 
26

26 12+
Ω

Ω Ω
 = 0.684

For the common-base configuration,

  AV2 = 
2

o

i

V
V

 = 
2

L

L o

R
R Z+

 AVNL 

  = 
8.2k

8.2k 5.1k+
Ω

Ω Ω
 (240) = 147.97

(b) The total voltage gain is

 AVT = AV1  AV2
 = (0.684) (147.97) = 101.20

 AVS =  1

1

i

i S

Z
Z R+

 AVT = 
10k

10k 1k+
Ω

Ω Ω
(101.20) = 92

(c) AIT = – AVT 
1i

L

Z
R  = – (101. 20) 

10k
k
Ω

8.2 Ω
 = – 123. 41

(d) With out emitter-follower, the arrangement is as shown below.

+

_
Vo

RL
kΩ

Zi = 26Ω
Zo = 5.1 kΩ

AVNL = 240

Common base

8.2

Io

++

_
_
Vi

~Vs
k Ω

Ii Rs

1

 AV  = 
o

i

V
V   = L

o L

R
Z R+

 AVNL 

  = 
8.2k

5.1k 8.2k+
Ω

Ω Ω
 (240) 

  = 147.97
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 AVS
 = o

s

V
V  = o

i

V
V

i

s

V
V  

  = AV 
i

s i

Z
R Z+

 = (147.97) 
26

k 26+
Ω

1 Ω Ω
 = 3.75

(e) Both emitter-follower and common-base stage introduces zero degree phase shift. Hence Vo 
and Vi are in phase. 

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 RS .

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, AV and AVs
 (c) The loaded current gain of each stage
 (d) The total current gain of the system
 (e) How Zi is affected by the second stage and RL
 (f) How Zo is affected by the first stage and Rs
 (g) The phase relation ship between Vo and Vi

++ +

_ _ _

Vi Vo

ZoZo1 Zi2 Zi

Zi = 1 kΩ Zi = 1 kΩ RL~Vs kΩZo = 3.3 kΩ Zo = 3.3  kΩ
AVNL  = – 420 AVNL  = – 420 

CE amplifier CE amplifier

2.7

IoIi Rs

k Ω0.6

1 µF 1 µF

Solution
(a) The load on first stage is Zi2

 AV1 =  2

1 2

i

o i

Z
Z Z+

 AVNL
 = 

1k
3.3k 1k+

Ω

Ω Ω  (– 420) = – 97.67

 AV2
 = 

L

o L

R
Z R+  AVNL

 = 
2.7k

3.3k 2.7k+
Ω

Ω Ω
 (– 420) = – 189

(b) The total voltage gain is

 AVT
  = AV1

 AV2
 = (– 97.67) (– 189) = 18.45 × 103 

 AVs
 = i

s i

Z
R Z+

 AVT
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  = 
1k

0.6k 1k+
Ω

Ω Ω
 (18.45 ×103) = 11.53 × 103

(c) AI1
 = – AV1

2

i

i

Z
Z   [Since load on first stage is Zi2

]

  =  – (– 97.67) 
1k
1k

Ω

Ω
 = 97.67

 AI2
 = – AV2

 2i

L

Z
R  = – (– 189) 

1k
2.7k

Ω

Ω
 = 70

(d) Total current gain is

 AIT 
= AI1 

· AI2
 = (97.67) (70) = 6.84 × 103 

(e) Zi is unaffected by the second stage and RL
(f) Zo is unaffected by the first stage and RS

(g) Each CE stage introduces a phase shift of 180º. Hence the phase shift between Vo and Vi  is 360° 
or 0º. i.e., Vo and Vi 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 kW load applied to the second stage.
 (d) Calculate the input impedance of the first stage and the output impedance of the second 

stage.

 Take b = 200 for both transistors.

Vo

25 µV

 20 µF 20 µF

10 µF

10 µF 10 µF

20 V

 Ωk1 Ωk1
Ωk4.7  Ωk4.7 

Ωk15Ωk2.2 Ωk2.2 Ωk 15

Vi Q1 Q2
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Solution 
(a) Since R1, R2, RE, RC and b are same for both the transistors, the dc bias voltages and currents 

are identical in both the stages.
Check for bRE  10 R2

 bRE = (200) (1 kW) = 200 kW

 10 R2  = (10) (4.7 kW) = 47 kW

Since bRE > 10 R2, We can use approximate analysis.

 VB = 2

1 2

CCV R
R R+

=
(20V)(4.7k
15k 4.7k+

Ω)

Ω Ω
= 4.77 V

 VE  = VB – VBE = 4.77 V – 0.7 V = 4.07 V

 IE  = E

E

V
R

=
4.07V
1KΩ

 = 4.07 mA

 re = 
26mV

EI
= 

26mV
4.07mA

= 6.39 W

 IB = 
1

EI
+ β

= 4.07mA
201

= 20.25 mA

 IC = bIB = (200) (20.25 mA) = 4.05 mA
 VC = VCC – IC RC 
  = 20 V – (4.05 mA) (2.2 kW) = 11.09 V

 VCE = VC – VE = 11.09 V – 4.07 V = 7.02 V

(b) Load on the first stage is

 RL1
 = RC || Zi2

 Zi2
 = R1 || R2 || b re 

  = 15 kW || 4.7 kW || (200) (6.39 W) = 0.942 kW

 RL1
 = 2.2 kW || 0.942 kW = 0.659 kW

 AV1
 =  – 1L

e

R
r

 = – 0.659k
6.39

Ω

Ω
= –103.13

Since second stage is unloaded, its voltage gain is

 AV2 (NL)   = – C

e

R
r

= – 
2.2k
6.39

Ω

Ω
 = – 344.28

Overall Voltage gain is

 AVT (NL) = AV1 AV2 (NL) = (–103.13) (– 344.28) = 35.5 ×103
 

 Vo = AVT (NL) Vi = (35.5 × 103) (25 mV) = 887.5 mV
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(c) The overall voltage gain with RL = 10 kW is

 AVT
 = o

i

V
V

 = L

L o

R
R Z+

 AVT (NL)

 But Zo = RC = 2.2 kW 

 AVT
 = 

10k
10k 2.2k+

Ω

Ω Ω
 (35.5 × 103) = 29.09 × 103

 Vo = AVT
 Vi = (29.09 × 103) (25 mV) = 727. 25 mV

(d) Input impedance of the first stage is

 Zi1
 = Zi = R1 || R2 || bre = 0.942 kW  (same as Zi2

)

Output impedance of second stage is

 Zo2
  = Zo= RC = 2.2 kW

Note : If the two stages are not identical then dc analysis  has to be carried out separately and their 
re values are different.

 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. 

Q1

Q2

VCC

R1

R2

RL

Vo

CE

CB

RE

RB

RC

Vi

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 Q2 is obtained from 
the collector node of Q2. RB is used to limit the bias current of Q2. For ac operation, RB is shorted 
out by CB. Thus the base of Q2 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 Q1 is in CE configuration 
and Q2 in CB configuration. For ac operation, C2 shorts the base of Q2 to ground. Note that both 
Q1 and Q2 are npn transistors.

Q1

Q2

Vo2 = Vo

VCC

R1

R3

R2

C2 C3

C1

Vo1

CERE

RC

Vi1 = Vi

Fig. 5.3 Alternate cascode connection

Example 5.4 

For the cascode connection of Fig. 5.3 the followings data are available:

 R1 = 6.8 kW R2  = 5.6 kW R3  = 4.7 kW

 RC = 1.8 kW RE = 1.1 kW VCC = 18 V      

 b1  = b2 = 200 Vi = 10 mV
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 (a) Calculate the dc bias voltages VB1
, VB2

, VC2
 (b) Calculate the no load voltage gain and the output voltage Vo2

 = Vo

 (c) Calculate the voltage gain with a load of 10 kW connected to the second stage and the 
output voltage Vo

 (d) Input and output impedances 

Solution 

(a) DC voltage at the base of Q1 is  

 VB1
 = 3

1 2 3

R
R R R+ +

 VCC

  = 
4.7k

6.8k 5.6k 4.7k+ +
Ω

Ω Ω Ω
 (18 V) = 4.9 V

 VE1
 = VB1

 – VBE = 4.9 V – 0.7 V = 4.2 V

 IE1
  IC1 =  1

1.1k
EV

Ω
 = 4.2V

1.1kΩ
 = 3.82 mA

Note that the emitter current of Q2 is also the collector current of Q1

  IE2 = IC1 = 3.82 mA

Since IE1
 = IE2

, the dynamic resistance re is the same for both the transistor.

  re = 
26mV

3.82mA
 = 6.8 W 

Voltage on the base of Q2 is

  VB2
 = 3 2

1 2 3

R R
R R R

+
+ +

 VCC

   = 
4.7k 5.6k

6.8k 5.6k 4.7k
+

+ +
Ω Ω

Ω Ω Ω
 (18 V) = 10. 84 V

  IC2 
=  2CC C

C

V V
R
-

    VC2
 = VCC – IC2

 RC = 18 V – (3.82 mA) (1.8 kW) = 11.124 V
(b) The load on the transistor Q1 is the input impedance of the Q2. Since Q2 is in the CB 

configuration, RC = re for Q1.

  AV1
 = – C

e

R
r

 = e

e

r
r

- = – 1 

For the second stage (CB) 

  AV2  = C

e

R
r

 = 
1.8k
6.8

Ω

Ω
 = 264.7
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Overall no load voltage gain is 

  AVT (NL)  =  AV1
· AV2

 = (– 1) (264.7) = – 264.7

  Vo = AVT (NL) Vi = (– 264.7) (10 mV) = – 2.647 V

Note that CE stage has a small voltage gain of unity and CB stage providing a larger voltage 
gain of 264.7.

(c) With RL = 10 kW 

  AV1
 = – 1  (same as before)

  AV2
 = 

||C L

e

R R
r

 = (1.8k ) || (10k )
6.8

Ω Ω

Ω
 = 224.33

  AVT
 = AV1

. AV2

   = – 224.33
  Vo = AVT

 Vi = (– 224.33) (10 mV) = – 2.243 V

(d) The input impedance is given by the input impedance of CE stage.

  Zi  = b re = (200) (6.8 W) = 1.36 kW

The output impedance is given by that of CB stage

  Zo = RC = 1.8 k W

 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. 

Q2

QD

Q1
B B

E E 

C C

≡

Fig. 5.4 Darlington connection
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If b1 and b2 are the current gains of Q1 and Q2 respectively, the current gain of Darlington 
connection is 

  bD =  b1 b2   (5.4) 

If the two transistors are matched so that b1 = b2 = b, the Darlington connection provides a 
current gain of

  bD = b 2  (5.5)

For instance if b1 = b2 = 200, the overall current gain is

  bD = (200)2 = 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. 

 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  bD which is very high.

IB

IC

IE RE

RB

VCC

Q2

Q1
B

E 

C

Fig. 5.5 DC bias of Darlington circuit 
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Applying KVL to the base-emitter circuit we have

  VCC = IB RB + VBE + IE RE (5.6)

  IE  = ( 1+ bD ) IB   (5.7)

Using Equation (5.7) in (5.6) and solving for IB we have 

  IB = 
(1 )

CC BE

B D E

V V
R R

-
+ + β

  (5.8)

It should be noted that, VBE is the drop for two base-emitter junctions which is typically in the 
range 1.4 V to 1.8 V.

  IE  = ( 1+ bD ) IB  bD IB [Since bD is very high.]  (5.9)

The dc voltages are 

  VE = IE RE   (5.10)

  VB = VBE + VE   (5.11)

 5.5 DArlingTon EMiTTEr-followEr
Figure 5.6 shows the circuit of Darlington emitter-follower. The ac input signal Vi is coupled to the 
base of the Darlington transistor through the input coupling capacitor C1. The ac output voltage Vo 
is taken at the emitter through the output coupling capacitor C2.

Io

C2

Vo

RE

RB

VCC

Q2

Q1
B

E 

C

Ii

C2

Vi

Zo

Zi

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 ri between base and emitter terminals 
 (b) a controlled current source bD Ib between the collector and the emitter terminals.

RE

IoE

Ie

+

+

__

Vo

Vi

ZbZi

Ii B

RB

C

Ib ri βD Ib

Fig. 5.7 AC equivalent circuit of Darlington emitter follower

AC Input Impedance ( Zi )
Applying KVL to the input circuit of Fig. 5.7 we have 

  Vi  = Ib ri + Ie RE

Using  Ie = ( 1 + bD ) Ib , we have

   Vi  = Ib ri + ( 1 + bD ) RE Ib

  Zb  = i

b

V
I

= ri  + ( 1 + bD ) RE (5.12)

Since bD is very high, Zb   bD RE (5.13)

  Zi = i

i

V
I

 = RB || Zb   (5.14)

AC Current Gain ( AI )

  AI  = o

i

I
I

 = o

b

I
I  · b

i

I
I

 But Io = Ie

  AI  = e

b

I
I  · b

i

I
I   (5.15)

  Ie = ( 1 + bD ) Ib  bD Ib 
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e

b

I
I  =  bD   (5.16)

Applying KCL to the input circuit we have

  Ii = i

B

V
R + Ib

Using Vi = Ib Zb we get

  Ii  = Ib 1b

B

Z
R
é ù
ê ú+ê úë û

 = Ib 
b B

B

Z R
R

é ù+ê ú
ê úë û

    b

i

I
I

  = B

b B

R
Z R+

 (5.17)

Using Equations (5.16) and (5.17) in Equation (5.15) we have

  AI  = bD B

b B

R
Z R+

 (5.18)

Substituting for Zb from Equation (5.13), we get

  AI = D B

B D E

R
R R+

β

β
 (5.19)

AC Voltage Gain ( AV )
Refer the circuit of Fig. 5.7

  Vo = Ie RE

   = [ 1 + bD ] Ib RE

From Equation (5.12) we have

  Vi = Ib [ ri + ( 1 + bD ) RE]

 Now  AV = o

i

V
V

 = 
[1 ]

[ (1 ) ]
b D E

b i D E

I R
I r R

+
+ +

β

β

  AV = 
[1 ]

[1 ]
D E

i D E

R
r R

+
+ +

β

β
 (5.20) 

Since  ( 1 + bD ) RE  ri

  AV    
(1 )
[1 ]

D E

D E

R
R

+
+

β

β
  = 1  (5.21) 
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AC Output Impedance ( Zo )
To determine the ac output impedance we apply the following steps to the circuit of Fig. 5.7
 (a)  Vi is reduled to zero i.e. it is replaced by short circuit equivalent 
 (b)  a voltage source V is connected between the output terminals. 

    The resulting circuit is shown in Fig. 5.8. Now the output impedance is given by 

  Zo = V
I

  (5.22)

where I is the current driven by the voltage source into the output terminals.

βD IbRB RE

Ib

Zo

riB

Vi = 0

I
E

C

+

_
~ V

I′

Fig. 5.8 Circuit to find Zo

The circuit of Fig. 5.8 is redrawn in Fig. 5.9.

βD Ib REIb

Zo

ri

B

I

E

C

+

_
~ V

I′

Fig. 5.9 Simplified circuit to find Zo

Applying KCL at the emitter node we have

  Ib + bD Ib – I + I = 0  (5.23) 

  But  Ib  = 
i

V
r

-
 and  I = 

E

V
R

Using these relations in Equation (5.23) we get

   – 
i

V
r

 + bD 
i

V
r

æ ö÷ç ÷-ç ÷ç ÷ç ÷è ø
 – 

E

V
R

 + I = 0
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1 1 D

i E i

V
r R r
é ù
ê ú+ +ê úë û

β
 = I

  Zo = V
I

 = 
1

1 1 D

i E ir R r
+ +

β

  Zo = 
1

1 1 1
( / )i E i Dr R r

+ +
β

  (5.24)

Zo can be interpreted as the parallel combination of ri , RE and i

D

r
β

   Zo  = ri || RE || i

D

r
β

  (5.25)

Since  i

D

r
β

 is very much smaller than ri and RE we have 

  Zo   i

D

r
β

 (5.26)

5.5.1 important Characteristics of Darlington Emitter-follower 
The important characteristics of Darlington emitter-follower are:
 · Very high current gain.
 · Very high input impedance.
 · Very low output impedance.
 ·  Approximately unity voltage gain.
 ·  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:
 · Buffer to connect a voltage source of high impedance to a load of low impedance.
 · High current driver.
 · Current amplifier. 

Example 5.5 

For the Darlington emitter-follower shown below:
 (a) Calculate the dc bias voltages VB , VE , VC and currents IB and IC.
 (b) Calculate the input and output impedances.
 (c)  Determine the voltage and current gains.
 (d) The ac output voltage for Vi = 120 mV.
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18 V

Io

C2

Vo

Q2

Q1
B

E 

C

Ii

C2

Vi

Zo

Zi
390 Ω

3.3 MΩ 

βD =  8000 
ri =  5 kΩ

VBE = 1.6 V

Solution

(a)  IB = CC BE

B D E

V V
R R

-
+ β

   = 
18V 1.6V

3.3M (8000)(390 )
-

+Ω Ω
 = 2.55 mA

  IE = IE2
  IC2

 = bD IB 

   = (8000) (2.55 mA) = 20.4 mA

  VE = IE RE = (20.4 mA) (390 W) = 7.96 V

  VB = VBE + VE = 1.6 V + 7.96 V = 9.56 V 

Since the collector is directly tied to VCC , the collector voltage equals the dc supply voltage VCC .

   VC = VCC = 18 V

(b)  Zb = ri + ( 1 + bD ) RE 

   = 5 kW + (8001) (390 W) = 3.13 MW

  Zi = RB || Zb = 3.3 MW || 3.13 MW = 1.6 MW

  Zo = ri || RE || i

D

r
β
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   = 5 kW || 390 W || 
5kΩ

8000  = 0.625 W

(c)  AV = 
(1 )

(1 )
E D

i E D

R
r R

+
+ +

β

β
 

   = 
(390 )(8001)

5k (390 )(8001)+
Ω

Ω Ω
 = 0.998

  AI = D B

B D E

R
R R+

β

β
 

   = 
(8000)(3.3M

3.3M (8000)(390 )+
Ω)

Ω Ω
 = 4112.15

(d)  Vo = AV Vi = (0.998) (120 mV) 

   = 119.76 mV

 5.6 fEEDBACk pAir
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 Q1 is the base current of Q2.

If the pnp transistor has a current gain of b
1 
and the npn output transistor has a current gain of 

b
 the feedback pair acts like a single pnp transistor with a current gain of b

1 b .

Q2

Q1B

E 

C

Fig. 5.10 Feedback pair connection

 5.7 DC BiAS of fEEDBACk pAir
Figure 5.11 shows the biasing arrangement for feedback pair.
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Q2

Q1
IB1

RB IC1 = IB2

+

_
VEB1

IE1

IC

VCC

RC

IC2

IE2

Fig . 5.11 DC biasing of feedback pair

Applying KVL to the base-emitter circuit of Q1 we have

VCC – IC RC – VEB1
 – IB1

 RB = 0

Using IC = b
1 b

 IB1 , we have

VCC – b
1 b

 IB1
 RC – VEB1

 – IB1
 RB = 0

   IB1
 = 1

1 2

CC EB

B C

V V
R R

-

+ β β
  (5.27) 

The collector current of Q1 is the base current of Q2.

   IC1
 = IB2

 = b
1
 IB1

 (5.28) 

The collector current of Q2 is 

  I C2
 = b


 IB2 

=  b
1
  b


 IB1

    IE2
  (5.29)

The current thought RC is 

  IC = IE1
 + IC2

      IC1
 + IC2

     IC2
  (5.30)

 Since IC2 
 IC1
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 5.8 AC opErATion of fEEDBACk pAir
The ac input signal Vi is coupled to the base of Q1 through the input coupling capacitor C1 as 
shown in Fig. 5.12. The ac output signal Vo is taken at the collector of Q2 through the output 
coupling capacitor C2 .

Q2

Q1
Ib1

RB Ib2 = Ic1

Ie1

Ic

VCC

RC

Ic2

C2

Vo

C1

Vi

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.

RC

Io

E2

Ic

Vo

Vi
Ii B2

RB Ib2

ri2
β2 Ib2

Ib1 ri1

β1 Ib1

C2C1

E1

B1

Fig. 5.13 AC equivalent circuit of feedback pair
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β1 Ib1

β2 Ib2
RB RC

Ib2

Ii

Zo

ri1B1 E1

E2

+ +

_ _

Vi Vo

ZbZi

Ic

C2

C1

ri2

Ib1

Io

Fig. 5.14 AC equivalent circuit redrawn

AC Input Impedance ( Zi )
Writing KVL to the outer path of Fig. 5.14 we have

  Vi – Ib1
 ri1

 + Ic RC = 0   (5.31)

From the circuit of Fig. 5.12

  Ic = Ie1
 + Ic2

 Ic2
 = b2 Ib2

 and Ie1
 = (1 + b1) Ib1

  b1 Ib1

 Now  Ic  =  b2 Ib2
 + b1 Ib1

 But  b2 Ib2
   b

1
 Ib1

  Ic   b

 Ib2

 

 But  Ib2 = Ic1
 = b

1
 Ib1

 So that  Ic = b
1
 b2 Ib1

Since Ic and Ib1
 are in opposite directions, it is appropriate to write 

  Ic  = –  b
1
 b2 Ib1

 (5.32)

Using this relation in Equation (5.31) we have 

  Vi = Ib1 ri1
 + Ib1

 b
1
 b2 RC

  Zb = 
1

i

b

V
I

 = ri1
 + b

1
 b2 RC   (5.33)

  Zi = RB || Zb   (5.34)

AC Current Gain ( AI )

  AI  = o

i

I
I  = 

1

o

b

I
I  · 1b

i

I

I   (5.35)
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 But  Io  = – Ic

 From Equation (5.32), 
1

o

b

I
I

  = 
1

c

b

I
I
-

 = b
1
 b2   (5.36)

Applying KCL at the node B
1
 of Fig. 5.14 we have

  Ii  = Ib1
 + i

B

V
R

 

Using Vi = Ib1
 Zb we have

  Ii  = Ib1 
1 b

B

Z
R

é ù
ê ú+ê úë û

  
i

i

b

I
I  = B b

B

R Z
R
+

 or 1b

i

I

I
  = 

B

B b

R
R Z+   (5.37)

Using Equations (5.36) and (5.37) in Equation (5.35) we have

  AI  =  o

i

I
I

= b
1
 b2 

B

B b

R
R Z+

 (5.38)

AC Voltage Gain ( AV )
  Vo = Ic Rc 

Substituting for Ic from Equation (5.32) we have 

  Vo = b
1
 b2 Ib1

 RC [Taking only magnitude]  (5.39).

From Equation (5.31) we have

  Vi – Ib1
 ri1

 – Vo = 0

   Ib1
 = 

1

i o

i

V V
r
-

Using this relation in Equation (5.39) we get

  Vo = b
1
 b2 RC 

1

i o

i

V V
r

é ù-ê ú
ê ú
ê úë û

  Vo  = 
1

1 C

i

R
r

2β β
 Vi – 

1

1 C

i

R
r

2β β
 Vo

  Vo 
1

1 C

i

R
r

é ù
ê ú+ê ú
ê úë û

1 2β β
 = Vi 

1

C

i

R
r

é ù
ê ú
ê ú
ê úë û

1 2β β
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  AV = o

i

V
V

 = 
1

C

i C

R
r R

é ù
ê ú
ê ú+ê úë û

1 2

1 2

β β

β β
  (5.40)

AC Output Impedance ( Zo )
The circuit to find Zo is shown in Fig. 5.15, which is obtained by reducing Vi  to zero and connecting 
an ac source of voltage V between the output terminals in the circuit of Fig. 5.14.

β1 Ib1

β2 Ib2 RC

Zo

ri1

B1

E1

E2

I

C2

ri2

Ib1

I′

+

_
~ V

Fig. 5.15 Circuit to find Zo

Summing all the currents at the node C2 , we have 

 Ib1
 + b

1 
Ib1

 – b

 Ib2

 – I  + I = 0 (5.41)

  Ib1
  = – 

1i

V
r

  and I  =  
C

V
R

  Ib2 = Ic1
 = b

1
 Ib1

Ib1 
is the base current of pnp transistor and Ib2

 is that of npn transistor. Thus taking direction 
into consideration we have

  Ib2 = – b
1 
Ib1

 = – b
1 

1i

V
r

é ù-ê ú
ê ú
ê úë û

 
=

 
1i

V
r
1β

Using these relations in Equation (5.41) we have 

1i

V
r

-  – b1 
1i

V
r

 – b1 b2 
1i

V
r

 – 
C

V
R

 + I  = 0

1 1 1

1 1 21 1

i i i C
V

r r r R
 

+ + + 
  

β β β  = I

  Zo = 
V
I  = 

1 1 1

1
1 1
i i i Cr r r R
+ + +1 21

β ββ
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 or  Zo  = 

1 1 1

1
1 1 1 1

( / ) ( / )i i i Cr r r R
+ + +

1 1 2β β β

 (5.42)

 From Equation (5.42), Zo can be interpreted as the parallel combination of  ri1
, 1

1

ir
β

, 1

1

ir

2β β
 and RC .

 i.e  Zo = ri1
 || 1

1

ir
β

 || 1

1

ir

2β β
 || RC   (5.43)

Since 1

1

ir

2β β
 is the smallest of all, we can take

  Zo  1

1

ir

2β β
   (5.44) 

Example 5.6 

For the feedback pair of Fig. 5.12 the following data are available:

RB  = 2 MW RC = 100 W  b
1 

= 140 b
 
= 180

VCC = 18 V Vi = 120 mV ri1
 = 4 kW

 (a) Calculate the dc bias currents and Voltages.
 (b) Calculate Zi and Zo

 (c) Calculate AV and AI

 (d) Determine Vo  

Solution

(a)  IB1 = 1

1 2

CC EB

B C

V V

R R

-

+ β β

   = 
18V 0.7V

2M (140)(180)(100 )
-

+Ω Ω
 = 3.83 mA

  IB2
 = IC1 = b1 IB1 = (140) (3.83 mA) = 0.536 mA

  IC2
 = b2 IB2

 = (180) (0.536 mA) = 96.48 mA

  IC = IE1
 + IC2

  IC1
 + IC2

   = 0.536 mA + 96.48 mA = 97.01 mA

  VCC = IC RC + VCE2

  VCE2
 = Vo (dc) = VCC – IC RC 

   = 18 V – (97.01 mA) (100 W)

   = 8.29 V  [DC output voltage]
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 Also  VCC = IC RC – VEB1
 + VB1

  VB1
 = VCC – IC RC – VEB1

 or  VB1 = Vi (dc) = Vo (dc) – VEB1
 = 8.29 V – 0.7 V

   = 7.59 V  [DC input voltage]

(b)  Zb = ri1
 + b1 b2 RC 

`   = 4 kW + (140) (180) (100 W) = 2.524 MW

  Zi = RB || Zb = 2 MW || 2.524 MW = 1.12 MW

  Zo = ri1
 || 1

1

ir
β

 || 1

1

ir

2β β
 || RC 

   = 4 kW ||
4k
140

Ω
 ||

4k
(140)(180)

Ω
 || 100 W = 0.158 W

(c)  AV = 
1

1 C

C i

R
R r+

2

1 2

β β

β β  

   =  

(140)(180)(100 )
(140)(180)(100 ) 4k+

Ω
Ω Ω

 = 0.9984

  AI = b
1 
b

 

B

B b

R
R Z+

   = (140) (180) 
2M

2M 2.254M+
Ω

Ω Ω
 

   = 11.85 × 103

(d)  Vo = AV Vi (0.9984) (120 mV) = 119. 81 mV

 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, Q1 and Q2, 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 Q1 is connected as a diode by shorting its collector to base. When the supply 
Voltage VCC is applied, the base-emitter junction of Q1 is forward biased and a reference current 
IX is established. We can think of VBE as being the result of IX . The same VBE is applied to the base 
emitter junction of Q2. Since the two transistors are identical, the collector current of Q2 will be 
the mirror of the reference current IX .
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Q2Q1

IE

IE

IE

IE

IX RX

VCC

+

_

 β
IE
 β

IE
 β

VBE

2

Fig. 5.16 Current mirror circuit

Mathematical Analysis
The base currents of Q1 and Q2 are given by 

  IB = 
1

EI
+ β

 

    EI
β

The collector current of each transistor is 

  IC  IE

The current IX  ,  through the resistor RX  is 

  IX = IE + 
2 EI

β

   = 
21

é ù
ê ú+ê úë ûβ

 IE

   = 
2+β

β
 IE

  IX   IE  (5.45) 

  IX  = CC BE

X

V V
R
-

  CC

X

V
R

 = constant  (5.46) 

     [ Since VBE << VCC ]

Note that IX is mirrored in the collector of Q2 .
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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 Q2 is diode 
connected. The base emitter voltage is the same for both Q1 and Q2 .

Q2Q1

Q3

IE

IE
IIX RX

VCC

+

+

_

_

 β

VBE

VBE

Fig. 5.17 Current mirror circuit with higher output impedance

  IX = 
2CC BE

X

V V
R
-

  CC

X

V
R

 = constant  (5.47)

If Q1 and Q2 are well matched, their collector currents are equal.

    I    IE   (5.47) 

Now the base current of Q3 is approximately  EI
β

.

Summing the currents at the collector node of Q1

  IX = IE + EI
β

 IE 

  We find that  I   IE    IX    CC

X

V
R

  (5.48)

Note that the current I is a mirrored value of the constant current IX .

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 IDSS  since its gate and drain terminals 
are tied together.
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The collector current of diode connected transistor Q1 is IDSS . Q1 and Q2 are driven by the same 
base-emitter voltages. If the two transistors are identical, they carry the same collector current. 
Thus I  equals  IDSS .

Q2Q1

Q3

I

VDD

IDSS

Fig. 5.18 Current mirror using JFET

Example 5.7 

Calculate the mirrored current I in the circuit shown below. Take b = 200 for both the transistors.

Q2Q1

I

IX

15 V

1.5 kΩ

Solution 

  I  =  IX = CC BE

X

V V
R
-

   = 
15V 0.7V

1.5k
-

Ω
 

   = 9.53 mA
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Example 5.8

Calculate the current I  through each of the transistor Q2 and Q3 shown below.

Q2

Q1

Q3

I

I

IX

12 V

2 kΩ

Solution 

IX equals the sum of collector current of Q1 and the base currents of Q1, Q2 and Q3 

   IX = IE + 3 IB

   = ΙΕ + 3 EI
β

 = ΙΕ 

3é ù+ê ú
ê úë û

β

β
  IX   IE  I  

  IX = I  = CC BE

X

V V
R
-

 = 
12V 0.7V

2k
-

Ω
 = 5.65 mA

Example 5.9 

Calculate the collector currents of Q2 and Q3 . Take b = 250 for all transistors.

Q2Q1 Q3

12 V

3  kΩ 2.4 kΩ

2 mA
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Solution
The collector current of Q1 is 2 mA. Since the base-emitter voltages of Q1, Q2 and Q3 are same, a 
constant current of 2 mA is mirrored in the collectors of Q2 and Q3.

 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. 

RI I

(a) (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.

 5.11 BJT ConSTAnT-CurrEnT SourCE
Figure 5.20 shows a constant-current source using npn transistor. The combination of R1 and R2 
forms a voltage divider between – VEE and ground.

RE IE

R1 R2

IC

VB

VE

– VEE

+
_VBE

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 

  VB = (– VEE) 1

1 2

R
R R+

  (5.49)

  VBE = VB – VE

   VE = VB – VBE  (5.50)

  IE = ( )E EE

E

V V
R

- -
 =  

E EE

E

V V
R
+

   IC  (5.51)

IC is the constant current provided by the circuit of Fig. 5.20.
The main draw back of this circuit is that IC depends on VBE (since VE contains VBE term) which 

is temperature dependent. Thus IC varies with temperature. An improved constant current source 
which uses zener diode in place of R2 is discussed in the next section.

Example 5.10

Calculate the constant current I in the circuit shown below. Take b = 100.

I

10 kΩ10 kΩ 4.7 kΩ

– 24V

Solution 

  VB = ( – VEE ) 1

1 2

R
R R+

   = ( – 24 V ) 
10k

10k 10k
Ω

Ω+ Ω
 = – 12 V

  VE = VB – 0.7 V = – 12 V – 0.7 V = – 12.7 V

  I = IE = 
( )E EE

E

V V
R

- -
 

   = 
12.7V 24V

4.7k
- +

Ω
 = 2.4 mA
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Example 5.11

Calculate the current I in the circuit shown below. Take b = 120.

I

100 kΩ

1.2 kΩ

2.2 kΩ

6 V

28 V

RE

RB

RC

Solution

 IB = 
(1

B BE

B E

V V
R R

-
+ + β)

 = 
6V 0.7V

100k (121)(1.2k
-

+Ω Ω)
 = 21.62 mA

  I = IC = b IB = (120) (21. 62 mA) = 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.

I

IE

– VEE

VE

RE
R1

+
_VBE

_

+
VZ

Fig. 5.21 Constant–current source using zener diode

Applying KVL to the base-emitter circuit we have

  VZ – VBE – IE RE = 0 
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  IE  = Z BE

E

V V
R
-

    I (5.52)

Usually VZ  VBE

   I   IE = Z

E

V
R   (5.53)

Note that the current I depends on VZ and RE which are both constants. Hence I is essentially a 
constant current. Also the current I is independent of the supply voltage VEE .

Example 5.12

Calculate the constant current I in the circuit shown below. Take b = 200.

2.2 kΩ 2.2 kΩ

– 18 V

I

_

+
5.1 V

Solution 

  I   IE  = Z BE

E

V V
R
-

  = 
5.1V 0.7V

2.2k
-

Ω
 = 2 mA 

 5.13 AnAlYSiS of TrAnSiSTor ConfigurATionS uSing
 ApproxiMATE HYBriD MoDEl
In Chapter 3 we have analysed the various transistor configurations using the re 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. 

B

E E

Ib Ic
C

hie hfe Ib  1
hoe

Fig. 5.22 Approximate CE hybrid model
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E

B B

Ie Ic
C

hib hfb Ie  1
hob

Fig. 5.23 Approximate CB hybrid model

Before starting the analysis, let us recall the relation between the parameters of re model and 
the hybrid model, which has been discussed in Chapter 3. 

 hie = b re hfe = b hoe = 
1

or
 [ For CE configuration ]

 hf b = –  hib = re  [ For CB configuration ]

The approximate hybrid model is very similar in structure to that used with the re model. 
Therefore, all the results derived for the transistor configurations in Chapter 3 using re model can 
be readily applied for the analysis using the hybrid model by simply replacing the parameters of 
re 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.

Ii

Io RC
RB

VCC

C1

C2

Vo

Zo

Zi

Vi

Fig. 5.24 CE fixed bias configuration 
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B

E E

Ii

RC Io

C

hie 
(β re)

hfe Ib
(β Ib)

 1
hoe
(ro)

Vo

++

__

Vi RB

Ib

ZoZi

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. 

 ·   Zi = RB || hie = RB || b re (5.54) 

 ·   Zi   hie = b re [ If  RB  hie ]  (5.55)

 ·   Zo = 
1

oeh
 || RC = ro || RC (5.56)

 ·   AV = – 
[ ]||fe o C

ie

h r R
h

 

    = – 
||o C

e

r R
r

 (5.57)

 ·  AI = – AV i

C

Z
R

 (5.58) 

For 
1

oeh
  10 RC  ro  10 RC

 ·  Zo   RC (5.59)

 ·  AV  – fe C

ie

h R
h

 =  – C

e

R
r

 (5.60) 

 ·  AI  – hfe = – b [Taking Zi  hie = b re ] (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 RB has to be replaced by  
R1 || R2 .
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Ii

Io
RC

R1

R2
RE

VCC

C1

C2

Vo

CE

Zo

Zi

Vi

 Fig. 5.26 CE Voltage divider bias configuration

Example 5.13 

The following data are available for the amplifier circuit of Fig. 5.26.

R1 = 68 kW R2 = 12 kW RC = 2.2 kW RE = 1.2 kW

VCC = 18 V hfe = 180 hie = 2.75 kW hoe = 25 mS

 (a) Calculate Zi  and  Zo

 (b)  Calculate AV  and  AI

 (c) Determine  re  and compare  bre  with hie.

Solution 

(a)  Zi = R1 || R2 || hie

  R1 || R2  = R = 68 kW || 12 kW = 10.2 kW 

  Zi  = 10.2 kW || 2.75 kW = 2.17 kW

  Zo = 
1

oeh || RC = RC

  
1

oeh  =  
1

25 sm  = 40 kW

  Zo = 40 kW || 2.2 kW = 2.09 kW

(b)  AV = – fe C

ie

h R
h

′
 

   = – 
(180) (2.09 k )

2.75 k
Ω

Ω
 = – 136.8
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  AI  = – V i

C

A Z
R

 = – ( 136.8)(2.17k )
2.2k

- Ω

Ω
 

   = 134.93
(c) Check for b RE 10 R2

  b = hfe = 180 

  bRE  = (180) (1.2 kW) = 216 kW

  10 R2  = (10) (12 kW) = 120 kW 

Since b RE > 10 R2, we can use approximate analysis.

  VB = 2

1 2

CCV R
R R+

= 
18 V(12 k

68 k 12 k+
Ω)

Ω Ω
 = 2.7 V

  VE = VB – VBE = 2.7 V – 0.7 V = 2 V

  IE = E

E

V
R  = 

2 V
1.2 kΩ

 = 1.67 mA

  re = 
26 mV

EI
 = 

26 mV
1.67 mV

 = 15.56W

  b re = (180) (15.56W) = 2.8 kW 

Note that  b re  is nearly equal to  hie .

 5.16 CE-EMiTTEr BiAS ConfigurATion wiTH unBYpASSED RE

Figure 5.27 shows the CE emitter bias configuration with unbypassed RE . The small signal ac 
equivalent circuit using approximate hybrid model is shown in Fig. 5.28. To simplify the analysis 

1

oeh
 is treated as an open circuit. 

Ii

Io

RCRB

RE

VCC

C1

C2

Vo

Zo

Zi

Vi

Fig. 5.27 Emitter bias configuration with un bypassed RE 



RE

Io
E

Ie

++

__

VoVi

ZbZi

Ii B

RB
RC

C

Ib hfe Ibhie
(β re) (β Ib)

Zo

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. 

 ·   Zb = hie + ( 1 + hfe ) RE =  b re  + ( 1 + b ) RE (5.62) 

 ·   Zi   RB || Zb  (5.63)

 ·   AV = – (1 )
fe C

ie fe E

h R
h h R+ +

 (5.64)

 ·  AI = – AV i

C

Z
R

 (5.65) 

 ·  Zo  = RC (5.66) 

Using the approximations

  1 + hfe  hfe  1 + b  b

  hfe RE  hie  b RE  b re we get

 ·  Zb   hfe RE = b RE (5.67) 

 ·  AV  – C

E

R
R

 (5.68) 

Example 5.14

For the amplifier circuit of Fig. 5.27 the following data are available.

RB = 330 kW RE = 1 kW RC = 3.3 kW VCC = 12 V
hfe = 120 hie = 2 kW hoe = 20 mA/V 

414   Electronic Circuits
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 (a)  Calculate Zi and Zo 
 (b) Calculate AV and AI
 (c) Determine Vo if Vi = 100 mV

Solution

(a)   Zb = hie + (1 + hfe) RE 

   = 2 kW + (121) (1 kW ) = 123 kW 

   Zi = RB || Zb = 330 kW  || 123 kW = 89.6 kW 

  Zo = RC = 3.3 kW 

(b)  AV = – 
(1 )

fe C

ie fe E

h R
h h R+ +

   = – 
(120)(3.3k )

2k (121)(1k )+
Ω

Ω Ω
 = – 3.22

  AI = – V i

C

A Z
R

 = – 
( 3.22)(89.6 k )

3.3 k
- Ω

Ω
 = 87.43

(c)  Vo = AV Vi = ( – 3.22 ) ( 100 mV ) = – 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 hoe is not included 
in the model. 

Ii

Io

C1

C2

Vo

Zo
Zi

Vi

RE

RB

VCC

Fig. 5.29 Emitter-follower configuration
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REIo

E
Ie +

+

__

Vo

Vi

ZbZi

Ii B

RB

C

Ib hfe Ibhie

Zo

(β Ib)(β re)

Fig. 5.30 Small signal ac equivalent circuit of emitter follower 

 ·   Zb = hie + ( 1 + hfe ) RE = b re + ( 1 + b ) RE (5.69)

 ·     hfe RE = b RE   (5.70)

 ·   Zi = Zb || RB (5.71)

 ·   Zo = RE || 
1

ie

fe

h
h+

= RE || re (5.72) 

     ie

fe

h
h

 = re (5.73)

 ·  AV = 
( )
( )

1

1
fe E

ie fe E

h R

h h R

+

+ +
  (5.74)

     fe E

ie fe E

h R
h h R+

  (5.75)

    = E

e E

R
r R+

  1 (5.76) 

 ·  AI  – V i

C

A Z
R

 (5.77) 

 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 hob is not included in 
the model.
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VCCVEE

Vo

C1 C2

RE RC

Ii

Io

Zo
Zi

Vi

+ +

_ _

Fig. 5.31 Common-base configuration

B

Ii

RCIo

C

hib
hfb Ie Vo

++

__

Vi RE

ZoZi

Ie

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. 

 ·   Zi = RE || hib = RE || re  re 

 ·   Zo =  RC

 ·   AV = – fb C

ib

h R
h  = C

e

R
r

α
 

 ·  AI = – hfb =  

 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 hi , hf , hr  and ho . 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 VS of internal resistance RS and driving a load RL as shown in Fig. 5.33.
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+

_

Vo RL

Io

+
+

_
_

Vi~VS

Ii RS

Zi Zo

Transistor
configuration
CE,CC or CB

Fig. 5.33 Two–port system

Let us replace the transistor by its general, complete hybrid equivalent model as shown in  
Fig. 5.34.

Ii

hf IihrVo  1
ho

+
+

+

_

_

_

VS Vi

Zo

RL

RS Io

Vo

Zi

+

_

~ ~

hi

Fig. 5.34 Small signal ac equivalent circuit using the complete hybrid equivalent modes

Current Gain [ AI ]
The current gain is defined by 

  AI = o

i

I
I   (5.78)

Applying KCL to the output circuit we have

  Io = hf  Ii + ho Vo

 Using  Vo = – Io RL  we get
  Io = hf  Ii + ho ( – Io RL )
  Io[ 1 + ho RL ] = hf  Ii

  AI = o

i

I
I  = 1

f

o L

h
h R+

 (5.79)

Input Impedance [ Zi ]
Applying KVL to the input circuit of Fig. 5.34 we have 

  Vi  –  Ii hi  –  hr Vo  = 0
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  Vi  = Ii hi + hr [ – Io RL ]   (5.80)

 But  AI = o

i

I
I

  Io = AI Ii

Using this relation in Equation (5.80) we get

  Vi  = Ii hi – hr AI RL Ii

 Now  Zi = i

i

V
I

 = hi – hr AI RL  (5.81)

Substituting for  AI  from Equation (5.79) we have

  Zi = hi – 
1

f r L

o L

h h R
h R+

 (5.82)

Voltage Gain [ AV ]

  Vo = –  Io RL

  Vi = Ii Zi

 Now  AV = o

i

V
V

 = o L

i i

I R
I Z

-

 or AV = – I L

i

A R
Z

 (5.83)

From Equation (5.82)

  Zi = 
( )

1
i i o f r L

o L

h h h h h R
h R

+ -

+

And from Equation (5.79)

  AI = 1
f

o L

h
h R+

Using these relations in Equation (5.83) we obtain

  AV = 
1

f L

o L

h R
h R

-

+
 · 

1
( )

o L

i i o f r L

h R
h h h h h R

+
+ -

  AV = 
( )

f L

i i o f r L

h R
h h h h h R

-

+ -
  (5.84)

Output Impedance [ Zo ]
To find the output impedance, VS is reduced to zero and a voltage source V is connected between 
the output terminals after removing  RL as shown in Fig. 5.35.
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Ii

hf Iihr V  1
ho

+
_

Zo

RS I

+

_

V

~~

hi

VS = 0

Fig. 5.35 Circuit to find Zo 

Applying KCL to the output circuit we have 

  I = hf  Ii + ho V  (5.85)

Writing KVL equation to the input circuit

  –  Ii ( RS + hi ) – hr V = 0

  Ii = 
Vr

S i

h
R h
-

+

Using this relation in Equation (5.85) we have 

  I = – 
Vf r

S i

h h
R h+

 + ho V 

  
I
V

 = 
1

oZ
 =  ho – f r

S i

h h
R h+

 (5.86)

  Zo  = 
1
/ ( )o f r S ih h h R hé ù- +ë û

  (5.87)

  If Rs  =  0, Zo = 
1

/o f r ih h h hé ù- ë û
 (5.88)

Example 5.15

For the circuit shown, using the complete hybrid equivalent model.
 (a) Calculate Zi and Zi

 (b) Determine Zo ( including RC ) and Zo ( without RC )

 (c) Calculate AI = o

i

I
I  and AI = o

b

I
I

 (d) Calculate AV and AVS

 (e) Repeat all calculations using approximate hybrid model and compare the results. 
  The hybrid parameters are

  hie = 1.6 kW hfe = 110 hre = 2 × 10–4 hoe = 20 mA/V 
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Ii Ib

Io

RC

RE

RB

RS C1

C2

Vo

CE

Zo

Zi

Vi

+

+

+

_

_ _

VS

~

1 kΩ

Ωk1 

470 kΩ
4.7 kΩ

8V

Z′i

Solution 
The transistor is in CE configuration. Therefore in the general hybrid model of Fig. 5.40, we have 
to replace hi , hf , hr  and  ho by hie , hfe , hre  and  hoe respectively.

The small signal ac equivalent circuit using the complete hybrid model is shown in Fig. A.

Ii Io

hfe Ibhre Vo  1
hoe

+

+

+

_

_

_

VS
Vi

Z′o Zo

RC

Rs

Vo

Zi Z′i

+

_

~ ~

hie

RB

B

E

C

 Ib

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 [ Zi ]
From Equation (5.82)

  Zi = hie – 
1

fe re L

oe L

h h R
h R+
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Derivation of Zi does not include RB . Hence in the present context the input impedance given by 
the above equation is Zi as indicated in Fig. A.

 Also  RL = RC

  Zi = i

b

V
I  = hie – 

1
fe re C

oe C

h h R
h R+

  (A) 

   = 1.6 kW – 
( )( )
( )( )

4

6

(110) 2 10 4.7 k

1 20 10 4.7 k

-

-

´

+ ´

Ω

Ω
 = 1.51 kW

Input impedance taking RB into account is 

  Zi = i

i

V
I  = RB || Zi = 470 kW || 1.51 kW = 1.51 kW.

[ For voltage divider bias, RB = R1 || R2 ]

(b) Output Impedance
From Equation (5.87)

  Zo = 
1

fe re
oe

s ie

h h
h

R h
é ù
ê ú- ê ú+ë û

In the present situation the output impedance given by the above equation is Z o . Also RS 
should be replaced by the Thevenin resistance RTh of the circuit comprising of VS , RS  and RB 
which is shown below.

RB

+

_

Vi

+

_
~Vs

+

_

Vi

+

_
~VTh

RTh

≡

RS

 RTh  = RS || RB = 1 kW || 470 kW = 0.998 kW [ If RS = 0, RTh = 0 ] 

  Z o = 
1

fe re
oe

Th ie

h h
h

R h
é ù
ê ú- ê ú+ë û

  (B)

  Z o = 4
6

1
(110)(2 10 )20 10

0.998 k 1.6 k

-
-

é ù´ê ú´ - ê ú+ë ûΩ Ω

  =  86.72 kW

The output impedance taking RC into account is 

   Zo= Z o || RC = 86.72 kW || 4.7 kW = 4.46 kW
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(c) Current Gain
From Equation (5.79)

  AI = o

i

I
I  = 

1
fe

oe L

h
h R+

In the present situation the current gain given by the above equation is AI = o

b

I
I . also  

RL = RC .

  AI = o

b

I
I  = 

1
fe

oe C

h
h R+

 (C)

   = 6

110
1 (20 10 )(4.7 k )-+ ´ Ω

 = 100.55

  AI = o

i

I
I  = o

b

I
I

 · b

i

I
I  = (100.55) b

i

I
I

Applying current division rule in the input circuit of Fig. A we have

  Ib
  = i B

B i

I R
R Z+ ′

  
b

i

I
I  = B

B i

R
R Z+ ′

 = 
470 k

470 k 1.51 k+
Ω

Ω Ω
 = 0.997

 Now AI = (100.55) (0.997) = 100.25

(e) Voltage Gain

  AV = o

i

V
V

 = o C

i i

I R
I Z

-
 = – I C

i

A R
Z

  (D)

   = – 
(100.25)(4.7 k )

1.51 k
Ω

Ω
 = – 312

  AVS
 = o

S

V
V  = o

i

V
V

 · i

S

V
V

 = AV 
i

S

V
V

  (E)

Using voltage division rule in the circuit of Fig (B) we have

 i

S

V
V

 = i

i S

Z
Z R+

  
+

_

Vi Zi

+

_
~Vs

RS

Ii

Fig B

  = 
1.51 k

1.51 k 1 k+
Ω

Ω Ω
 

  = 0.602
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Now AVS = ( – 312 ) ( 0.602 ) 

  = – 187. 82  [  If RS = 0, AVS
 = AV  ]

(e) To obtain the results using approximate hybrid model, we have to substitute hre = 0 in 
Equations (A) to (E).

From Equation (A), with hre = 0

  Zi = hie = 1.6 kW

  Zi  = RB || hie 

   = 470 kW || 1.6 kW = 1.595 kW

From Equation (B)

  Zo = 
1

oeh
= 6

1
20 10 

-´
 = 50 kW

  Zo = Zo || RC = 50 kW || 4.7 kW = 4.29 kW

  AI = AI   hfe = 110

  AV = – I C

i

A R
Z

 =  – 
(110)(4.7k )

1.595k
Ω

Ω
 = – 324.14

  AVS
 = AV 

i

i S

Z
Z R+

   = ( – 324.14 ) 
1.595 k

1.595 k 1 k
é ù
ê ú
ê ú+ë û

Ω

Ω Ω

   = – 199.23

The following table compares the results obtained using exact and approximate hybrid 
models.

Parameter Exact model Approximate model
Zi 1.51 k 1.595 k
Z

o 4.46 k 4.29 k
AI 100.25 110

AV – 312 – 324.14

Note: 

 · A similar procedure can be used for CC [emitter follower] and CB configurations.
 · 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, re = 4.5 W, ro = 40 kW, hre = 2 × 10–4

 (a)  Sketch the complete hybrid model
 (b)  Sketch the approximate hybrid model
 (c) Sketch re model 

Solution

  hie = b re = (120) (4. 5 W) = 540 W
  hfe = b = 120

  hoe = 
1

or
= 

1
40kΩ

 = 25 m  

 (a) Complete hybrid model

Ib

hfe Ibhre Vo  1
hoe

+

+

+

_

_

_

Vi

Ic

Vo~

B

E E

C
 Ω540

Ω k 40120 Ib2 ×10– 4 Vo

hie

 (b) Approximate hybrid model 

Ib

hfe Ib  1
hoe

++

__

Vi

Io

Vo

B

E E

C

Ω540
Ωk40   120 Ibhie

 (c) re model

 Ω540
Ω k  40120 Ibβre

β Ib ro

Ib

++

__

Vi

Io

Vo

B

E E

C

Note that the re 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 Zi and Zi 
 (b)  Calculate Zo and Zo
 (c)   Determine AI = Io/Ii and AI = Io/Ib

 (d)   Determine AV and AVS

The hybrid parameter values of the transistor are:

  hfe = 180 hie = 2.75 kW hoe = 25 mS hre = 2 × 10 –4

Ii Ib

Io

RS

Vo

ZoZi

+
+

+

_

_ _
Vs ~

Ω k 1

Ω k 68

Ωk10
Ωk12

Ωk2.2  

Ωk1.2

18 V

Z′i Z′o

10 µF

5 µF

5 µF

Vi

RL

Solution 
The circuit contains both RC and RL . 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. 

IbIi

hfe Ibhre Vo  1
hoe

+
+

+

_

_

_

Vs Vi

Zo

RC RL

Rs

Io

Vo

Zi

+

_

~ ~

hie C

Z′oZ′i

R′

E

B

Fig. A

   R = R1 ||R2 = 68 kW || 12 kW = 10.2 kW
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(a) Input Impedance
Applying KVL to the input circuit we have

   Vi = hie Ib + hre Vo   (A) 

  Let  R = 
1

oeh || RC || RL  

  R  = 40 kW || 2.2 kW || 10 kW = 1.73 kW

The simplified output circuit is shown in Fig. B.

R

+

_

Vo
hfe Ib 

Fig B

From the circuit of Fig. B.

  Vo = – hfe Ib R

Using this relation in Equation (A) we have 

  Vi = hie Ib – hfe hre R Ib

 Now  Zi = i

b

V
I  =  hie – hfe hre R  (B)

   = 2.75 kW  –  ( 180 ) ( 2 × 10–4 ) ( 1.73 kW ) 
   = 2.69 kW

  Zi = i

i

V
I  = R || Zi = 10.2 kW || 2.69 kW = 2.13 kW

(b) Output Impedance
Zo does not include RC . Hence

  Zo = 
1

fe re
oe

Th ie

h h
h

R h
-

+

  RTh = R
 
|| RS = 10.2 kW || 1 kW = 0.91 kW

  Zo  = 4
6

1
(180)(2 10 )25 10

0.91k 2.75k

-
- ´

´ -
+Ω Ω

 = 5.5 kW

  Zo = Zo || RC = 65.95 kW || 2.2 kW = 2.14 kW
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(c) Current Gain
Applying KCL to the output circuit of Fig. A we have 

  Io = hfe Ib + hoe Vo + o

C

V
R

Using Vo = – Io RL , we get

  Io = hfe Ib + hoe (– Io RL) + 
( )o L

C

I R
R

-

  Io 1 L
oe L

C

Rh R
R

é ù
ê ú+ +ê úë û

 = hfe Ib

 Now  AI =  o

b

I
I  = 

1

fe

L
oe L

C

h
Rh R
R

+ +
 (C)

   = 
6

180
10k1 (25 10 )(10k )
2.2k

-
é ù
ê ú+ ´ +ê úë û

Ω
Ω

Ω

   = 31.06

  AI =  o

i

I
I  = AI · 

i

i

Z
R Z+

′

′ ′

   = (31.06) 
2.69k

10.2k 2.69k+
Ω

Ω Ω
 

   = 6.48

(d) Voltage Gain 

  AV = o

i

V
V = o L

i i

I R
I Z

-

   = – AI · 
L

i

R
Z  = – (6.42) 

10k
2.13k

Ω

Ω
 

   = – 30.14

  AVs = AV · 
i

i s

Z
Z R+

 

   =  ( – 30.14) 
2.13k

2.13k 1k+
Ω

Ω Ω
 

   = – 20.51

Note: The same procedure can be used to analyze CC and CB amplifiers with RL . 
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Exercise Problems

 5.1 A CE fixed bias amplifier with by passed RE has RC = 1.5 kW, RB = 390 kW,  RE = 1.2 kW, 
hfe = 120 kW,  hie = 2 kW,  hoe = 20 mS. Calculate Zi , Zo , AV  and AI .

 5.2 Repeat previous problem with unbypassed RE  .

 5.3 An emitter follower using fixed bias has RB = 470 kW, RE = 1 kW,  hfe = 120 kW,   
hie = 2 kW and hoe = 20 mS. Calculate Zi , Zo , AV  and AI .

 5.4 A CB configuration has RE = 1.5 kW, RC = 2.2 kW,  hib = 10 kW,  hfb = – 0.996 and  
hob = 0.4 mS. Calculate Zi , Zo , AV  and  AI .

 5.5 Repeat Exercise 5.3, if RS = 1 kW and RL = 10 kW.



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.

 6.1 ClassifiCation of amplifiers
Amplifiers can be classified based on the magnitude of the input and output impedances as 
follows:

 1. Voltage amplifiers
 2. Current amplifiers
 3. Transconductance amplifiers
 4. Transresistance amplifiers

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.

~ Ri

Rs

Vi VoVs

_

+

+

_
~

+

Ro Io

RL

+

_
AV Vi

Ii

_

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 Vs of internal 
resistance Rs .  The output is represented by a voltage source  AV Vi   in series with output resistance 
Ro across which the load RL is connected. Ri represents the input resistance of the amplifier.

Using voltage division rule at the input we have  

  Vi  = s i

s i

V  R
R +R

 or  Vi  = 
1

s

s

i

V
R
R

 
+  
 

 (6.1)

It is desirable that the entire source voltage be available at the input terminals of the 
amplifier

 i.e.,  Vi    Vs 

From Equation (6.1) we find that, the above condition is satisfied if

  s

i

R
R

  1

  Ri  Rs  (6.2)

i.e.,  The voltage amplifier must be designed with very large input resistance. Ideally Ri = .
Using voltage division rule at the output we have

  Vo = V i L

o L

A V R
R R+

 or  Vo = 
1

V i

o

L

A V
R
R

 
+  
 

 (6.3)

It is desirable that the entire amplified voltage be available across the load 

 i.e., Vo   AV  Vi  (6.4)

From Equation (6.3) we find that , the above condition is satisfied if 

  o

L

R
R   1

  Ro  RL  (6.5)

i.e., the voltage amplifier must be designed with very low output resistance. Ideally Ro = 0.
Now we conclude the following:

A good voltage amplifier must have a very large input resistance and a very low output 
resistance. Ideally Ri =  and Ro = 0.



Feedback Amplifiers  433

From Equation (6.4) we have

  AV  = o

i

V
V

 (6.6)

AV  is 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.

Ri            

Io

RLRs RoAI Ii

Ii

Is

Fig. 6.2 Equivalent circuit of current amplifier

Observe that, the current amplifier is driven by a current source Is of source resistance Rs. 
The output is also represented by a current source AI Ii in parallel with output resistance Ro. Ri  
represents the input resistance of the amplifier.

Using current division rule at the input we have 

  Ii  = s s

s i

I R
R R+   

  Ii = 
1

s

i

s

I
R
R
 

+  
 

  (6.7)

It is desirable to have the entire source current to flow into Ri

 i.e.,  Ii   Is   

From Equation (6.7) we find that, the above condition is satisfied when

  i

s

R
R   1

   Ri   Rs     (6.8)

i.e., The current amplifier must be designed with very low input resistance. Ideally Ri = 0.
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Using current division rule at the output we have

  I o = I i o

o L

A I R
R R+

 

 or  Io = 
1

I i

L

o

A I
R
R

+
   (6.9)

It is desirable to have the entire amplified current to flow into RL.

 i.e.,  Io   AI   Ii (6.10)

From Equation (6.9) we find that, the above requirement is satisfied, when

  L

o

R
R

  1

   Ro  RL  (6.11)

i.e., The current amplifier must be designed with very high output resistance. Ideally Ro = .
Now we conclude the following:
A good current amplifier must have a very low input resistance and a very high output 

resistance. Ideally Ri = 0 and Ro = .
From Equation (6.10) we have

  AI  = o

i

I
I

 (6.12)

AI  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.

~            Ri

Rs

ViVs

_

+

+

_
           Ro

Io

RLGM Vi

Ii

Fig. 6.3 Equivalent circuit of transconductance amplifier
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Observe that, the amplifier is driven by a voltage source Vs of source resistance Rs. The output 
is represented by a current source GM Vi in parallel with output resistance Ro. Ri represents the 
input resistance of the amplifier.

Using voltage division rule at the input we have

  Vi  = s i

s i

V R
R R+

 

 or Vi  = 
1

s

s

i

V
R
R

 
+  
 

 (6.13)

It is desirable that the entire source voltage be available at the input terminals of the 
amplifier.

 i.e.,  Vi   Vs

From Equation (6.13) we find that, the above requirement is met with if

  s

i

R
R    1

  Ri   Rs (6.14)

i.e., The transconductance amplifier must be designed with very high input resistance. Ideally  
Ri = .

Using current division rule at the output we have

  Io  = M i o

o L

G V R
R R+

 

 or   Io  = 
1

M i

L

o

G V
R
R

 
+  
 

 (6.15)

It is desirable that, the entire output current  GM  Vi   to flow into RL.

 i.e.,  Io    GM  Vi  (6.16)

From Equation (6.15) we find that, the above requirement is satisfied when

  L

o

R
R

  1 

  Ro  RL  (6.17)

i.e., The transconductance amplifier must be designed with very high output resistance. Ideally 
Ro= .

Now we conclude the following:
A good transconductance amplifier must have very high input and output resistances. 

Ideally Ri =  and Ro = .
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From Equation (6.16) we have

  GM = o

i

I
V

 (6.18)

GM  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.

Ri ~

+

_

+

_
RM Ii

Ii IoRo

VoRsIS RL

Fig. 6.4 Equivalent circuit of transresistance amplifier

Observe that, the amplifier is driven by a current source Is of source resistance Rs. The output 
is represented by a voltage source  RM  Ii  in series with output resistance  Ro. Ri  represents the 
input resistance of the amplifier. 

Using current division rule at the input we have

  Ii = s s

s i

I R
R R+

 or Ii = 
1

s

i

s

I
R
R

+
 (6.19)

It is desirable to have the entire source current to flow into Ri .

 i.e.,  Ii    Is 

From Equation (6.19) we find that, the above requirement is met with when

  i

s

R
R   1

   Ri  Rs   (6.20)
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i.e., The transresistance amplifier must be designed with a very low input resistance. Ideally  
Ri  =  0.

Using voltage division rule at the output we have 

  Vo  = M i L

o L

R I R
R R+

 

 or  Vo   =  
1

M i

o

L

R I
R
R

+
 (6.21)

It is desirable that, the entire output voltage  RM Ii  be available across the load

 i.e.,  Vo  RM  Ii  (6.22)

From Equation (6.21) we find that, the above requirement is satisfied when

  o

L

R
R

  1

   Ro  RL (6.23)

i.e., The transresistance amplifier must be designed with very low output resistance. Ideally  
Ro  =  0.

Now we conclude the following:
A good transresistance amplifier must have very low input and output resistances. Ideally 

Ri = 0 and Ro = 0.
From Equation (6.22) we have

  RM  = o

i

V
I

  (6.24)

RM  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 Voltage amplifier Current 
amplifier

Transconductance 
amplifier

Transresistance 
amplifier

Input 
resistance Ri

   

Output 
resistance Ro

0   

 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.

RL
Sampling
network

Basic amplifier
with forward 

gain A

Comparator
or mixer
network

Feedback
network with
reverse gain β

Xs Xi Xo

Xf

Signal
source

Fig. 6.5 Block diagram of a typical feedback amplifier
Xs : Signal source
Xf : Feedback signal
Xi : Input signal to the basic amplifier
Xo : 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 Vs in series with 
a source resistance Rs, commonly known as Thevenin’s representation. A current source is 
represented by a signal source Is in parallel with a source resistance Rs, commonly known as 
Norton’s representation. These representations are shown in Fig. 6.6.

~
+

_
Vs

Rs

RsIs

(a) (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 Xi = Xs – Xf . 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.

 A

Vs
+

_

Rs

Source

+

_

Vi

+– Vf

Series
mixer

 A

Source

β

Shunt
mixer

Is Rs

Ii

If

(a) (b)

β

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
with forward gain AXi Xo

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 A and 
it is called the transfer gain without feedback or open loop transfer gain or simply open loop gain. 
It is given by 

  A =  o

i

X
X

 (6.25)

A depends on the type of amplifier the block represents.
If it represents a voltage amplifier, then 

  Xi = Vi and Xo  =  Vo

  A = AV  =  o

i

V
V

 (6.26)

If the block represents a current amplifier, then

  Xi  = Ii and Xo   =  Io

  A = AI   = o

i

I
I

  (6.27)

Finally if the block represents a transconductance amplifier, then 

  Xi  = Vi and Xo = Io

  A = GM  = o

i

I
V

  (6.28)

Finally if the block represents a transresistance amplifier, then 

  Xi  = Ii and Xo  =  Vo

  A  = RM  = o

i

V
I

   (6.29)

Though GM and RM are not strictly amplifications since the units of output and input are not the 
same, the quantities AV  ,  AI , GM  and RM  are referred to as the transfer gain of the basic amplifier 
without taking any feedback into consideration. Thus, A represents one of the quantities AV , AI , 
GM or RM depending on the type of transfer.

Af refers to the transfer gain of the amplifier with feedback. Af is defined as the ratio of the 
output signal of the amplifier to its input signal. With reference to Fig. 6.5, 

  Af  = o

s

X
X   (6.30) 

for a basic voltage amplifier,

  AVf  = o

s

V
V

 (6.31)

for a basic current amplifier,

  AIf   = o

s

I
I

 (6.32)
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for a basic transconductance amplifier,

  GMf  = o

s

I
V

 (6.33)

while for a basic transresistance amplifier,

  RMf  = o

s

V
I

 (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

Vo
RL RL

Current sampler

Io

(a) (b)

Basic
amplifier 

A

Basic
amplifier

A

Feedback
network 

β

Feedback
network

β

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 . 

Feedback factor,    
f

o

X
X

 .
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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.

~
+

_
Vs

+

_
Vi Vo

+

_

R1

R2

RL

+

_

Vf

Basic
amplifier

A

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

  Vf   = 2

1 2
o

R V
R R+  (6.35)

 ∴	 f

s

V
V

	 =	 2

1 2

R
R R+

	 (6.36)

By definition

    
f

s

V
V

 = 2

1 2

R
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.

 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 XS , Xd ,   Xi , Xo  and  Xf  represent general amplifier signals which may be either  
voltages or currents depending on the circuit.
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RL
load

Output
signal

Feedback amplifier

Basic amplifier
A

Feedback
network  β Feedback

  signal

Input
signal

Difference
   signal

Comparator
or mixer

Xs
Xd  =  Xi

Xf  = β Xo

Xo = A Xi 
_

+

Fig. 6.11 Single-loop feedback amplifier

The transfer gain of the basic amplifier without feedback is given by 

  A = o

i

X
X   (6.38)

The transfer gain of the feedback amplifier is given by

  Af  = o

S

X
X

 (6.39)

  Xo  = A Xi  (6.40)

 and  Xi  =  Xs –  Xf  (6.41)

 where,  Xf  =  Xo  (6.42)

Using these relations in Equation (6.40) we have

  Xo = A ( Xs –  Xf  )  =  A ( Xs  –   Xo  )

  Xo = A Xs  –  A  Xo   

             A Xs  = Xo ( 1 +  A  )

  Af  = o

S

X
X

 = 1
A
A+ β

 (6.43)

Magnitude of the transfer gain is 

  | Af |  = 
| |

|1 |
A
A+ β

 (6.44)

Consider Equation (6.44) :
	 •	 	If  |1+ A  |  > 1, then
   | Af | < | A |
  the feedback is termed negative or degenerative.
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	 •	 If  | 1 +  A  |  <  1 ,  then
   | Af |  > | A |

  the feedback is termed positive or regenerative.

 6.4 loop gain
Let us now trace the path of Xi  through the feedback loop in Fig. 6.11. The signal Xi  gets,
	 •	 Multiplied by A in the basic amplifier,
	 •	 Multiplied by   in the feedback network, 
	 •	 Multiplied by –1 in the mixer.

Hence, the loop gain or return ratio is  –  A .
Subtracting the loop gain from unity , we get the return difference defined by 

  D = 1 + A  (6.45)
Using this relation in Equation 6.44 we get

  | Af  | = | |
| |

A
D

 (6.46)

Gain with feedback in decibels is 

  20 log10 | Af | = 20 log10 | A |  –  20 log10 | D |  (6.47)
 or  20 log10 | A | = 20 log10 | Af | + 20 log10 | 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	 =		−	20	log10 | D | 

   = 20 log10 

1
| |D  (6.50)

Substituting for D from Equation 6.46

  N	 =	 −	20	log10 
fA

A
  (6.51)

 or N	 =	 −	20	log10 

1
| 1 |A+ β

 (6.52)

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
     =   		  .

From Equation (6.45)
  D  = 1 + A  = 1+1000 ´ 0.1 = 101

From Equation (6.46)

  |  Af  | = 
| |
| |

A
D

 =
 
1000
101   

=  9.9

From Equation (6.52)

   Ν  = 20 log10
1

101
 
  

  N =  – 40 dB (A)

Gain in dB without feedback is 

  20 log10 | A | = 20 log10 [1000]  =  60 dB (B)

Gain in dB with feedback is 

  20 log10 | Af | = 20 log10 [9.9] = 20 dB (C)

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.

 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.



446   Analog Electronic Circuits

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

 amplifier RL

_

+

Vo

+

_

Vi

+

_
Vf

+

_
Vo

Vf +_

+

_
Vs

Feedback
network  

A

β

Fig. 6.12 Voltage-series feedback topology

Transfer gain without feedback   

      A = o

i

V
V

 (6.53)

Transfer gain with feedback 

      Af  = o

s

V
V

 (6.54)

It is important to note that 
                     A = AV  (6.55)
 and  Af  = AVf   (6.56)

AVf  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

      
f

o

V
V

 (6.57)

  Vf  =  Vo  (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
amplifier

 A
RL

_

+

Vo

+

_
Vo

Is

Feedback
network  

If

Ii

β

Fig. 6.13 Voltage-shunt feedback topology

Transfer gain without feedback 

  A = o

i

V
I

 (6.59)

Transfer gain with feedback 

  Af  = o

s

V
I

 (6.60)

It is important to note that

  A = RM  (6.61)
 and     Af  = RMf  (6.62)

RMf   is the closed loop  transresistance or transresistance with negative feedback.
Feedback network converts output voltage into feedback current. Hence feedback factor is 

given by

    
f

o

I
V

 (6.63)

   If  =  Vo  (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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RL

Ii

If

Is
Io

Current
amplifier

 A

Feedback
network

      β

Fig. 6.14 Current-shunt feedback topology

Transfer gain without feedback  A  = o

i

I
I

 (6.65)

Transfer gain with feedback  Af  = o

s

I
I

 (6.66)

It is important to note that 

  A =  AI  (6.67)
 and  Af   = AIf  (6.68)

AIf  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

    = 
f

o

I
I  (6.69)

  If   =  Io  (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.

Transfer gain without feedback  A = o

i

I
V

 (6.71)

Transfer gain with feedback  Af  = o

s

I
V

 (6.72)
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RL
Io~

_

+ +

_
+_

+

_

Vf

Vs Vi

Vf       

Feedback
network 

β

Transconductance
amplifier  

A

Fig. 6.15 Current-series feedback topology

It is important to note that
  A = GM  (6.73)
 and   Af   = GMf  (6.74)

GMf   is 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

   = f

o

V
I

 (6.75)

   Vf   =  I
o
  (6.76)

Note: While writing the block diagrams of feedback topologies, sources are considered to be 
ideal. Hence Rs  is not shown.

6.6.5 summary of feedback amplifier topologies
Table 6.3 summarises the feedback amplifier topologies.

Table 6.3 Summary of feedback amplifier topologies

Parameter
Feedback topologies

Voltage series Voltage shunt Current series Current shunt
Reference Fig. 6.12 Fig. 6.13 Fig. 6.15 Fig. 6.14
Xo Voltage Voltage Current Current
Xs , Xf Voltage Current Voltage Current

A AV = o

i

V
V

RM = o

i

V
I

GM = o

i

I
V

AI = o

i

I
I
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Parameter
Feedback topologies

Voltage series Voltage shunt Current series Current shunt

Af AVf  = o

s

V
V

RMf = o

s

V
I

GMf = o

s

I
V

AIf = o

s

I
I


f

o

V
V

f

o

I
V

f

o

V
I

f

o

I
I

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), Vo  = A Vi  (A)

Applying KVL to the input circuit we have

  Vs   –  Vi   –  Vf  = 0
 or  Vi  = Vs   –  Vf    (B)

Using Equation (B) in Equation (A) we have

  Vo = A [ Vs  –  Vf  ] 
   = AVs – AVf (C)
 But  Vf  =   Vo   [From Equation 6.58]
 Now  Vo  = AVs – AVo

  Vo  [ 1 +  A  ]   =  A Vs

  Af   = o

s

V
V  =  

1
A

A+ β
 (D)

For voltage series feedback amplifier

  A = AV and Af   =  AVf 

Now Equation (D) can also be written as

  AVf   = 
1

V

V

A
A+ β

 (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 o  = A Ii  (A)

Applying KCL at the input circuit we have

  Is  = Ii   +  If  
 or  Ii  = Is  – If  (B)

Using Equation (B) in Equation (A) we have
  Vo  = A [ Is   –  If  ] 
                                 =  A  Is  –  A  If   (C)

 But    If =   Vo   [From Equation 6.64]

 Now  Vo  = A Is – A  Vo  

  Vo   [ 1 + A  ]   A Is

  Af   = 
S

oV
I  = 

1
A
A+ β

  (D)

For voltage shunt feedback amplifier
  A = RM and Af = RMf

Now Equation (D) can also be written as

  RMf   = 1
M

M

R
R+ β

 (E)

Note: Similarly we can derive the expressions for Af of current series and current shunt feedback 
amplifiers using the block diagrams given in Fig. 6.15 and Fig. 6.14 respectively.

 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 

  Af  = 
1

A
A+ β

 (6.77)

Differentiating with respect to A  , we have

  fdA
dA

 = 
[ ] [ ]
[ ]2

1
1

A A
A

+ −
+

β β

β
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   = [ ]2

1
1 A+ β

   = [ ]
1

1+ Aβ
. [ ]

1
1 A+β

 (6.78)

From Equation (6.77) we have

  
1

1 A+ β
 = fA

A

Using this relation in Equation (6.78) we have

  
fdA

dA  = fA
A

 
1

1 A+ β

  fdA
dA

 = [ ]1

dA
A

A

 
  
+ β

  f

f

dA
A

 = 
1

dA
A

A+ β
 (6.79)

  f

f

dA
A

  = relative change in gain with feedback

  
dA
A

  = relative change in gain without feedback

For negative feedback, |1 + A| > 1
Now from Equation (6.79) we get

  
f

f

dA
A  < 

dA
A  (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 +   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     . is given, calculate the change in gain of 
the feedback amplifier.

Solution

  A =  – 2000      0.

   
dA
A  

= 20%

   1 +  A  = 1 + (– 0.1) (– 2000) 
   = 201
From Equation (6.79)

  % f

f

dA
A

 = 
%

1

dA
A
A+ β

   = 20%
201

 = 0.099 %

Example 6.5

Calculate the gain of a negative-feedback amplifier having A = – 2000, if the feedback  factor is 
20 %. 

Solution

  A = – 2000 
  %     2 

      0.2

For negative feedback , A  is positive. Therefore we take 

     .2

  1 +   A  = 1 + (– 0.2) (–2000) 
   = 401

  Af  = 
1

A
A+ β

   = 
2000
401

−
=  –  4.98

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 = k1 x +  k2 x

2   +  k3  x
3  + ¼  (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 = Ao  sin wt  (6.82)

Then, Equation (6.81) becomes
y  =  k


 Ao sin wt + k

2
 Ao

2 sin2 wt + k3 Ao
3 sin3 wt + ¼ 

which can be expressed in the general form as

 y  =  Bo  +  B
  sin wt  +  B

2  sin 2 wt  +  B
3  sin 3 wt  + ¼  (6.83)

where Bo is the dc term, B
 is the amplitude of the fundamental, B

2  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.

 i.e.,  | B1 | > | B2 | > | B3 | > ¼ (6.84)

To study the effect of negative feedback on harmonic distortion, let us assume that only second 
harmonic distortion is present. Let B2f be the second harmonic distortion at the output in the 
presence of negative feedback.

When  B2f  is sampled it gets

	 •	 Multiplied by    in the feedback network
	 •	 Multiplied by  – 1 in the mixer
	 •	 Multiplied by A in the basic amplifier

Finally it becomes  –  A  B
2f 

Hence, the second harmonic component at the output in the presence of negative feedback is

  B
2f  = B2  –  A  B

2f
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  B
2f  (1 + A  ) = B

2  

  B
2f = 2

1
B

A+ β
 = 2B

D
 (6.85)

 or 2 fB  = 2| |
| 1 |

B
A+ β

 = 2| |
| |
B
D

 (6.86)

We know that for negative feedback

  | 1+A   > 1   and hence   | B
2f | < | B

2
 |    

Observe that the second-harmonic distortion gets reduced by a factor 1 +  A  .

6.7.3 reduction of noise
Let  N represents the output noise without feedback and let Nf represents the output noise with 
feedback. When Nf  is sampled, it gets multiplied by  –  A  around the feedback loop and becomes  
–  A  Nf  .

Thus, the noise at the output in the presence of negative feedback is 

  Nf  = N – A  Nf 

 or  Nf = 
1

N
A+ β

 = N
D

 (6.87)

          or   | Nf | = | N |
| 1 |A+ β

 = | |
| |
N
D

 (6.88)

Equation (6.88) shows that the output noise reduces by a factor of  | 1 + A    in the presence 
of negative feedback since  | 1 + A    .

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

  Af  = 
1

A
A+ β

 

If  A   >> , then  Af   A
A β

  Af  = 
1
β  

(6.89)

Under this condition, Af  depends only on . In most of the circuits,  network contains only 
resistors and therefore the feedback factor  is independent of frequency. As a result, Af  becomes 
independent of frequency. Thus negative feedback reduces frequency distortion.
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 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.

~

~

RiVs

Vf

Ii

_

+

+_

+

_
Vi

Rif

Fig. 6.17 Input stage of feedback amplifier with series mixing

From Fig. 6.17 the input resistance without feedback  is given by

  Ri = i

i

V
I

 (6.90)

While the input resistance with feedback Rif  
is given by

  Rif
 = s

i

V
I

 (6.91)

In the presence of negative feedback Vf  is in opposite polarity with respect to Vs and hence Ii 
with negative feedback is less than that without feedback. As a result  Rif 

 is greater than Ri . 
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.

Ri

Ii

_

+

Vi

Rif

If

Is

Feedback
network β

Fig. 6.18 Input stage of feedback amplifier with shunt mixing 



Feedback Amplifiers  457

Observe that the feedback network appears in parallel with the input terminals of the amplifier. 
From Fig. 6.18 input resistance without feedback is 

  Ri  = i

i

V
I

 (6.92)

and in the presence of negative feedback, the input resistance is 

  Rif  
= i

s

V
I  (6.93)

 But Is  =  Ii   +  If 

  Rif  = i

i f

V
I I+

 (6.94)

From Equations (6.92) and (6.94) it is clear that  Rif 
  <  Ri .

6.8.1 input resistance of Voltage-series feedback amplifier
We now obtain an expression for  Rif 

  for the voltage-series feedback amplifier. Figure 6.19 shows 
a typical voltage-series feedback circuit.

Ri

Ii

+

_

Io

~

+

_

Vo

+

_
~

~Vs

+

_
Vi

Ro

Vf
+_

RL

Rof
Rif

A Vi

Fig. 6.19 Voltage series feedback amplifier

Ri =  i

i

V
I

  =   Input resistance without feedback 

Rif  
=  s

i

V
I

 =  Input resistance with feedback.

Applying KVL to the input circuit of Fig. 6.19, we have 

  Vs – Vi  – Vf = 0   (6.95)
 But  Vi  =  Ii   Ri   and  Vf  =   Vo 

Substituting these relations in Equation 6.95 we have

  Vs – Ii   Ri  –   Vo  =  0    (6.96)
 But  Vo = A Vi   =  A Ii  Ri 
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Using this relation in Equation (6.96) we have

                            Vs  – Ii  Ri –  A  Ii   Ri  = 0
  Vs  = Ii  Ri  [ 1 +  A ]

 Now   Rif  =  s

i

V
I

 = Ri  [1 +   A ] (6.97)

 Since  [ 1 +  A ]  > 1
  Rif  

> Ri 

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.

RiIs

Ii

+

_

Io

~

+

_

Vo

+

_

Vi

Ro

RL
β

N/w
If

P

RofRif

A Ii

Fig. 6.20 Voltage – shunt feedback amplifier

  Ri   =  i

i

V
I   

=  Input resistance without feedback

  Rif 
 =  i

s

V
I  =  Input resistance with feedback

Applying KCL at the node P of Fig. 6.20

  Is = Ii + If  (6.98)

 But   Ii  = i

i

V
R

 and  If  =  Vo  

Substituting these relations in Equation (6.98) we have 

   Is  = i

i

V
R +  Vo    
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 Also  Vo = A Ii 

   = A i

i

V
R

Using this relation in the above Equation we get

  Is  = i

i

V
R +   A i

i

V
R

   = i

i

V
R [ 1 +   A ] 

 Now  Rif
  = i

s

V
I  = 1

iR
A+ β

 (6.99) 
 
  Since  [ 1 +  A ]  >  1
  Rif  < Ri 

Note that the input resistance decreases by a factor  1+  A 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.

Ii Io

+

_

Vo

+

_

Vi Ro RLRiVs

+

_
~

~
Vf = βIo RofRif

A Vi

P

+_

Fig. 6.21 Current-series feedback amplifier

Ri  = i

i

V
I

 =  Input resistance without feedback

Rif 
 = s

i

V
I

 =  Input resistance with feedback

Applying KVL to the input circuit of Fig. 6.21, we have

  Vs – Vi  – Vf  = 0  (6.100)
 But  Vi  = Ii  Ri  and  Vf  =   Io 
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Using these relations in Equation (6.100) we have

  Vs –  Ii  Ri  –  Io  = 0  (6.101)
 But  Io  =  A Vi 

   = A Ii  Ri 

Using this relation in Equation (6.101) we get

  Vs –  Ii  Ri –  A Ii  Ri  = 0
  Vs  = Ii  Ri   [ 1 +  A]

 Now   Rif 
  = s

i

V
I

 = Ri   [ 1 +  A ] (6.102)

 Since  [ 1 +  A ]  > 1
  Rif  

> Ri 

Note that the input resistance increases by a factor 1 +  A  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.

Ri

Ii Io
+

_

Vo

+

_

Vi RL

β

If

P

Ro

Rif Rof

N/w A Ii
Is

Fig. 6.22 Current-shunt feedback amplifier

Ri   =  i

i

V
I

 = Input resistance without feedback,

Rif   
= i

s

V
I

 = Input resistance with feedback.

Applying KCL to the input node P we have

  Is = Ii  +  If  (6.103)

 But  Ii =  i

i

V
R

  and  If   =   Io 
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Substituting these relations in Equation (6.103) we have

  Is  = i

i

V
R

 +   Io   (6.104)

 But  Io  =  A Ii 

   =  A i

i

V
R

 

Using this relations in Equation (6.104) we have

  Is =  i

i

V
R

 +   A i

i

V
R

 
 

   =  
i

i

V
R  [ 1 +  A ]

 Now  Rif  
 = i

s

V
I  = 

1
iR

A+ β
 (6.105)

 Since  [ 1 +  A ]  > 1
  Rif  

< Ri 

Note that input resistance decreases by a factor 1 +  A  for shunt mixing.

 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.

We know that,    Af  = 
1

A
A+ β

If   A  1

 Then  Af    
A
Aβ

 = 
1
β

Note that Af  is independent of both source and load resistances. Thus, ideally the output voltage 
Vo would remain the same irrespective of changes in load resistance RL in the presence of negative 
feedback. This is possible in the circuit of Fig. 6.23, only if

  Rof    or Rof     RL  

Under this condition, Vo = Af  Vs 

The circuit to analyse the effect of negative feedback on a current sampling circuit is shown 
in  Fig. 6.24.
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~
+

_

+

_

Vo RL

Rof

Af Vs
Af Is RL

Io

Rof

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 Io through RL remain 
unchanged with changes in RL, since Af  is independent of source and load resistances under 
negative feedback. This is obviously possible only if Rof =  or Rof  RL in the circuit of  
Fig. 6.24, in which case

  Io = Af   Is 

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 Vs  (Is)  to zero
 2. Remove RL and connect a voltage source V  between the output terminals.

Let  I  be the current driven by the voltage source V  into the amplifier output terminals. The 
output resistance with feedback is given by 

  Rof  = V
I

  (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.

~ +_

+

_

Ii

Vi

Vf

RiVs= 0 ~ A Vi ~
+

_
V

I

Rof

+

_

Ro

Fig. 6.25  Output resistance of voltage series feedback amplifier
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Applying KVL to the input circuit we have

  Vs – Vi  – Vf  = 0  (6.107)

 Since  Vs = 0, we get

  Vi =  – Vf  (6.108)

  Vf  =  Vo 

 But  Vo  = V 

  Vf  =   V 

Using this relation in Equation (6.108) we get

  Vi  =  –   V (6.109)

Applying KVL to the output circuit , we have

  V – I Ro – A Vi  = 0  (6.110)

Substituting Equation (6.109) in Equation (6.110) we have

  V – I Ro – A [ –   V ] = 0 

  V  [ 1 +  A ] = I Ro

 Now   Rof  = 
V
I

 = 1
oR

A+ β
 (6.111)

 Since,  (1 +  A) > 1

  Rof  < Ro 

Note that the output resistance decreases by a factor 1+ A 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 Is to zero,
 2. Replacing RL by a voltage source V.  

Applying KCL at the node P of the circuit of Fig. 6.26 

  Ii  + If  = 0

  Ii  = – If  (6.112)

 But  If  =  Vo =  V

  Ii  = –  V (6.113)
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Applying KVL to the output circuit of Fig. 6.26

  A Ii  + I Ro  – V =  (6.114)

Ii

RiIs= 0 ~ ~
+

_
Vβ

N/w If

P

+

_
A Ii

Ro

Rof

I 

Fig. 6.26 Output resistance of voltage shunt feedback amplifier 

Substituting for Ii  from Equation (6.113)

 A ( –  V ) + I Ro – V  = 0 

  I Ro  = V  ( 1 + A  )  (6.115)

By definition

  Rof  = 
V
I

 

  From Equation (6.115)

  Rof  =  
1

oR
A+ β

 (6.116)

  Since  [1 +  A] > 1

  Rof  < Ro 

Note that the output resistance decreases by a factor 1 +  A 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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~
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+

_

Vi

Vf

Ri Ro
Vs = 0

A Vi
~

+

_
V

Rof

  P
V
Ro

I =  –  Io

Fig. 6.27 Output resistance of current series feedback amplifier

Applying KVL to the input circuit of Fig. 6.27, we have  

  – Vi – Vf  = 0 (6.117)
 or  Vi =  – Vf  
By definition
  Vf  =   Io 

But   Io  =  – I  (6.118) 
   Vf  = –  I 

Substituting this relation in Equation 6.117, we have

  Vi =   I  (6.119)

Applying KCL at node P of the circuit in Fig. 6.27

      A Vi  +  I  – 
o

V
R

  = 0  (6.120)

Substituting for Vi  from Equation (6.119)

  A  I  +  I  = 
o

V
R

  
o

V
R

 =  I ( 1 + A  )  (6.2)

By definition,

  Rof  = V
I

  Rof  = Ro ( 1 +   A )  (6.122)
 Since  [ 1 +  A ] > 1
  Rof  > Ro  

Note that output resistance increases by a factor 1 +   A   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 

  Ii  + If  = 0 (6.123)
 or   Ii  = – If

 By definition If  =  Io  

 But   Io  = – I  
  If  = –  I  (6.124)

Substituting this relation in Equation (6.123), we have

  Ii =  I  (6.125)

Applying KCL at node Q of the output circuit in Fig. 6.28, we have.

  A Ii  + I  – 
o

V
R

 =  0

Ii

RiIs= 0 ~
+

_
Vβ

N/w If

P

Rof

V
Ro

RoA Ii

Q I = – Io

Fig. 6.28 Output resistance of current shunt feedback amplifier

Substituting for Ii from Equation (6.125)

  A  I + I  = 
o

V
R   (6.126)

  I (1+ A) = 
o

V
R

By definition,   Rof  = 
V
I

  From Equation (6.126)
  Rof  = Ro ( 1 +   A )  (6.127)
  Since  [1 +  A ] > 1
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  Rof  > Ro 

Note that the output resistance increases by a factor 1+  A  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

Rif Ri   (1 +   A) 1
iR

A+ β
Ri ( 1 +   A) 1

iR
A+ β

Rof 1
oR

A+ β 1
oR

A+ β
Ro (1 +   A) Ro (1 +   A)

 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

  [ Af  ] [ B Wf  ]  = [ A ][ B W ]

 or B Wf  = 
f

A
A

 B W  (6.128)

where  B W  =  Bandwidth without feedback
    B Wf   =  Band width with feedback

       Since  Af = 
1

A
A+ β

We have   
f

A
A

 = 1 +   A

Using this relation in Equation (6.128) we have

  B Wf  = B W  [ 1+   A ] (6.129)
 Since  [ 1 +  A ] > 1
  B Wf > B W

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

Ao

Ao

AofAof

A

Af

f1 f2 f2ff1f
Frequency

√ 2

√ 2

Fig. 6.29 Effect of negative feedback on gain and band width

  Ao  =  Midband gain without feedback
  Aof = Midband gain with feedback

                      Aof = 1
o

o

A
A+ β   (6.130) 

  BWf  = f2f   –  f1f  (6.131)
  BW  =  f2  –  f1  (6.132)

f2f   and  f1f  are the upper and lower 3 dB frequencies with feedback. f2  and f1   are the corresponding 
frequencies without feedback.

Observe that

  f1f  <  f1

 and  f2f  >  f2

 6.11 adVantages of negatiVe feedbaCk
The advantages of negative feedback can now be listed based on the discussions in the preceding 
sections.

  ·  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  A = 1000

(a)  %   = 5 %    0.0

  1 +   A  = 1 + (1000) (0.05) = 51

 Bandwidth with feedback

  BWf  = BW × ( 1+  A )

                   =  (200 kHz) (51)  = 10200 kHz.
  BWf   = 10.2 MHz

(b) Gain bandwidth product without feedback is

  ( A )( BW )  = (1000) (200 kHz) = 2 × 108

  Af  = 1
A

A+ β
 = 

1000
51

 = 19.6

Gain bandwidth product with feedback is 
  ( Af  )( BWf )  = (19.6) (10.2 ´ 106) = 2×108

The gain bandwidth product is the same with and without feedback as expected

(c) Given BWf  = 1 MHz
  BWf  = BW [ 1 +   A ]

  1 +   A  = fBW
BW

= 
1 MHz
200kHz

  = 5

 Now  = 5 1
A
−  = 

4
1000

 = 0.004  or  0.4 %
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Example 6.7

An amplifier has a open-loop voltage gain  A = 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  	∆	A =   100

  
A

A
∆

 = 
100
1000

 = 0.1

 or  % A
A
∆  = 0.1 × 100  =  10 %

(a) It is required to have a gain variation of  0.1 %

 i.e.,  % f

f

A
A
∆

 = 0.1 %

 or  
0.1
100

f

f

A
A
∆

=  = 0.001

From Equation (6.79)

  | 1+ A | = 
f

f

A
A
A

A

∆

∆
 

   = 
0.1

0.001
 = 100 

    = 100 1
A
−  = 99

1000
 = 0.099

 or  %    = 9.9 %

(b)  Af  = 
1

A
A+ β

= 1000 10
100

=

 Now  Af  = 10  0.1 %  =  10  0.01
Note that  Af  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 

and returned to the input in series opposing. It is desired that the relative change 
f

f

dA
A  in the 

closed-loop voltage gain Af  must not exceed  f  . Show that the minimum value of the open-loop 
gain  A of the amplifier is given  by

    A  = [ 3Af ] 
φ

φ

1

f

where 1 is	 defined	 as	 	
dA
A

1

1

  is the relative change in the voltage gain of each stage of the 
amplifier.

Solution

  
f

f

d A
A  = 1

dA
A
A+ β

 (A)

Let A1 = gain of the each stage without feedback.
 Overall gain without feedback is 

  A = A1 × A1 × A1 =  A1
3 (B)

Differentiating Equation (B) with respect to A1

  
1

d A
d A  = 3 A


2

 or  d A = 3 Al
2 . d A1  (C )

From Equation (B)  A =  A1
2 . A1

   A1
2 = 

1

A
A

Substituting in Equation (C)

  d A = 
1

3A
A

 . d A1  (D)                                                                                    

 or  d A
A

 = 3 1

1

d A
A

 

 Given  1  = 1

1

d A
A
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Therefore, Equation (D) becomes

  
d A
A

 = 3 1 



 

(E)
Also given  

f

f

d A
A  = f

Substituting Equation (E)  in  Equation (A)

  | f | = 1| 3 |
| 1 |A+

φ

β
 (F)

 But   Af  = 
1

A
A+ β

  1 + A  = 
f

A
A

Substituting this relation in Equation (F)

  fφ  = 3 1

f

A
A

φ
 = 3 Af  

1

A
φ

 

    A =  3 Af  

φ

φ

1

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 Vo = 36 V
%  second-harmonic distortion without feedback % B2 = 7 %
Input voltage without feedback Vi  = 0.028 V

Voltage gain without feedback 

  AV   = o

i

V
V

   = 
36

0.028  = 1285.7
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(a)  %    = 1.2 %

     
1.2
100

    .2

 Now  1 + AV       + (2.) (.2) 

    6.2

  AVf  
= 

1
V

V

A
A+β

 = 
1285.7
16.4284

 

   = 78.26  

  AVf 
= 

of

if

V
V  

Vif  is the input voltage with feedback. Since input voltage has not changed,

  Vif  = Vi  =  0.028 V
 Now  Vof  = AVf  V if  = (78.26) (0.028 V) = 2.19 V

(b) %  second-harmonic distortion with  feedback is given as  

  %  B
2f  = 1 % 

 and Vof  = 36 V 

  % B2f  = 2%
1 V

B
A+ β

 

   1 +   AV =  
2

2

%
% f

B
B   

7
1

  

Voltage gain with feedback

  AVf   = 1
V

V

A
A+β   = 1285.7

7
 = 183.67

  AVf  = of

i

V
V

 or Vi  = of

Vf

V
A  = 36V

183.67
 = 0.196 V

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 

  AV  = 1000

Output power without feedback 
  Po  = 10 W

  Po  = 
2

o

L

V
R

                                      (A)

where RL  is the load resistance.
% second harmonic-distortion without feedback, % B2  = 10 %

Input voltage,   Vi  = 10 mV

  AV = o

i

V
V

  Vo  = AV . Vi = 1000 ×10 mV  = 10 V
Negative feedback in dB,

  N = –  40 dB

  N = 20 log10 

1
1 VA
 
 + β

   = – 20 log10 [ 1 +   AV  ]

  – 40  =  – 20 log10 [ 1 +   AV  ]

  log10[1 +  AV ] = 2 

                          1 +  AV  =  log10
–1 [2]  = 100

 Now  AVf  = 
1

V

V

A
A+ β

= 1000
100

 = 10  

(a) Output power with feedback is  Pof  =  10 W = Po 

  Pof  = 
2

of

L

V
R

  (B)

Since RL is fixed, from Equations (A) and (B) we find that 

  Vof  = Vo = 10 V

  AVf = of

i f

V
V

 

 The required input voltage is, Vif  = of

Vf

V
A  = 

10
10

 = 1 V
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(b) %  second harmonic distortion with feedback is 

  % B2f = 2% B
D

 = 
10%
100

 

 or  % B2f  = 0.1%

Example 6.11

(a) For the circuit shown, find the ac voltage Vi as a function of Vs and Vf. . Assume that the input 

resistance of inverting amplifier is infinite. A  =  AV  =  – 1000 ,     
f

o

V
V

= 
1

100
, 

 Rs = RC = Re =  kW , hie = 1 kW , hre = hoe = 0 and hfe = 100 . 

(b) Find AVf  = o

s

V
V

 = i

s

VA
V

 
  

Inverting
Amplifier    

A

Network

VCC

Vs +_

RS

RC 

+_ Vi Vo
+
_

Vf+
_

Re

β

–VEE

Solution

  A = AV  =  –1000

    
1

100
f

o

V
V

=  
f

o

V
V

  Rs = RC  =  Re  = 1 kW

  hie  = 1 kW
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  hre  = hoe =  0

  hfe  = 100  

(a)   network provides an output voltage Vf  proportional to its input voltage Vo , which is 
nothing but the inverting amplifier output  voltage.

   Vf =   Vo (A)                                                                                 

Let us write the ac equivalent circuit of transistor amplifier. Since hre =  0, hre Vce   can be treated 
as short-circuit and  1/ hoe  can be treated as open circuit since hoe = 0. 

+_

+_

Ic

Rs

Ib
Ib

+

_

Vi

hie

Vf = βVo

E

hfe 

Vs RC

B C

  Vi  =  – Ic  RC    

 But Ic = hfe  Ib

  Vi = – hfe  Ib  RC    (B)

Applying KVL to the input circuit

  Vs  –  I b  Rs – Ib  hie  – Vf  =  0  

  Ib  = s f

s ie

V V
R h

−

+
 (C)

Combining Equations (B) and (C), we get

  Vi  = – hfe  RC  

s f

s ie

V V
R h

−

+

   = – (100)  (1 kW) 
( )

( )1 k 1 k
s fV V
Ω Ω
−

+
  

  Vi = – 50 ( VS – Vf ) (D)
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(b) For the inverting amplifier

  Vo  = A Vi  = AV  Vi   

Substituting for Vi from Equation (D), we have

  Vo  = AV  [ – ( Vs – Vf  ) ] 
  Vo  = – 50  AV Vs  + 50  AV Vf 

Substituting for Vf  from Equation (A) we have

  Vo  = – 50 AV Vs  + 50 AV (  Vo  )
  Vo  [1 – 50  AV ] = – 50  AV  VS 

  AVf  
= 

50
1 50

o V

s V

V A
V Aβ

−
=

−
 = 

50
1 50

V

V

A
A

−
− β

 

   = (50)( 1000)
11 50 ( 1000)

100

− −
 − −  

  AVf  = 99.8

Example 6.12

A voltage amplifier has the following parameter values without feedback.

AV  = – 1000 , Ri  = 20 kW , Ro = 15 kW, Bandwidth = 200 kHz

Compute these parameter values if negative-series feedback with  = – 0.1 is given. 

Solution

  +  AV  = 1+ (– 0.1) (– 1000 ) = 101

  AVf  = 
1

V

V

A
A+ β

 = 1000 9.9
101
−

= −

Series mixing input resistance 

  Rif  = Ri  [ 1 +   AV  ]	=	(20	kΩ)	(101) = 2.02	MΩ
Voltage sampling reduces output resistance

  Rof  = 
1

o

V

R
A+ β

= 
15k
101

Ω
	=	148.51	Ω

  BWf  = BW  [1 +   AV ] = (200 kHz) (101) = 20.2 MHz

 6.12 praCtiCal feedbaCk CirCuits
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.

~Vs
+
_

+ _
Vi

CD

Vf

+

_

R1

R2

+

_

Vo
P

RL

VDD

RD

Fig. 6.30 FET amplifier with voltage-series feedback

The output voltage Vo is divided in the voltage divider consisting of  R1  and  R2. The feedback 
voltage is the  voltage across R2 . Using voltage division rule,

  Vf  = 2

1 2
o

R V
R R+

 (6.133)

Equation (6.133) is of the form

  Vf  =  Vo  (6.134)

We find that     2

1 2

f

o

V R
V R R

=
+

  2

1 2

R
R R+

 (6.135)

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 

  Vs  –  Vi  –  Vf = 0 
 or  Vi  = Vs    –  Vf   (6.136)

Note that Vf  is mixed in series with Vs.  Also Vf  subtracts from Vs 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.  

	 •	 To obtain ac equivalent circuit let us short the coupling capacitor CD and reduce VDD to 
zero.

	 •	 To reduce 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.

~Vs

+

_

+ _
Vi

R1

R2

+

_

Vo RLRD

Fig. 6.31 Basic amplifier without feedback

From Fig. 6.31, we find that   

  Vi = Vs  (6.137)

The effective load on the FET amplifier is 

  RL
 = RD || [R1 +R2 ] || RL (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

  AV  = – gm RL
 (6.139) 

Voltage gain with feedback is given by

  AVf   = 1
V

V

A
A+β

  (6.140)

It is important to note that the product  AV  should be positive. Since AV is negative, it is 
appropriate to write

     2

1 2

R
R R
−
+   (6.)

Now  1 +  AV  = [ ]2

1 2

1 m L
R g R

R R
 −

+ − + 
′   
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   = 1 +  gm  
2

1 2

LR R
R R+

′  (6.142)

Using Equations (6.139) and (6.142) in Equation (6.140) we have

    AVf  = 
2

1 2

1

m L

L
m

g R
R Rg
R R

−

+
+

′
′

 (6.143)

If   AV     1 , from Equation (6.140) we get 

  AVf    
1
β

 or  AVf   = 1 2

2

R R
R
+

−  (6.144)

Note that   AVf  depends only on the external resistors R1 and R2 and independent of the FET 
parameter gm. If R1 and R2  are stable resistors , then AVf  is also stabilized.

Example 6.13

The FET amplifier of Fig. 6.30 has the following parameter values.

  R1  =	 100	kΩ  R2  =	10	kΩ  RL  =	15	kΩ
       RD  =	 10	kΩ					gm  = 5000 mS  

Calculate the voltage gains AV  and AVf .

Solution

  RL  = RD || [ R
 + R

2  ] || RL

   = 10 kΩ || [	100	kΩ	+10	kΩ	]	||	15	kΩ
   = 5.68 kΩ 
  AV  =  – gm  RL  

   = – (5000  mS) (5.68 kΩ) = – 28.4  

    = 
2

1 2

R
R R
−
+ = – 

10 k
100 k 10 k+

Ω

Ω Ω
=  – 0.09

  1 +  AV  = 1 + ( – 0.09 ) ( – 28.4 ) = 3.556

   AVf = 1
V

V

A
A+ β  = 28.4

3.556
−  = – 7.9865

Example 6.14 

For the op-amp non inverting amplifier shown below, the following data are available: 

         AV  = 2× 10     R1  = 10 kΩ 



Feedback Amplifiers  481

  Ri  = 2 MΩ   R2  =  kΩ 
  Ro  =	 75	Ω 

Calculate AVf  ,  Rif   and  Rof .

~Vs

+

_

_

+
Vi

Vf

+

_

+

_

R1

R2

Vo

Solution
Using voltage division rule at the output we have

  Vf  =  2

1 2

R
R R+  Vo  =   Vo 

Note that feedback voltage is derived from output voltage.

    2

1 2

R
R R+

       = 
1 k

10 k 1 k+
Ω

Ω Ω
  = 0.09

Applying KVL to the input circuit we have 

  Vs – Vi  – Vf  = 0
   Vi  = Vs  – Vf 

Note that mixing is series.
Hence the topolgy is voltage series feedback.

  1+ AV  = 1+ ( 0.09 ) (2 × 105)  = 18,001

  AVf  = 1
V

V

A
A+ β

 = 
52 10

18,001
×  = 11.11

Voltage sampling reduces the output resistance.

  Rof = 
1

o

V

R
A+ β

= 
75

18,001
Ω

	=	4.16	mΩ	
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Series mixing increases the input resistance.

  Rif  = Ri  [  +  AV ] =	(2	MΩ ) (18,001)	=	36,002	MΩ
Note: For op-amp non-inverting amplifier

  AVf    1

2

1 R
R

+ = 1 + 10k
1 k

Ω

Ω
 = 11    

This result is consistent with the one which is calculated earlier since  AV   1.

6.12.2 Voltage series feedback in emitter-follower
Figure 6.32 shows the circuit of emitter-follower which employs voltage series feedback.

~
+

_ RE Vo

+

_

RB
RC

VCC

Vs

+
_

+

_

Vi

Vf

Fig. 6.32 Emitter-follower

From the circuit of Fig. 6.32 we find that

  Vf  = Vo (6.145)
 But  Vf  =  Vo  (6.146)

Comparing Equations (6.145) and (6.146) we find that

   = f

o

V
V

 = 1 (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

  Vs  –  Vi  –  Vf = 0 
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 or  Vi  = Vs  –  Vf   (6.148)

Note that Vf  is mixed in series with Vs .  Also, Vf  subtracts from Vs 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 series feedback. 
Also the basic amplifier is a voltage amplifier.

The ac equivalent circuit of emitter-follower is obtained by reducing VCC  to zero in the circuit 
of Fig. 6.32. This is shown in Fig. 6.33.

~
+

_
Vs RB

Vi

+
_

RE

+

_

Vf   = Vo

RC

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 RE in the circuit of Fig. 6.33. The input 
circuit is shown in Fig. 6.34.

~
+

_
Vs Vo = 0

RB

RC

Fig. 6.34 Input circuit obtained by short circuiting  RE
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To draw the output circuit, we have to avoid the mixing of Vf  and Vs . 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 RB

RC

RE

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.

~
+

_
Vs RB

RC

+

_

Vi RE

Ib

Ic

+

_

Vo

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.

+

_

Ri

ViVs

+

_
~

Ib Ic

hfe Ib

RC

RE

+

_

Vo

Ro

hieRB

Fig. 6.37  Basic amplifier without feedback using hybrid model
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Voltage Gain with Feedback
From the equivalent circuit of Fig. 6.37

  Vi  = hie  Ib  (6.149)
  Vo  = Ic  RE

 But  Ic  = hfe  Ib 

  V o = hfe   Ib   RE  (6.150)

Voltage gain without feedback is 

  AV  = o

i

V
V

   = fe b E

ie b

h I R
h I

 

  AV  = fe E

ie

h R
h

  (6.151)

  1 +  AV  = 1 + (1) 
fe E

ie

h R
h

 
 
 

   = 
ie fe E

ie

h h R
h
+

 (6.152)

Voltage gain with feedback is 

  AVf  = 1
V

V

A
A+ β

 = 

fe E

ie

ie fe E

ie

h R
h

h h R
h

 
 
 
+ 

 
 

 

  AVf  = 
+

fe E

ie fe E

h R
h h R

 (6.153)

Usually   hfe  RE    hie 

   AVf   fe E

fe E

h R
h R

= 1

which is true for emitter follower.

Input Resistance with Feedback
From the circuit of Fig. 6.37, the input resistance without feedback is 

  Ri  = RB  ||  hie  (6.154)
 Usually  RB   hie 

   Ri    hie (6.155)
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Series mixing increases input resistance. Therefore input resistance with feedback is 

  Rif  = Ri [ +  AV] 

   = [hie] 
ie fe E

ie

h h R
h
+ 

 
 

  Rif  = hie + hfe RE  (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

RE

Ro

Fig. 6.38 Circuit to find output resistance

From the circuit of Fig. 6.38, output resistance without feedback is
  Ro = RE  (6.157)

Voltage sampling reduces output resistance. Therefore output resistance with feedback is 

  Rof = 1
o

V

R
A+ β

   = E

ie fe E

ie

R
h h R

h
+ 

 
 

  

   = 
E ie

ie fe E

R h
h h R+    (6.158)

 If   hfe RE   hie 

 then R of   
E ie

fe E

R h
h R

 or  Rof  = ie

fe

h
h  (6.159)
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Example 6.15 

The following data is available for the voltage series feedback amplifier of Fig. 6.32.

  RB  = 50 kW  RE  = 1 kW  RC   = 1 kW

  hie  = 2 kW   hfe  = 150    
Calculate 

 (a) AV  and  AVf 

 (b) Ri and  Rif 
 (c) Ro and  Rof 

Solution

(a)  AV  = 
Efe

ie

h R
h

  = 
(150)  (1k

2k
Ω)

Ω
  = 75

   +  AV  = 1 + 75  = 76  [since  = 1]

  AVf  = 
1

V

V

A
A+ β

= 75
76

 =  0.986

(b)   Ri  = RB || hie 
   = 50 kW || 2 kW = 1.923 kW 
  Ri f = Ri  [ +   AV  ] 
   = (1.923 kW ) (76) = 146.148 kW 

Alternatively 
  Rif    hie + hfe  RE  

   =  2 kW + (150)  (1 kW ) 
   = 152 kW 

(c)   Ro  = RE  = 1 kW 

  Rof  = 1
o

V

R
A+ β 

 

   = 
1kΩ

76
 = 13.15 W 

Alternatively  

  Rof = 
ie

fe

h
h  = 2 kΩ

150
  =  13.33 W 

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 RE.
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~
+

_ RE

RB
RC

VCC

Vs

+
_

+

_

Vi

Vf

+

_
Vo

    

Ie

Ic

C2

C1

Io

Fig. 6.39 Current series feedback amplifier

The feedback voltage is the voltage across RE   

  Vf = Ie  RE  (6.160)
  Ie   Ic 

 But  Ic  = –  Io 

    Ie  =  –  Io (6.161)

Using this relation in Equation (6.160) we have

  Vf   =  – RE  Io  (6.162)

Equation (6.162) is of the form

  Vf  = Io  (6.163)

We find that    = f

o

V
I

 = –  RE  (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

  Vs – Vi – Vf  = 0
 or  Vi   = Vs – Vf  (6.165)

Note that Vf  is mixed in series with VS , also Vf  subtracts from VS 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 VCC to zero and short circuiting the capacitors 
C

 and C
2 as shown in Fig. 6.40.

~
+

_
Vs RB

+
_Vi

Ic

+

_
Vf RE

Ie Io

RC

+

_

Vo

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.

~
+

_
Vs

RB

RC

RE

Io = 0

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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~
+

_
Vs RB

RC

RE

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. 

~
+

_
Vs

RB

Ic

Io

RC

+

_

Vo

+ _

Ib

RERERi Ro

Vf

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.

Ri

Vs

+

_
~

Ib Ic

hfe Ib

_

Vo

Ro

hie

RE RE

+ _

Io

RC

+

E

B C

Vf

RB

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

  A  = GM  =  o

i

I
V

  (6.166)

From Equation (6.165)

  Vi   = Vs – Vf 

In the absence of feedback, Vf = 0

  Vi  = Vs

Now from Equation 6.166 we have

  A  = o

s

I
V

 (6.167)

 But Io  = – Ic

  and Ic  =  hfe Ib

   Io  = – hfe Ib  (6.168)

Applying KVL to the input circuit of Fig. 6.44 we have

  Vs  = Ib  [ hie + RE ]  (6.169)

Using Equations (6.168) and (6.169) in Equation (6.167) we have

  A  = [ ]
fe b

b ie E

h I
I h R
−

+

 Now A  = GM  = fe

ie E

h
h R
−

+
 (6.170)

Transfer gain with feedback is 

  Af  = GMf  = o

s

I
V

 = 
1

A
A+ β

 (6.171)

   + A   = 1 + [– RE ] 
fe

ie E

h
h R
− 

 + 

   = 
( )1ie fe E

ie E

h h R
h R
+ +

+
 (6.172)

 Now  Af  = 
( )1

fe

ie E

ie fe E

ie E

h
h R

h h R
h R

− 
 + 

 + +
 

+  
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  Af  = GMf  = ( )1
fe

ie fe E

h
h h R

−

+ +   (6.173)

 Since  hfe   1,  (1 + hfe)  hfe 

 Now  Af   = GMf   
fe

ie fe E

h
h h R

−

+  (6.174)

Input Resistance with Feedback
From the circuit of Fig. 6.44, the input resistance without feedback is 

  Ri  = RB || [hie + RE]   
Usually   RB   hie  + RE

   Ri   hie +RE  (6.175)

Series mixing increases input resistance. Therefore input resistance with feedback is

  Rif   = Ri [1 +  A]

   = [ hie + RE  ] 
( )1  ie fe E

ie E

h h R
h R

 + +
 

+  

  Rif  = hie  + (1 + hfe  ) RE (6.176)

 Since   1 + hfe   hfe  

  Rif    hie + hfe RE (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.

RC

RoRE

Fig. 6.45 Circuit to find output resistance

From the circuit of Fig. 6.45, the output resistance without feedback is 

  Ro   = RC  (6.178)
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Current sampling increases output resistance. Therefore output resistance with feedback is

  Rof   = Ro [1 +  A]

  Rof  = 
( )1ie fe E

C
ie E

h h R
R

h R

 + +
 

+  

   = 
( )ie E fe E

C
ie E

h R h R
R

h R
 + + 
 + 

 

 or  Rof  = RC 1 fe E

ie E

h R
h R

 
+ + 

  (6.179)

Voltage Gain with Feedback
Voltage gain without feedback is 

  AV  = o

i

V
V  = o

s

V
V  

 But  Vo   = Io RC

   AV = o

s

I
V
 
 
 

 RC (6.180)

 But  A = o

s

I
V

   AV  =  A RC = GM  RC   (6.181)

Substituting for A from Equation (6.170) we have

  AV  = fe C

ie E

h R
h R
−

+   (6.182)

Using Equation (6.181), the voltage gain with feedback can be written as

  AVf   = Af  RC = GMf  RC  (6.183)

Substituting for Af  from Equation (6.174) we have

  AVf  = 
fe C

ie fe E

h R
h h R
−

+  (6.184)

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, hfe = 200 and hie = 2 kW.

~

16 V

C1

Vs
+

_10 mV
(rms)

560 Ω

390 kΩ  2 kΩ

Vo

C2

(a)  Desentisivity factor is
  D  =   +  A 
    =  – RE   =  – 560 W

  A  = GM =  fe

ie E

h
h R
−

+

   = 
200

2000 560
−
+Ω Ω

  = –  0.078125 

  D  =  1 + [– 560 W] [– 0.078125 ] = 44.75
(b)  Transfer gain with feedback is 

  Af   =  GMf   = A
D

 =  0.078125 
44.75

−    = – 1.745 m  

(c)  Voltage gain without feedback is 

  AV =  A RC = [– 0.078125  ] [2 kW] = – 156.25
Voltage gain with feedback is  

  AVf   =  Af   RC = (– 1.745 m ) (2 kW) = – 3.49
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(d)  Input resistance without feedback is 

  Ri  = hie + RE = 2 kW + 560 W = 2.56 kW

Input resistance with feedback is 

  Rif   =  hie  +  hfe RE   = 2 kW + (200) (560 W) = 114 kW 
Alternatively

  Rif   = Ri  [1 +  A ] = (2.56 kW) (44.75) = 114.56 kW

(e) Output resistance with out feedback is 

  Ro  = RC = 2 kW

Output resistance with feedback is

  Rof   = RC 1 fe E

ie E

h R
h R

 
+ + 

   =  (2 kW)  
( ) ( )200  560

1
2k 560

 
+ + 

Ω

Ω Ω
= 89.5 kW  

 Alternatively     
  Rof  =  Ro  [1 +  A] = (2 kW) (44.75) = 89.5 kW

(f) Output current without feedback is  
  Io  = A × VS 
   =  (– 0.078125 W) (10 mV ) 
   =  –  0.78125 mA (rms)

Output current with feedback is 

  Io  =  Af Vs  

   =  (– 1.745 m ) (10 mV ) = – 17.45 mA (rms) 
(g) Output voltage with out feedback is     

   Vo =  AV Vs 

   =  (– 156.25) (10 mV ) = – 1.5625 V
Output voltage with feedback is  

  Vo  =  AVf  Vs 

   =  (– 3.49) (10 mV ) 
   =  – 34.9 mV (rms).

Note: If hie is not given, we can find the same using the relation, hie =  re = hfe re

 
where re = 

26 mV

EI
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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 RF .

~ _ 

+ 
VS 

RS

RF 

RD

VDD 

RS CS

_ 

+ 

Vo 

Is Vi Ii

If

Fig. 6.46 Voltage-shunt feedback amplifier

The feedback current is given by

 If = i o

F

V V
R
−

  (6.185)

Due to voltage amplification,
	 	 |	Vo	 |   |	Vi	 |

 ∴ If  o

F

V
R
−  (6.186)

The above equation is of the form

 If = β Vo (6.187)

Comparing the two equations we find that

 β = – 1

FR
 (6.188)

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

 IS = Ii + If 
 or Ii = IS – If (6.189)



Feedback Amplifiers  497

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 Equivalent Circuit of Feedback Amplifier
The ac equivalent circuit of feedback amplifier is obtained by reducing VDD to zero and treating 
the capacitor CS 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.

RS

RF

RS

RD
Vi

Vo

IS
VS=

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 Vo to zero. This is done by connecting drain terminal 
to ground. Now as seen from the input side, RF 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 Vi to zero or connecting gate terminal to ground. Now as seen from 
the output side RF appears between drain and ground.

These features are combined to write the basic amplifier circuit with out feedback as shown 
in Fig. 6.48

RS

Vi

Vo

IS RF

RDRF

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.

RSIS RF

_

+

Vi

G

RF

_

+

Vo
RD

S

Vigm

Ri Ro

Fig. 6.49 Basic amplifier circuit using small signal model of FET

Transfer Gain with Feedback
Transfer gain with out feedback is given by

 A = RM = o

s

V
I

 (6.190)     

From the output circuit of Fig. 6.49, we have 

 Vo = – gm Vi [ RF ||	RD ] (6.191) 

usually RF  RD. As a result

 RF || RD  RD

 ∴ Vo  – gm Vi RD (6.192)

 Also Vi = IS  [ RS || RF ]

Taking  RS  ||	RF  RS , we have

 Vi  IS RS = VS (6.193) 

using Equation (6.193) in Equation (6.192) we have

 Vo = – gm [ IS RS ] RD

 Now A = o

s

V
I

  =  – gm RS RD (6.194) 

Transfer gain with feedback is given by
 Af = RMf  

  = o

s

V
I

 = 1  
A

Aβ+  
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 Af = 
[ ]11   

m D S

m D S
F

g R R

g R R
R

−
 −

+ − 
 

 

 Af = m D S F

F m D S

g R R R
R g R R
−

+  (6.195)

Voltage Gain with Feedback
From Equation (6.192)

 Vo = – gm Vi RD (6.196)

Using Equation (6.193) in Equation (6.196) we have 

 Vo = – gm Vs RD

Now voltage gain without feedback is

 AV = o

s

V
V

 =  – gm RD (6.197)

Voltage gain with feedback is

 AVf = o

s

V
V

  = o s

s s

V I
I V

   
   
   

  = [ Af ] 
1

sR
 
 
 

   [  VS = IS RS ]

Substituting for Af from Equation (6.195) we have

 AVf = 
1m D S F

F m D S S

g R R R
R g R R R
   −
   +   

  

 AVf = m D F

F m D S

g R R
R g R R
−
+

 (6.198)

Input Impedance with Feedback
From the circuit of Fig. 6.49, input impedance without feedback is

 Ri = RS || RF (6.199)

Shunt mixing reduces input impedance. Hence input impedance with feedback is

 Rif = 1
iR

A+β
 (6.200) 
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Output Impedance with Feedback
From the circuit of Fig. 6.49, output impedance without feedback is

 Ro = RF ||	RD (6.201)

Voltage sampling reduces output impedance. Hence output impedance with feedback is

 Rof = 
1

oR
A+ β

 (6.202)

Example 6.17

The following data are available for the voltage shunt feedback amplifier of Fig. 6.46.
gm = 5 m  RD = 5.1 kΩ RS = 1 kΩ RF = 10 kΩ
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 = – gm RD RS

  = – [5 m ] [5.1 kΩ] [1 kΩ] = – 25.5 kΩ
Transfer gain with feedback is

 Af = 
1  

A
Aβ+

 1 + β A = 1 +  1
10k
 −
 Ω 

 [– 25.5 kΩ] = 3.55

 Af = 
25 5k
3 55

.
.

− Ω
 = – 7.18 kΩ

(b) Voltage gain with out feedback is

 AV = – gm RD  =  – [5 m ] [5.1 kΩ] = – 25.5

Voltage gain with feedback is

 AVf = 
f

S

A
R  = 

7 18k
1k
.− Ω
Ω  = – 7.18

(c) Input impedance with out feedback is

 Ri = RS || RF = 1 kΩ || 10 kΩ = 0.909 kΩ
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Input impedance with feedback is

 Rif = 
1  

iR
A+β

 = 0 909 k
3 55

Ω.
.

 = 256 Ω

(d) output impedance with out feedback is

 Ro = RD || RF = 5.1 kΩ || 10 kΩ = 3.37 kΩ

output impedance with feedback is

 Rof = 1  
oR

A+β  = 
3 37k

3 55
.

.
Ω

 = 0.949 kΩ

Exercise Problems

 6.1 A feedback amplifier has a gain A = – 1000. Calculate the gain with feedback if 10% 
negative feedback is given.

 6.2 An amplifier has a gain of – 200 and gain variation of 15%. Calculate the gain variation 
if 20% negative feedback is given.

 6.3 A voltage series negative feedback amplifier has the following data. 
  A = – 1000 Ri = 2 kW Ro = 25 kΩ. 
  If 20% negative feedback is given, calculate the values of Af , Rif  and Rof .

 6.4 An FET voltage series feedback amplifier has the following data. 
  R1 = 500 kW R2 = 1 kW Ro = 30 kW RD = 10 kW and gm = 4000 mS.
  Calculate AV and AVf .

 6.5 A transistor current series feedback amplifier has the following data. 
  RB = 50 kW RC = 2.7 kW RE = 600 W VCC = 15 V hfe = 200 hie = 1000 W. 
  Calculate AV and AVf .

 6.6 An FET Voltage shunt feedback amplifier has the following data. 
  RS = 1.2 kW RF = 15 kW RD = 10 kW gm = 10 mS.
  Calculate AV and AVf .



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.   

 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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VCEQ
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Output current Input voltage

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 Q-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.

ICQ = 0

VCEQ = VCC

VCC 

VCEQ 

RL 

IC

a 

a 

a 

b 

b 

b 

c 

c 

c 
d 

e 

t 

t 

t Output current 

Output voltage 

Input 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 VCE = VCC and IC = 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

g
 of the base-emitter junction. During the periods when vi < V

g
 the 

output current will be zero as shown in Fig. 7.3.

Input voltage 

Output current

t 

t 

Cross-over 
 distortion 

V 
0 

0 

γ 

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 
VBB. The transistor operates in the active region and a current flows only for vi > VBB + V

g
 , where 

V
g
 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 

Output current 

t 

t 

0 

0 

VBB + Vγ

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.

VCC

– VBB

C

Vo

Vi

RFC

L

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

 f = 
1

2 LCπ
 (7.1)

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

Parameter
A B AB C

Operating cycle 360° 180° 180° < 180°

 7.2 CLASS A POWER 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.

VCC

VCE

VBE
_

Vo+

+ _
Vi

RL RB 

C 

ICIB

Fig. 7.6 Series-fed class A power amplifier
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This circuit is called a series-fed amplifier because the load RL is connected in series with the 
collector.

Since RL is in the collector circuit, it can as well be denoted by RC .

DC Analysis
From Fig. 7.6, the base current

 IB  = CC BE

B

V V
R
-

 (7.2)

and the collector current

 IC  = β IB  (7.3)

where β is the dc current gain of the transistor in the CE configuration.
Applying KVL to the collector-emitter circuit, we have

  VCC  = IC RL + VCE (7.4) 

   IC = CC CE

L

V V
R
-

 (7.5)

Equation (7.5) can be written as

 IC  = 
1

LR
æ ö÷ç ÷-ç ÷ç ÷ç ÷è ø

VCE + CC

L

V
R  (7.6)

where the equation of the dc load is in the slope-intercept form.

Thus,  the     slope   of     the    dc    load line    is  1

LR
æ ö÷ç ÷-ç ÷ç ÷ç ÷è ø

   and   the   intercept   on   the   current   axis   is   CC

L

V
R

  as    shown   in  
Fig. 7.7.

VCC 

VCC 

VCE
VCEQ 

RL 
1

RL

IC

ICQ 

0

DC load line, slope = –

Q 

Fig. 7.7 DC load line of class A series-fed power amplifier
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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 RL 
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

   0 and CC

L

V
R

 for output current

 and  0 and VCC for output voltage.

VCEQ 

VCE(min) VCE(max) 

ICQIC(p)

IC(p–p) 

VCE(p–p) VCE(p)

IC(max) 

IC(min) 

VCC 

VCC 

VCE

Q 

RL 

IC

t 

t 

0 

Output current 

Output voltage 0 

0 

ac load line 
slope = – 1 

RL 

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 VCC.
 The dc power input is given by 

 Pi(dc) = VCC  ICQ   

The dc power Pi(dc), will be continuously drawn from the supply VCC 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

 Po(ac) = VCE(rms) IC(rms)  (7.7)

 But  IC(rms)  = (rms)CE

L

V
R

 or  VCE(rms) = IC (rms) RL

Using these relations in Equation (7.7), the ac output power can be expressed as

 Po(ac)  = 
2

(rms)CE

L

V
R

 (7.8)

 or  Po(ac)  = I 2C (rms) RL   (7.9)

Using Peak Values 

We know that,  VCE(rms)  = ( )

2
CE pV

  and  IC (rms) = ( )

2
C pI

where VCE(p)  = peak load voltage 
and  IC(p)   = peak load current

Using these relations in Equation (7.7) we have 

 Po(ac)  = ( )

2
CE pV

. ( )

2
C pI

  = ( ) ( )

2
CE p C pV I

  (7.10)

But  VCE (p)  = IC (p) RL    IC (p)  =   
( )CE p

L

V
R

Using these relations in Equation (7.10) we have 

 Po(ac) = 
2

( )

2
CE p

L

V
R

  (7.11)

 or  Po(ac)  = ( )
2

2
C pI

RL  (7.12) 

Using Peak-to-peak Values

The peak-to-peak load voltage is

 VCE(p–p) = 2 VCE(p)      VCE(p) = ( )

2
CE p pV -
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and the peak-to-peak load current is

 IC (p – p)  = 2 IC(p)   IC(p) = ( )

2
C p pI -

Using these relations in Equation (7.10) we have

 Po(ac) =  ( ) ( )

8
CE p p C p pV I- -  (7.13)

Equation (7.11) can be rewritten as

 Po(ac) =  ( )
2

8
CE p p

L

V
R

-  (7.14)

and from Equation (7.12) we have 

 Po(ac) = ( )
2

8
C p pI -  RL  (7.15)

Using Maximum and Minimum Values
From Fig. 7.8

 VCE(p–p) = VCE(max) – VCE(min)  (7.16)
 IC(p –p) = IC(max) – IC(min)  (7.17)

Using these relations in Equation (7.13) we have

 Po(ac) =  (max) (min) (max) (min)[ ][ ]
8

CE CE C CV V I I- -
 (7.18)

Maximum ac Output Power
From Equation (7.18)

Po(ac) is maximum, when

 VCE(min)  = 0           IC(min)  =  0        üïïïïýïïïïþ

 
(7.19)

 VCE(max) = VCC        IC(max) =  
CC

L

V
R

Substituting in Equation (7.18)

 Po(ac)max = 
8
CC CC

L

V V
R

⋅

 or Po(ac)max = 
2

8
CC

L

V
R  (7.20)

This equation can be used to select the value of VCC 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.
  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 . Calculate the required supply voltage.

Solution

Given, 

 Po(ac)max = 20 W RL= 4  

From Equation (7.20)

 Po(ac)max = 
2

8
CC

L

V
R

 

  VCC = (ac)max8 o LP R

   = 8 20 4´ ´  = 640  = 25.29 V
  VCC  =  25.29 V

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.

Ro

RLPo

Fig. 7.9 Output equivalent circuit of series-fed class A power amplifier

Po represents the ac power developed at the output of power amplifier and Ro is its output 
resistance.
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For transistor amplifier, Ro  
1

oeh
  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 .
We know from the maximum power transfer theorem that maximum power is transferred to 

the load when RL = Ro. 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 
RL needs to be boosted to the value of Ro. 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, 
 V1 = primary voltage
 V2  = secondary voltage
 I1 = primary current
 I2 = secondary current 

RL 

++

––

V2V1 

I2I1 N2 N1 

R'L 

Fig. 7.10 Impedance transformation using transformer

Load on the secondary,

  RL = 2

2

V
I

  (7.21)

  RL = 1

1

V
I   (7.22)

where RL is the load reflected at the primary. 
For the transformer

  1

2

V
V  =  1

2

N
N

 (7.23)

 and 2

1

I
I

 = 1

2

N
N

 (7.24)

Multiplying Equations (7.23) and (7.24)

 1 2

2 1

V I
V I  = 

2
1
2
2

N
N

 (7.25)
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 1 1

2 2

/
/

V I
V I  = 

2

1

2

N
N

æ ö÷ç ÷ç ÷ç ÷ç ÷è ø
 (7.26)

Substituting Equations (7.21) and (7.22) in Equation (7.26), we have

 
'L
L

R
R

 = 
2

1

2

N
N

æ ö÷ç ÷ç ÷ç ÷ç ÷è ø

 or RL = RL 
2

1

2

N
N

æ ö÷ç ÷ç ÷ç ÷ç ÷è ø
 (7.27)

RL > RL can be achieved by choosing N1 > N2. 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).

RB

RL 

+ + 

+ 

+ 

– – 

– – 

V2 = VL  

Vi

V1 

I2 = IL

IC

IB

N2 N1 

VBE 

VCC

VCE 

C

ICQ 

IB4 
IB3 
IB2 = IBQ

IB1 

IB0 
VCE 

VCEQ = VCC 

IC

Q 

0 

DC load line, slope = – 
1

R1 (dc)

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,

 VCC = IC R1 (dc) + VCE (7.28)

where R1 (dc) is the dc resistance of the primary winding of the transformer.
 Equation (7.28) can be re-written as

 IC R1 (dc) = VCC – VCE (7.29)

    IC = 
1 ( )

1

dcR

æ ö÷ç ÷ç- ÷ç ÷÷ççè ø
 VCE + 

1 ( )

CC

dc

V
R

 (7.30)

which is the equation of the dc load line in the slope-intercept form, with slope = – 
1 ( )

1

dcR  and 

current-axis intercept 
1 ( )

CC

dc

V
R

. Since, the dc resistance of the transformer will be very low of the 

order of a few ohms, the slope is close to  and the dc load line will be almost vertical as shown 
in Fig. 7.11(b).

Observe in Equation (7.28) that IC R1 (dc) will be close to zero and therefore VCE = VCC.
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 IB2
 = IBQ. 

AC Analysis

The ac load line has a slope of  – 
1

LR′
 ,  passing through the Q-point as shown in Fig. 7.12.

VCEQ 

ICQ

IB4

IB3

IB2 = IBQ

IB1

IB0
VCE

VCE(p)

VCE(max)

VCC

VCE(min)

Q 

IC

IC(min) IC(p–p)

VCE(p–p)

IC(p)
IC(max) 

t 

t

0 

0 

0

Output current 

Output voltage

 =  

AC load line, slope = –

DC load line, slope = –

1
R'L

R1 (dc)

1

Fig. 7.12 The ac load line with output voltage and current variations in a transformer-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 VCC . 
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 

  Pi(dc) = VCC ICQ (7.31)

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

  Po(ac) = ( ) ( )

2
CE p C pV I

 (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 V CC

 or V CC = (max) (min)

2
CE CEV V+

  (7.35)

Subtracting Equations (7.33) and (7.34),  we get

  VCE(max) – VCE(min) = 2 VCE(p)= VCE(p-p)

 or   VCE(p) = (max) (min)

2
CE CEV V-

 = ( )

2
CE p pV -  (7.36) 

 similarly IC(p) = (max) (min)

2
C CI I-

 = ( )

2
C p pI -  (7.37)

Using these relations in Equation (7.32) we get 

  Po(ac) = (max) (min) (max) (min)[ ][ ]
8

CE CE C CV V I I- -
 (7.38) 

 or Po(ac) =  ( ) ( )

8
CE p p C p pV I- -  (7.39)

 But IC(p-p) = ( )CE p p

L

V
R

-
′    VCE(p-p) = IC(p-p) RL

Using these relations in Equation (7.39) we have

  Po(ac) = 
2

( )

8 '
CE p p

L

V
R

-
 = 

2
( )

2 '
CE p

L

V
R

 (7.40)
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 or   Po(ac) = ( )
2

8
C p pI -  RL = 

( )
2

2
C pI

 RL (7.41)

AC Power Delivered to the Load
The ac power delivered to the load on the secondary side is 

  PL = VL(rms) IL(rms) (7.42)

 Using  IL(rms) = (rms)L

L

V
R

 

  PL = ( )
2

rmsL

L

V

R
 (7.43)

 or PL = I 2L (rms) RL (7.44)

The load current IL(rms) can be  obtained from 

  (rms)

(rms)

L

C

I
I

 =  
1

2

N
N    [  IL(rms)= I2(rms) ]

 or   IL(rms) =  1

2

N
N

 IC (rms) (7.45)

Since we have assumed ideal transformer for which the efficiency is 100 percent,

  PL = Po(ac) (7.46)

If the transformer is not ideal, PL and Po(ac) are related by 

  PL = hTFR Po(ac) (7.47)

where  hTFR is the efficiency of the transformer. 

Maximum ac Output Power
From Equation (7.38), we find that the ac output power Po(ac) is  maximum when VCE(min) = 0 and 
IC(min) = 0

 Thus, Po(ac) max = (max) (max)

8
CE CV I

 Using IC (max) = (max)

'
CE

L

V
R

, we have

  Po(ac) max = 
( )

2
max

8 '
CE

L

V

R
  (7.48)

From Equation (7.35), 

   with  VCE (min)   =  0, we get 

  VCE(max) = 2 VCC
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Using this relation in Equation (7.48) we have

  Po(ac)max = 
2

2
CC

L

V
R′

 (7.49)

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  resistance. If the output resistance of the amplifier is 1000 , calculate 

 (a)  Turns ration of the transformer required 
 (b)  Power supply voltage

 Assume an ideal transformer (100 % efficiency)

Solution

Given

  Po(ac) max = 1 W RL = 10  Ro = 1000 

(a) From Equation (7.27)

  RL = RL 

2

1

2

N
N

æ ö÷ç ÷ç ÷ç ÷ç ÷è ø

  
2

1

2

N
N

æ ö÷ç ÷ç ÷ç ÷ç ÷è ø
 = 

'L
L

R
R  

For maximum power transfer, 

  RL =  Ro

  1

2

N
N

 =  o

L

R
R

 = 
1000
10

 = 10

 or N1 : N2  is 10:1

A 10:1 step down transformer is to be used.
(b) From Equation (7.49)

  Po (ac) max = 
2

2
CC

L

V
R′

 = 
2

2
CC

o

V
R

  VCC = (ac)max2 o oR P

   = 2 1000 1´ ´

  VCC = 44.7 V

 Let VCC = 45 V
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Example 7.3

Repeat Example 7.2, if the transformer efficiency is 75 %.

Solution

Given, 

Po(ac) max = 1W RL = 10  Ro = 1000  Transformer efficiency = 75 %

 (a)  Transformer turns ratio is 10 as before.
 (b)  Po(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,  Po(ac)max = 
Power delivered to

Transformer efficiency
LR

= 
1W
0.75

 =  
4
3

 W

  VCC = (ac)max2 o oR P  = 
42 1000
3

´ ´  = 51.64 V

 Let VCC  = 52 V.

Observe that a higher supply voltage is required if the transformer is not ideal.

Example 7.4

A load of 10   is connected between the secondary terminals of a 20:1 transformer. Calculate 
the effective resistance seen looking into the primary terminals.

Solution

  RL = 
2

1

2

N
N

æ ö÷ç ÷ç ÷ç ÷ç ÷è ø
RL 

   = (20)2 (10 ) 
   = 4 k 

Example 7.5

Find the turns ratio of the transformer required to match a 6  speaker load so that the effective 
load resistance seen at the primary is 8 k ?      

Solution

  RL = 
2

1

2

N
N

æ ö÷ç ÷ç ÷ç ÷ç ÷è ø  RL

  
1

2

N
N

 = L

L

R
R

′
 = 

8k
6

Ω
Ω

 = 36.51
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 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.

ic

ib0 

Fig. (a) Dynamic transfer characteristics of a transistor 

 In the presence of non linearity, the input-output relation can be expressed as

  ic = G1 ib + G2 i 
2
b + G3 i 

3
 b  +  (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

  ib = Ibm sin wt (B)

Then Equation (A) becomes 

 ic = G1 Ibm sinwt  + G2 I 
2
bm  sin2 wt + G3 I 

3
bm  sin3 wt + 

which can be expressed in the general form as

    ic  = B0 + B1 sinwt + B2 sin2wt + B3 sin3wt +       (C) 

In Equation (C)

  B0 is the dc term
  B1 sin wt is the fundamental component whose frequency is same as the input frequency 

(i.e w)
  B2 sin 2 wt is the second harmonic component whose frequency is twice the input frequency 

(i.e. 2w)
   B3 sin 3 wt is 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 

i.e.,    | B1 |  >  | B2 |  >  | B3 |  >          (D)

2π
ωt

Distorted output signal

0

π 2π
ωt

Fundamental component

0

2π
ωt

Second harmonic component 

0

2π
ωt

Third harmonic component 

0

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

  ic = G1  ib  +  G2  i 
2
b (7.50)

where, ic and ib represent the instantaneous collector and  base current respectively and G1 and G2 
are constants.

Let the input base current be of the form

  ib = Ibm cos wt  (7.51)

ib is represented by Ibm cos wt for sake of computational simplicity; it could as well be Ibm sin wt 
where, Ibm is peak value of base current. Substituting Equation (7.51) in Equation (7.50)

  ic = G1 (Ibm cos wt ) + G2 (Ibm cos wt)2   ( 7.52)

 But  cos2 wt  = 
1 cos 2

2
tω+

 (7.53) 

  ic = G1 (Ibm cos wt ) + G2 I 
2
bm 

(1 cos 2 )
2

tω+

   =  G1 (Ibm cos wt ) +  
2

2

2
bmG I  +

2
2

2
bmG I  cos 2 wt 

  ic  = 
2

2

2
bmG I + G1 Ibm cos wt  +

2
2

2
bmG I  cos 2 wt  (7.54)

 Let B0 = 
2

2

2
bmG I  =  B2

 and  B1 = G1 Ibm

where B0 represents the dc term while B1 represents the peak value of the fundamental output 
current and B2 the peak value of the second harmonic component of the output current.

Now Equation (7.54) becomes

  ic = B0 + B1 cos wt  + B2 cos 2 wt   (7.55)

From Equation (7.55) observe that under second order non-linearity, we get

  B0 , a dc term indicating that a part of the input  signal is being rectified.
  B1cos wt, an ac term which represents the amplified input signal and
  B2 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

  iC = Quiescent collector current + instantaneous collector current 
 i

C
  = I

CQ
  +  i

c     
(7.56)

Substituting for  ic  from Equation (7.55), we have

  iC = ICQ +  B0  +  B1 cos wt + B2 cos 2 wt (7.57)

We can estimate the amplitudes of B0 , B1 and B2 from the dynamic transfer characteristics 
shown in Fig. 7.13.

iB

ib 

iC

ICQ 

IC(max) 

IC(min) 

0 

0 

Q 

π/2 
π 

ωt 

Ibm 

Fig. 7.13 Computation of harmonic components

There are 3 unknowns in Equation (7.57), i.e., B0 , B1 and B2 and hence we consider three 
points, i.e, IC(max) , ICQ and IC(min) on 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 ,    iC  = IC (max) üïïïïýïïïïþ

and at  wt = 
2
π

,   iC   = ICQ (7.58)

 at  wt =      iC   =  IC (min)
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Applying this condition to Equation (7.57), we get

  IC(max) = ICQ + B0 + B1 + B2 (7.59)
  ICQ = ICQ + B0 – B2

  B0 = B2 (7.60)

as expected, and

  IC(min)  = ICQ + B0 – B1 + B2 (7.61)

Applying Equation (7.60) to Equations (7.59) and (7.61) ,

  IC(max) = ICQ + 2 B0 + B1 (7.62)

 and  IC(min)  = ICQ + 2 B0  – B1 (7.63)

Subtracting Equation (7.63) from Equation (7.62)

  IC(max)  –  IC(min)  = 2 B1

 or B1 = (max) (min)

2
C CI I-

  (7.64)

Adding equations (7.62) and (7.63)

  IC(max)  + IC(min) = 2 ICQ + 4 B0

   B0 = B2  =  (max) (min) 2
4

C C CQI I I+ -
 (7.65)

%  second harmonic distortion is given by 

D2  =  
Magnitudeof second harmoniccomponent

Magnitudeof fundamental
 × 100 %

  D2 = 2

1

| |
| |
B
B

 × 100 % (7.66)

Substituting for B1 and B2 we get

  D2 = 
(max) (min)

max min

1 [ ]
2 C C CQ

C C

I I I

I I

+ -

-  × 100 %  (7.67)

In a similar manner, the second harmonic distortion can expressed interms of collector-emitter 
voltages as

  D2 = 
(max) (min)

(max) (min)

1 [ ]
2 CE CE CEQ

CE CE

V V V

V V

+ -

-  × 100 %  (7.68)
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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  = 10 V  VCE(max) = 19 V VCE(min) = 1 V

Solution

(a)  D2 = 
(max) (min)

(max) (min)

1 [ ]
2 CE CE CEQ

CE CE

V V V

V V

+ -

-
× 100 %

   = 

1 [18V 1V] 10V
2

18V 1V

+ -

-
× 100 % = 2.94 %

(b)  D2 = 
1 [19V 1V] 10V
2

19V 1V

+ -

-
× 100 % = 0 %

Example 7.7

A transistor supplies 0.85 W to a 4 k 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,

  Po(ac) = 0.85 W  RL = 4 k   
Under zero  signal, the collector current is the quiscent collector current.

  ICQ = 31 mA

When the signal is present, the dc collector current is ICQ + B0

  ICQ + B0  = 34 mA
            B0 = 34 mA – 31 mA = 3 mA
  B0 = B2 = 3 mA

The given Po(ac) is the power delivered by the fundamental  component.

  Po(ac) = 
2

(p)

2
LIæ ö÷ç ÷ç ÷ç ÷çè ø

× RL

Since B1 is the peak value of the fundamental, IL(p) =  B1
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  Po(ac) = 
2

1

2
Bæ ö÷ç ÷ç ÷÷ççè ø

× RL

  
2

1

2
B  = (ac)o

L

P
R

 

  B1 = (ac)2 o

L

P
R

 = 
2 0.8 W

4k
´

Ω
  =  20 mA

  %  D2  = 2

1

| |
| |
B
B

 × 100 % 

   = 
3 mA
20 mA

 × 100 % = 15 %

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 ic = G1 ib + G2 ib

2 and if the 
input signal is given by ib = ( I1 cos w1t + I2 cos w2t ), show that the output will contain a DC term 
and sinusoidal terms of frequencies w1 , w2 , 2 w1 , 2 w2 , ( w1 + w2 ) and ( w1 – w2 ).

Solution

Given

  ic = G1 ib + G2 ib
2 (A)

 and ib = I1 cos w1t + I2 cos w2t (B)

Substituting Equation (B) into (A)

ic =  G1 (I1 cos w1t +I2 cos w2 t) + G2 (I1 cos w1 t + I2 cos w2t)
2

ic =  G1 I1 cos w1t + G1 I2 cos w2t + G2 (I1
2 cos2 w1t + I2

2 cos2 w2t + 2 I1 I2 cos w1t cos w2t ) (C)

  cos2 w1t =  11 cos 2
2

t+ ω

  cos2 w2t = 21 cos 2
2

t+ ω
 

  cos w1t cos w2t = 1 2 1 2cos( ) cos( )
2

t t+ + -ω ω ω ω

Using these relations in Equation (C)

                   ic =  G1 I1 cos w1t + G1 I2 cos w2t + G2 I1
2 1(1 cos2 )

2
t+ ω

  + G2 I2
2 2(1 cos2 )

2
t+ ω

 +

 2 G2 I1 I2 
1 2 1 2cos( ) cos( )

2
t tæ ö+ + - ÷ç ÷ç ÷÷çè ø

ω ω ω ω
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  =  G1 I1 cos w1t + G1 I2 cos w2t + 
2

2 1

2
G I +

2
2 1

2
G I  cos 2w1t + 

2
2 2

2
G I

  + 
2

2 2

2
G I

 cos 2w2t + G2 I1 I2 cos(w1+ w2) t + G2 I1 I2 cos(w1– w2) t

 = 2

2
G 2 2

1 2( )I I+  + G1 I1 cos w1t + G1 I2 cos w2t + 
2

2 1

2
G I

 cos 2w1t

 + 
2

2 2

2
G I  cos 2w2t + G2 I1 I2 cos(w1+ w2) t + G2 I1 I2 cos(w1– w2) t (D)

Observe that Equation (D) has a dc component besides the cosine terms with frequencies w1, 
w2, 2w1, 2w2, (w1 + w2) and (w1 – w2)

 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 

  ic  = G1ib + G2 ib
2 + G3ib

3 + G4ib
4 +  +   (7.69) 

  ib = Ibm cos wt 

Now Equation (7.69) can be written as

Ic = G1(Ibm cos wt) +G2(Ibm cos wt)2 + G3 (Ibm cos wt)3 + G4 (Ibm cos wt)4 +  +   (7.70)

Using proper trigonometric identities, Equation (7.70) can be compactly represented as 

 ic =  B0 + B1 cos wt + B2 cos 2 wt + B3 cos 3 wt + B4 cos 4 wt +   (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 

    iC  = ICQ + B0 + B1 cos wt + B2 cos 2 wt + B3 cos 3 wt +B4 cos 4 wt  (7.72) 

Truncating after the 4th harmonic term.
There are 5 unknowns B0 to B4 which can be computed graphically using the  

5-point procedure.

Calculation of  Total Harmonic Distortion
% second harmonic distortion,

  D2 = 2

1

B
B

 × 100% (7.73)
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% third harmonic distortion 

  D3  = 3

1

| |
| |
B
B

× 100% (7.74)

and  % fourth harmonic distortion is

  D4 = 4

1

| |
| |
B
B

× 100% (7.75)

Total harmonic distortion (THD) or distortion factor is

  THD  = D = 2 2 2
2 3 4D D D+ +  (7.76)

In general

  D =  2 2 2 2
2 3 4 5D D D D + + + +  (7.77)

when all the harmonic components are considered.
 Now, let us calculate the total power output.

  P = P1 + P2 + P3 + P4  +   (7.78)

where, P1 is the power delivered to the load by the fundamental component and 
Pi  is the power delivered to the load by the i th harmonic component (for i = 2, 3, )

 P1  =  (Fundamental rms current) 2 × load resistance

  P1 = 
2

1

2
Bæ ö÷ç ÷ç ÷÷ççè ø

RL

  P1 = 
2

1

2
Bæ ö÷ç ÷ç ÷ç ÷çè ø

RL (7.79)

Similarly for i = 2, 3, 4 

  Pi = 
2

2
iBæ ö÷ç ÷ç ÷ç ÷ç ÷è ø  RL (7.80)

Substituting Equations (7.79) and (7.80) in Equation (7.78), the total power output is given by 

  P = 
2

1

2
LB R + 

2
2

2
LB R

+ 
2
3

2
LB R

 +  + 

  P = 
2

1

2
LB R  

2 2

32

1 1

1 BB
B B



é ùæ ö æ öê ú÷ ÷ç ç÷ ÷+ + +ç çê ú÷ ÷ç ç÷ ÷ç ç÷ ÷è ø è øê úë û
 (7.81)

  P = P1 ( 1 + D2
2 + D3

2 +  ) (7.82)
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From Equation (7.77)

  D2 =  D2
2 + D3

2 + D4
2  +  

 Substituting in Equation (7.82)

  P = P1 (1 + D2 ) (7.83) 
 or  P = P1 (1 + THD2

 )  (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 A0 , A1 , A2 , A3 ,   to represent the dc, 
fundamental, second harmonic, third harmonic etc components respectively of the output 
voltage.

  The symbols I0 , I1 , I2 , I3 , I4 ,  can be equivalently used instead of B0 , B1 , B2 , B3 , B4 ,  
respectively to represent the components of output current.

  Similarly the symbols V0 , V1 , V2 , V3 , V4 ,  can be used instead of A0 , A1 , A2 , A3 , A4 ,  
respectively to represent the components of output voltage.

Example 7.9

The input excitation of an amplifier is ib = Ibm sin wt. 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 

  ic  = G1 ib + G2 ib
2 + G3 ib

3 +  (A)
 Given, ib = Ibm sin wt (B)

Substituting Equation (B) in Equation (A)

  ic   = G1 Ibm sin wt + G2 (Ibm sin wt)2 + G3 (Ibm sin wt)3 + 

  =  G1 Ibm sin wt + G2 I 
2
bm sin2 wt + G3 I  

3
bm sin3 wt +  (C)

But sin2 wt = 
1 cos2

2
t- ω

 and sin3 wt = 
1
4

 ( 3 sin wt – sin 3 wt )     (D)

Substituting Equation (D) in Equation (C)

 ic = G1 Ibm sin wt + G2 I 
2
bm 

1 cos2
2

t- ω
 + 

3
3

4
bmG I

 (3 sin wt – sin 3 wt) + 

  = G1 Ibm sin wt  + 
2

2

2
bmG I

 – 
2

2

2
bmG I

 cos 2 wt + 3
4

 G3 I  
3
bm sin wt  – 

3
3

4
bmG I  sin 3 wt + 

  = 
2

2

2
bmG I

 + 3
1 3

3
4bm bmG I G I

æ ö÷ç + ÷ç ÷÷çè ø
 sin wt – 

3
3

4
bmG I

 sin 3 wt  – 
2

2

2
bmG I

 cos 2 w  +  (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 :

  B0  = 1.5 mA    B3 = 4 mA
  B1  = 120 mA   B4 = 2 mA
  B2  = 10 mA  B5  = 1 mA

 (a) Determine the percentage total harmonic distortion.
 (b) Assume that a 2nd 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) If RL = 25 , calculate the total power output in each case.

Solution

(a) From Equation (7.77), total harmonic distortion is given by

  D = 2 2 2 2
2 3 4 5D D D D+ + +   (A)

  D2 = 2

1

| |
| |
B
B  = 

10
120

 = 0.0833 or 8.33 %

  D3 = 3

1

| |
| |
B
B  = 

4
120

 = 0.0333 or 3.33 %

  D4 = 4

1

| |
| |
B
B

 = 
2

120
 =  0.0166 or 1.66 %

  D5 =  5

1

| |
| |
B
B  = 

1
120

 = 0.0083 or 0. 83 %

Substituting in Equation (A),  D  = 2 2 2 20.0833 0.0333 0.0166 0.0083+ + +  

   = 0.0916 or 9.16 %

(b) With push-pull connection, even harmonic distortion becomes zero (see Section 7.7)

     D2 = D4  =  0

From Equation (A), the total harmonic distortion is

  D = 2 2
3 5D D+  

   = 2 20.0333 0.0083+  = 0.0343 or 3.43%
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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 = P1 ( 1 + D 2 ) (B)

where P1 = 
2

1

2
LB R

 from Equation (7.79)

    P1 = 
3 2(120 10 ) 25

2

-´ ´
 = 0.18 W

For part (a),  D = 0.0916
    P1 = 0.18 (1 + 0.09162) = 0.1815 W

For (b)    D = 0.0343
    P1 = 0.18 (1 + 0.03432) = 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 RL = 15.

Solution

Given A1 = 3 V A2 = 0.3 V A3 = 0.15 V A4 = 0.06 V.

  D2 = 2

1

| |
| |
A
A  = 

0.3
3

 =  0.1 or 10%

  D3 = 
3

1

| |
| |
A
A  = 

0.15
3

  =  0.05  or  5%

  D4  = 4

1

| |
| |
A
A  = 

0.06
3

  =  0.02  or  2%

  Total harmonic distortion is

  D = 2 2 2
2 3 4D D D+ +

   = 2 2 20.1 0.05 0.02+ +

  D = 0.1135 or 11.35 %

Power delivered by the fundamental component of output voltage

  P1 = 
2

1

2 L

A
R

 = 
2(3V)

(2)(15 )Ω
 = 0.3 W
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Example 7.12

The following readings are obtained for a power amplifier.

VCE (min) = 2.4 V VCE (max) = 20 V VCEQ = 10 V

Calculate the second harmonic distortion.

Solution

From Equation (7.65) using voltages in place of currents, the second harmonic voltage is given by

  A2 =  (max) (min) 2
4

CE CE CEQV V V+ -

   = 
20 2.4 (2 10)

4
+ - ´

 = 0.6 V

From Equation (7.64), in terms of voltages, the fundamental output voltage is

  A1 = (max) (min)

2
CE CEV V-

 = 
20 2.4

2
-

 = 8.8 V

 Second harmonic distortion is

  D2 = 2

1

| |
| |
A
A

 = 
0.6
8.8

 = 0.0682 or 6.82 %

Example 7.13

The following readings are obtained for a power amplifier

VCEQ = 10 V Vmax= 14 V Vmin = 6 V

Calculate the second harmonic distortion.

Solution

Since, the output is taken between collector and emitter,

  Vmax = VCE(max) = 14 V
  Vmin = VCE(min) = 6 V

Fundamental component of output voltage is

  A1 = (max) (min)

2
CE CEV V-

= 
14 6

2
-

 = 4 V

  A2 = (max) (min) 2
4

CE CE CEQV V V+ -
 = 

14 6 20
4

+ -
 = 0

 Second harmonic distortion is zero.
In this example, since the output voltage swing is symmetric about VCEQ , 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: Imax = 2.5 A , Imin = 1.8 A with  
ICQ = 2 A and RL = 8 . 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
  Imax  =  IC (max) = 2.5 A
  Imin =  IC (min) = 1.8 A
  ICQ  = 2 A  RL = 8 

(a) 2nd harmonic component of current is

B2 = (max) (min) 2
4

C C CQI I I+ -
 = 2.5 1.8 (2 2)

4
+ - ´  = 0.075 A 

B1 = (max) (min)

2
C CI I-

 = 
2.5 1.8

2
-

 = 0.35 A

  Second harmonic distortion

  D2 = 2

1

| |
| |
B
B =  

0.075
0.35

= 0.214  or 21.4%

(b) Power delivered by the fundamental

  P1 = 
2

1

2
LB R

   = 
20.35 8
2
×

 = 0.49 W

(c) Total power delivered to the load
  P = P1 + P2 

  P2 = 
2
2

2
LB R

=
20.075 8

2
´  = 0.0225 W

 Now P = 0.49 + 0.0225 = 0.5125 W.

Example 7.15

For a power amplifier the output current variations are IC(max) = 5 A , IC(min) = 1 A with ICQ = 3 A and 
RL = 5 . 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

   IC(max) = 5 A  and  IC(min) = 1 A

(a) Fundamental component of current is

  B1 = (max) (min)

2
C CI I-

 = 
5 1

2
-

 = 2 A

2nd harmonic component of current is

  B2 = (max) (min) 2
4

C C CQI I I+ -
 = 

5 1 (2 3)
4

+ - ´
 = 0 A

  D2 = 
2

1

| |
| |
B
B  = 0

This is expected since the output current is symmetrical and the amplifier is linear.
(b)  Power delivered by the fundamental.

  P1 = 
2

1

2
LB R

 = 
22 5
2
´

 = 10 W

(c)  Power delivered by the second harmonic is 0 W.
 Total power delivered to the load P =  P1 + P2 = 10 W. 

Example 7.16

The following distortion readings are available for a power amplifier.

 D2 = 0.2 D3 = 0.02 D4 = 0.06
with I1 = 3.3 A and RC = 4 

 (a) Calculate the THD.
 (b) Determine the fundamental power component.
 (c) Calculate the total power.

Solution

(a) Total harmonic distortion (THD) is 

  D =  2 2 2
2 3 4D D D+ +

   =  2 2 2(0.2) (0.02) (0.06)+ +  = 0.2097  or  20.97 %

(b) Fundamental component of current is 

  I1  = B1 = 3.3 A

  RC  = RL = 4 
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  P1  = 
2

1

2
B

 RL = 
2(3.3A)

2
(4 ) = 21.78 W

(c)  P  = P1 ( 1 + D 2 ) = ( 21.78 W ) [ 1 + (0.2097)2 ] = 22.74 W

 7.5 Conversion effiCienCy
Power amplifiers convert the dc power of the supply VCC 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 h

% h  =  
ac or signal power delivered to the load

dc power supplied to the amplifier  × 100 %

  % h = 
(ac)

(dc)

o

i

P
P × 100 % (7.85)

From Equation (7.10)

  Po(ac) = ( ) ( )

2
CE p C pV I

 

The dc power input is given by

  Pi (dc) = VCC  ICQ

Substituting in Equation (7.85)

  % h = ( ) ( )

2
CE p C p

CC CQ

V I
V I

 × 100 % (7.86)

 or   % h = 50 
( ) ( )CE p C p

CC CQ

V I
V I  % (7.87)

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.

  VCE(p) = (max) (min)

2
CE CEV V-

 

Substituting in Equation (7.87)

  % h = ( )(max) (min)50

2
CE CE C p

CC CQ

V V I

V I

é ù-ë û  %
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 or % h = ( )(max) (min)25 CE CE C p

CC CQ

V V I

V I

é ù-ë û  % 

With reference to Fig. 7.8, IC(p) at best can be equal to ICQ for distortionless  output as  shown 
in Fig. 7.14.

Substituting IC(p) = ICQ in the above equation.

   % h = 
(max) (min)25 CE CE

CC

V V
V

é ù-ë û  % 

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  

  % hmax = 25 % (7.88)

ICQ 

VCEVCC 

VCE(p) VCE(p) VCE(max) 

VCEQ 

VCE(min) 

Q 

IC

IC(min) 

IC(p) 

IC(p) 

IC(max) 

0 

dc load line, slope = – 1 
RL VCC

RL

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). 
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             VCC = (max) (min)

2
CE CEV V+

 and VCE(p) = (max) (min)

2
CE CEV V-

  (7.89)

With reference to Fig. 7.12, IC(p) at best can be equal to ICQ for distortionless output.
Substituting ICQ = IC(p) and Equation (7.89) in Equation (7.87)

  % h = ( ) ( )50 CE p C p

CC CQ

V I
V I

%

   = 50 × 

(max) (min)

(max) (min)

2

2

CE CE

CE CE

V V

V V

é ù-
ê ú
ê úë û
é ù+
ê ú
ê úë û

 %

  % h = 50 × 
(max) (min)

(max) (min)

CE CE

CE CE

V V
V V

-

+
 % (7.90)

Maximum efficiency can be obtained if VCE(min)  =  0

   % hmax = 50 % (7.91)

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. 

The higher value of efficiency results from the reduced power dissipation in the collector 
circuit which is due to the smaller value of dc primary resistance R1 (dc) .

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 
VBE = 0.7 V.

(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.

VCC = 18 V

Vo

Vi

RL RB 

C1 

1.2 kΩ 16 Ω 
 



538   Analog Electronic Circuits

Solution
(a) The dc equivalent circuit is shown below.

VCC = 18 V 

VCE 

VBE 

+ 

+ _ 
_ 

RL 
RB 

1.2 kΩ
16 Ω

IC 

IB 

  IB = IBQ  = CC BE

B

V V
R
-

 = 
18 V 0.7 V

1.2 k
-

Ω
 = 14.42 mA

  IC = ICQ =  IBQ = 40 × 14.42 mA = 576.8 mA

Applying KVL to the collector circuit.

  VCC = IC RL + VCE

  VCE = VCEQ = VCC  – ICQ RL

   = 18 V – (576.8 mA) (16 ) = 8.77 V

DC input power
  Pi(dc) = VCC × ICQ

   = 18  V × 576.8 mA
   Pi(dc) = 10.4 W (A)

rms base current is given as
  IB(rms) = 5 mA

  rms collector current is
  IC(rms)  =   IB(rms) = (40) (5 mA) = 200 mA

Peak collector current or peak load current is

  IC(p) = 2 × rms collector current

  IC(p) = 2 IC(rms) = 2  × 200 mA

  IC(p) = 282.8 mA
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ac power delivered to the load is

  Po(ac) = 
2

( )

2
C p LI R

= 
2(282.8mA) (16 )

2
Ω

 = 0.64 W (B) 

Conversion efficiency 

  % h = 
(ac)

(dc)

o

i

P
P × 100 % = 

0.64W
10.4W × 100 % = 6.15 % 

(b) The dc power dissipated in the load

  PL(dc) = I 2CQ RL = (576.8 mA) 2 × 16  = 5.3 W (C)

Power dissipated in the collector

  PC = VCEQ ICQ = (8.77 V) (576.8 mA) = 5.1 W (D)

From equations (A), (C) and (D), observe that

  Pi(dc) = PL(dc) +  PC 

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.

 

 18 V 

Vi

Vo

RCRB 
15 kΩ 16 Ω

β = 50
10 µF

Solution
(a)   IB(p)   = 1 mA

  IC(p) =  IB(p) = (50) (1 mA) = 50 mA

   Po(ac) = 
2

( )

2
C pI

RC =  
2(50mA)

2
(16 )  = 20 mW
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(b)   IBQ = CC BE

B

V V
R
-

=
18V 0.7V

15k
-

Ω
 = 1.153 mA

  ICQ =    IBQ = (50) (1.153 mA) = 57.65 mA

  Pi(dc) = VCC ICQ = (18 V) (57.65 mA) = 1.037 W

(c)  h = (ac)

(dc)

o

i

P
P

 = 
20mW

1.037 W
 = 0.0193 or 1.93%

Example 7.19

For the circuit of previous example,

 (a) calculate the maximum output power
 (b)   if RB is adjusted so that the Q 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 

(a)   Po(ac) = 
2

( )

2
CE p

C

V
R

 = ( )
2

2
C pI

 RC

  ICQ =  57.65 mA as before.

To obtain maximum undistorted output, IC(p) should not exceed ICQ

 i.e. IC(p)  = ICQ = 57.65 mA 

Maximum ac output power is

  Po(ac) = 
2

2
CQI

 RC = 
2(57.65mA)

2 (16 ) = 26.59 mW

(b) Since the Q point is at the centre

  VCEQ = 
2
CCV =  18V

2
 = 9 V

  ICQ = CC CEQ

C

V V
R
-

  [ From KVL equation of collector ciruit ]

   = 
18V 9V

16
-
Ω

 = 0.5625 A 

  Pi(dc) = VCC ICQ = (18 V)  (0.5625 A) = 10.125 W

  h = 
(ac)

(dc)

o

i

P
P  = 

1.5W
10.125W  = 0.1482 or 14.82 %
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Note :

For the biasing condition given in part (b), the ac power delivered to the load is maximum when

  VCE(p) = VCEQ  and  IC(p) = ICQ

Under this condition the maximum ac output power is 

  po (ac) = ( ) ( )

2
CE p C pV I

 = 
(9V)(0.5625A)

2
 = 2.53 W

The corresponding efficiency is,  

    h = 
2.53W

10.125W   0.25 or 25%

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 IC(p)  =  ICQ

Otherwise the efficiency will be smaller than 25% even if the Q 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)  ac power  delivered to the load
(b)  dc power drawn by  the circuit

 (c)  conversion efficiency

R1 

R2 RE 

RL = 8 ΩR'L 

+

–

Vi

VCC = 10 V

3:1 

CE 

C 
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Solution 

Given, 

IBQ = 5 mA IB(p) = 4 mA   = 30  1

2

N
N

= 3

For transformer-coupled class A power amplifier

  VCEQ = VCC = 10 V  (see Fig. 7.12)
  ICQ =  IBQ = 30 × 5 mA = 150 mA

Peak collector current
  IC(p) =  IB(p) = 30 × 4 mA = 120 mA

(a) From Equation (7.40), ac power delivered to the load is

  Po(ac) = ( )
2

2 '
CE p

L

V

R
 = 

2
( )

2
C pI

 RL

 But  RL = RL  
2

1

2

N
N

æ ö÷ç ÷ç ÷ç ÷ç ÷è ø
= (8 ) (3)2 

 = 72 

  Po(ac) = 
2(120mA) (72 )

2
Ω  = 0.52 W

(b) dc power drawn by the circuit is

  Pi(dc) = VCC  ICQ = (10 V) (150 mA) = 1.5 W

(c) Conversion efficiency 

  % h = 
(ac)

(dc)

o

i

P
P  × 100 % 

   = 
0.52W
1.5W  × 100% = 34.7%

Example 7.21

A transformer-coupled class A amplifier drives a 16  loud speaker through a 4:1 transformer. 
With VCC = 36 V 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.



Power Amplifiers  543

Solution

RB 

RL = 16 Ω

+

+ + 

–

– 
– 

Vi

IC 

VL 

IL 

V1 

VCC = 36 V 

N1:N2 

C 

  1

L

V
V

 = 1

2

N
N  = L

C

I
I  (A)

Given,  
1

2

N
N

 = 4 RL =  16  VCC = 36 V ICQ = 150 mA

Power delivered to the load RL is,  PL  = 2 W

(a) Power across transformer primary.
 Assuming 100 % transformer efficiency, the power across transformer primary is

  ppri =  po(ac)  = PL = 2 W (B)

(b) rms voltage across the load

  PL = 
( )
2

rmsL

L

V

R
 

  VL(rms)  = L LP R  = (2W)(16 )Ω  = 5.65 V

(c)  rms voltage across the transformer primary.
From Equation (A)

  1(rms)

(rms)L

V
V

 = 1

2

N
N  = 4

  V1(rms) = 4 VL (rms) = (4) (5.65 V) = 22.6 V
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(d) rms load and primary current
  PL = I 2L (rms) · RL

  IL(rms) = L

L

P
R  = 

2W
16Ω

 = 353.55 mA

From Equation (A)  (rms)

(rms)

L

C

I
I

 = 
1

2

N
N  = 4

  I
C(rms)

 = (rms)

4
LI

= 
353.55mA

4
 =  88.39 mA

(e) Conversion efficiency

  % h = (ac)

(dc)

o

i

p
P

× 100% (C)

  Pi(dc) = VCC ICQ = 36 V × 150 mA = 5.4 W

 From (B) and (C) % h = 
2W

5.4W  × 100  = 37.03%

Example 7.22 

A transformer-coupled class A amplifier drives a load of 8   through a 3:1 transformer. With  
VCC = 24 V, 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.

RB 

RL = 8 Ω 

+

+ + 

–

– 
– 

Vi

IC 

VL

IL 

V1 

VCC = 24 V 

N1:N2 

C 
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Solution

  1

L

V
V  = 1

2

N
N  = L

C

I
I  (A)

 Given,  1

2

N
N  = 3 hTFR  = 0.8  or  80% RL = 8 

  VCC = 24 V ICQ = 260 mA PL = 2 W

(a)  hTFR =  
(ac)

L

o

P
P

    Ppri =  Po(ac) = 0.8
LP

 = 
2W
0.8 =  2.5 W

(b)  VL (rms) = 
L LP R  = (2W)(8 )Ω  = 4 V

(c)  1(rms)

(rms)L

V
V

 = 1

2

N
N  = 3

   V1(rms)  = 3 VL(rms) = 3 × 4 V = 12 V

(d) rms load current

  IL(rms) = L

L

P
R

 = 
2W
8Ω

= 0.5 A

  
(rms)

(rms)

L

C

I
I  = 1

2

N
N  = 3

rms primary current

  IC(rms) =  (rms)

3
LI

 = 
0.5A

3
 = 0.1667 A

(e) Conversion efficiency

  % h = (ac)

(dc)

o

i

P
P

× 100% 

  Pi(dc) = VCC × ICQ = 24 V × 260 mA = 6.24 W

  % h = 
2.5W

6.24W  × 100 % = 40 %

Example 7.23

Find the turns ratio of the transformer required to connect four parallel 16  loud speakers so that 
they appear as an 8 k effective load.    
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+ 

– 

N2 N1 : 

VL  

RL  

+ 

– 

V1 

IL 

R'L 

I1 

16 Ω 16 Ω 16 Ω 16 Ω 

Solution 

  RL = (16  || 16  || 16  || 16 ) = 
16

4
Ω

= 4 

 Given, RL  = 8 k

  RL = 
2

1

2

N
N

æ ö÷ç ÷ç ÷ç ÷ç ÷è ø
RL

  1

2

N
N

 = 
L

L

R
R

′
 = 

8000
4

Ω

Ω
= 2000  = 44 .7

Example 7.24

A transformer-coupled class A power amplifier is required to deliver a maximum of 5 W to a 4  
load.  The quiescent point is adjusted for symmetrical clipping and the collector supply voltage is 
VCC = 20 V.  Assuming ideal characteristics and taking VCE(min)  = 0, find

 (a) the transformer turns ratio,
 (b) peak collector current,
 (c) quiescent operating point ICQ , VCEQ , and
 (d) collector circuit efficiency.

RB 

RL = 4 Ω

+ 
+

– –

Vi

IC 

VL

IL 

V1

VCC = 20 V

C 
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Solution 
Given,  VCC  = 20 V RL = 4  PL = 5 W VCE(min) = 0

The output voltage waveform is shown below.

VCE(min)  = 0

VCE(max)  = VCC + VCE(P)  =  2VCC 

VCE(P) 

VCE(P) 

VCEQ = VCC 

From the figure 

  VCE(p) = VCC =  20 V

(a)  Assuming ideal transformer 

  Po(ac) = PL =  5 W

But from Equation (7.40)

  Po(ac) = 
( )

2

2 '
CE p

L

V

R
 

    RL = ( )
2

(ac)2
CE p

o

V

P
 = 

2(20V)
2 5W´

 =  40 

  RL  = 
2

1

2

N
N

æ ö÷ç ÷ç ÷ç ÷ç ÷è ø
× RL

   1

2

N
N

æ ö÷ç ÷ç ÷ç ÷ç ÷è ø
 = 

'L
L

R
R

 =  
40
4

Ω

Ω
 = 10

     N1: N2 = 10 : 1 

(b) Peak collector current
  Po(ac) = I 2C(rms)  RL

  I 2C(rms) = (ac)

'
o

L

P
R

 = 
5W
40Ω  = 0.353 A

Peak collector current

  IC(p) = 2 IC(rms) = 2  × 0.353 A = 0.5 A
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(c) Quiescent operating point

  VCEQ = VCC = 20 V
  ICQ = IC(p) = 0.5 

 Q-point is at (20 V, 0.5 A)

(d) Collector circuit efficiency

  % h  = 
(ac)

(dc)

o

i

P
P × 100 %

  Pi(dc) = VCC ICQ = 20 V × 0.5 A = 10 W

  % h  = 
5W

10W × 100 % = 50 %

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.

  VCE(max) = 18.5 volts IC(max) = 250 mA
  VCE(min) = 1.5 volts IC(min) = 25 mA
  VCC = 10 volts ICQ = 140 mA
  RL = 8  

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) (A)

  VCE(min)  = VCC – VCE(p)   (B)

Solving for VCE(p) we get

  VCE(p) = (max) (min)

2
CE CEV V-

 = 
18.5V 1.5V

2
-

 =  8.5 V

Similarly   IC(p) =  (max) (min)

2
C CI I-

 = 250mA 25mA
2
-  = 112.5 mA
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AC power delivered to the load

  Po(ac) =  ( ) ( )

2
CE p C pV I

 

   = (8.5V)(112.5mA)
2

 = 0.478 W

(b)  % h = 
(ac)

(dc)

o

i

P
P × 100 %

  Pi(dc) = VCC × ICQ 

   = (10 V) (140 mA) = 1.4 W

           % h = 
0.478W
1.4W × 100 % = 34.14%

(c)  VCE(p) = IC(p) RL

  RL = ( )

( )

CE p

C p

V
I

 = 
8.5V

112.5mA
 = 75.56 

   RL = 
2

1

2

N
N

æ ö÷ç ÷ç ÷ç ÷ç ÷è ø
RL

  1

2

N
N  = L

L

R
R

′

= 
75.56

8
Ω

Ω
= 3.07

Example 7.26

Calculate the efficiency of transformer-coupled class A power amplifier for a collector dc supply 
of 15 V and outputs of 

 (a)  VCE(p)  = 3.75 V
 (b)  VCE(p)  = 7.5 V 
 (c)  VCE(p)  = 15 V

Comment on the result.

Solution
Given   VCC = 15 V

The conversion efficiency of transformer-coupled class A power amplifier is given by

  % h = 50 
(max) (min)

(max) (min)

CE CE

CE CE

V V
V V

é ù-ê ú
ê ú+ê úë û

% (A)

 where VCE(max) = VCC + VCE(p) (B)
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  VCE(min) = VCC – VCE(p) (C)

(a) VCE(p) = 3.75 volts

  VCE(max) = VCC + VCE(p) 
   = 15 V + 3.75 V 
   = 18.75 V
  VCE(min) = VCC – VCE(p) 

   = 15 V – 3.75 V
   = 11.25 V

  % h = 50 × 
18.75 V 11.25 V
18.75 V 11.25 V

-
+

 

   = 12.5% 

(b) VCE(p)  = 7.5 V 

  VCE(max) = 15 V + 7.5 V
   = 22.5 V
  VCE(min) = 15 V – 7.5 V
   = 7.5 V 

  % h = 50 × 
22.5 V 7.5 V
22.5 V 7.5 V

-
+

 = 25%

(c) VCE(p) = 15 V

  VCE(max) = 15 V + 15 V = 30 V
  VCE(min) = 15 V – 15 V = 0 V

  % h = 50 × 
30 V 0
30 V 0

-
+

 = 50%

From the above calculations we find that, efficiency increases with increase in VCE(p) and a 
maximum efficiency of 50% is obtained  when, VCE(p) = VCC = 15 V.

 7.6 Class B PUsH-PUll Power amPlifier 
As mentioned in Section 7.1.2 in class B power amplifier, the Q-point is located at cutoff. This 
means that the base-emitter voltage is at zero volts.

As a result 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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One-half
   circut

One-half
   circut

Load

Load

Vi 

–VCC 

VCC

One-half
   circut

One-half
   circut

Vi 

VCC 

VL

VL

(a) 

(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 R1 and R2 
is used to keep Q1 and Q2 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.

+ N1 

N1 

N2 

R1 

R2 

RL 

Rs 

– 

+

V2 = VL Vs 

–

~ 

A 

B 

C 

D 

Q1 

Q2 

     Input 
transformer 

  Output 
transformer 

VCC
iL 

ic1

ic2

ib1 

ib2 

Fig. 7.16 Class B push-pull power amplifier

During the positive half cycle of the input signal vs, 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 Q1 gets forward biased whereas the base-emitter junction of Q2 goes further below cut-off. 
Thus ic1

 increases above zero (note that ICQ = 0) while ic2
  is zero.

  iL = 1

2

N
N

 ic1
 (7.92)

It is easy to see that during the negative half cycle of the input signal vs , Q1 is off and Q2 
conducts.

  iL = –  1

2

N
N

 ic2 (7.93) 

The negative sign for iL is due to the fact that ic1
 and ic2

 are in opposite directions.

Combining equations (7.92) and (7.93)  we can write

  iL =  
 

1

2

1

2

1

2

for 0

for 2

c

c

N i t
N
N i t
N

ω π

π ω π

 ≤ ≤

 − ≤ ≤
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 or iL = 1

2

N
N

 [ ic1
 – ic2

 ] (7.94)

The input and output voltage and current waveforms are in Fig. 7.17.

ωt

ωt

ωt

ωt

ωt

0 

0 

0 

0 

0 

vs

ic1

ic2

iL 

iL RL vL =  

π π4π2 π3

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 Q1 is 

 iC1
  = ICQ + B0 +B1 cos wt + B2 cos 2 wt + B3 cos 3 wt + B4 cos 4 wt +  (7.95)

Observe in the circuit of Fig. 7.16 that ic1
 and ic2

 are flowing in opposite directions. Therefore, 
they differ in phase by 180°.

 Hence  ic2 
(wt) =  ic1

 (wt + ) (7.96)
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Therefore, the total instantaneous collector current of transistor Q2 can be obtained by replacing 
wt  by (wt + ) in Equation (7.95)

 iC2 =  ICQ + B0 + B1 cos (wt + ) + B2 cos 2 (wt + )

  + B3 cos 3 (wt + ) + B4 cos 4 (wt + ) +    (7.97)

 iC2 
=   ICQ + B0 + B1 cos (wt + ) + B2 cos (2wt +)

  + B3 cos (3wt +3 ) + B4 cos  (4wt + 4) +   (7.98)

 We know that

   

cos for even
cos( )

cos for odd
n

n
n

ìïï+ = íï -ïî

θ
θ π

θ                
(7.99)

Applying Equation (7.99) to Equation (7.98), we have

 iC2
 = ICQ + B0 – B1 cos wt + B2 cos 2wt –  B3 cos 3wt + B4 cos 4wt +     (7.100)

From Equation (7.94)

 iL =  1

2

N
N { (ICQ + B0 +B1 cos wt + B2 cos 2wt + B3 cos 3wt + B4 cos 4wt +  )

 – (ICQ + B0 – B1 cos wt + B2 cos 2wt – B3 cos 3wt + B4 cos 4wt +  )}      (7.101)

  iL = 1

2

N
N

(2B1 cos wt  + 2B3 cos 3wt +   ) (7.102)

 or iL = 1

2

2N
N (B1 cos wt +B3 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 Q1 and Q2 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.

  VCC  is generally obtained form an ac source using rectifier and filter.  Inadequate filtering 
gives rise to ripple voltages in VCC. 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.

VCC

RC

RE

R1

R2

C1 

C2 

C3 

V1

Vi

V2

Fig. 7.18 BJT phase splitting circuit 

Due to voltage follower action,

  V2   Vi 

Since the emitter resistor is unbypassed, the voltage gain of the CE stage is

  1

i

V
V

   – C

E

R
R

If RC is taken equal to RE , then 

  V1   – Vi (7.104)

Note that V1 and Vi  are equal in magnitude but opposite in phase.  Thus the voltages V1 and V2 
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 V1 and V2 are 180 outof phase.
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Vi

V1

V2

 INV
Amplifier

Voltage
Follower

Voltage
Follower

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 Q1.

IC (max) 

IC (min) 

IC (p) 

IC

0 
Q 
VCC 

VCE(p) 

VCE(max) VCE(min) 

VCE

Fig. 7.20  Output voltage and current waveforms in a single transistor of class B push-pull 
 amplifier
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The conversion efficiency is given by

  % h = 
(ac)

(dc)

o

i

P
P ×  100%  (7.105)

AC Output Power [ Po(ac) ]

  Po(ac) = ( ) ( )

2
CE p C pV I

 (7.106)

From Fig. 7.20,   VCE(p) = VCE(max) – VCE(min)

 But  VCE(max) = VCC

  VCE(p) = VCC – VCE(min)  (7.107)  

DC input power [ Pi(dc) ]

The dc power input to the power amplifier is given by

  Pi(dc) = VCC Idc (7.108)

where Idc is the average or the dc current drawn from the power supply VCC . Note that the collector 
current waveform of each transistor is a half rectified sinusoid with a peak value, IC(p) .  

Thus the average current in each transistor is ( )C pI
π

. Since there are two transistors, the dc

 current drawn from the supply VCC , by both the transistors is

   Idc = 2 [average current in each transistor]

   = ( )2 C pI
π

 (7.109)

Using this relation in Equation (7.108) we have

  Pi(dc) = 
2
π

VCC IC(p) (7.110) 

Using Equations (7.106) and (7.110) in Equation (7.105) we get

  % h = 

( ) ( )

( )

2
2

CE p C p

CC C p

V I

V I

æ ö÷ç ÷ç ÷ç ÷çè ø

π

× 100 %

  % h = 
4
π

 ( )CE p

CC

V
V

 × 100 %  (7.111)

Efficiency is maximum when
  VCE(p) = VCC (7.112)
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This condition occurs when 

  VCE(min) = 0 [From equation 7.107]

Using Equation (7.112) in Equation (7.111) we have 

  % h max = 
4
π

× 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 ICQ = 0 and 
therefore no current is drawn from VCC . 

7.6.4 Power Dissipated by output transistors
In class B push-pull power amplifier, the dc power drawn from the source, VCC , 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.

  Pi(dc) = Po(ac) + P2Q  (7.114)
 or P2Q = Pi(dc) – Po(ac)  (7.115)
where P2Q is the power dissipated by the two output power transistors.  The power dissipated by 
each transistor is then 

  PQ = 2

2
QP

 (7.116)

P2Q 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

  Po(ac) = ( ) ( )

2
CE p C pV I

  (7.117)

 where, IC(p) = ( )CE p

L

V
R′

 (7.118)

where, RL is the load resistance reflected to primary.
Using Equation (7.118) in (7.117), we get

  Po(ac) = 
( )

2

2 '
CE p

L

V

R
 (7.119)
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The ac output power is maximum when, VCE (p) = VCC .  Now the maximum ac output power is

  Po(ac)max = 
2

2 '
CC

L

V
R

 (7.120)

The corresponding peak ac current is

  IC(p) = 
'

CC

L

V
R

 (7.121)

Maximum dc Power Input
The dc input power is given by

  Pi(dc) = VCC Idc (7.122)

 where Idc = 
2
π

IC(p)

Idc is maximum when   IC(p) = 
'

CC

L

V
R

Now the maximum dc current is 

  Idc(max) = 
2
π

 CC

L

V
R′

 (7.123)

Using this relation in Equation (7.122) we get

  Pi(dc) max = 2
π

 
2

CC

L

V
R′

 (7.124)

Maximum Circuit Efficiency 

  % h max =  
(ac)max

(dc)max

o

i

P
P ×  100 %

    = 

2

2

2 '
2

'

CC

L

CC

L

V
R
V
Rπ

×  100 %

  % h max =  
4
π

×  100 % = 78.54 % (7.125)

Note that  to obtain maximum efficiency, the input signal should result in maximum output 
swing i.e., VCE(p) = VCC . Otherwise efficiency will be less than 78.54 %.

Maximum Power Dissipation
For class B operation, the maximum power dissipated by the two output transistors occurs when

  VCE(p) = 
2
π

 VCC = 0.636 VCC  (7.126)
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The maximum power dissipation is given by

  P2Q(max) =  
2

2

2
'

CC

L

V
Rπ

 (7.127)

These results are derived in example (7.27).

It is important to note that

  Maximum ac output power occurs when VCE(p)  = VCC
  Maximum power dissipation in the output transistors occurs when VCE(p)  =  0.636 VCC

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 

  VCE(p) = 0.636 VCC 

 (b) The maximum transistor power dissipation is,

   P2Q(max)  = 
2

2

2
'

CC

L

V
Rπ

     (c)  P2Q(max)  = 0.4 Po(ac) max

Solution

(a) In class B push-pull power amplifier, the dc power drawn from the source VCC is the sum of the 
ac power developed at the collector and the power dissipated in the collector circuit. 

  Pi(dc) = Po(ac) + P2Q  (A)

where P2Q is the power dissipated in the collector circuit

  P2Q = Pi(dc) – Po(ac) (B)

From Equation (7.110)

  Pi(dc) = 
2
π

  VCC IC(p)

 But IC(p) =  ( )CE p

L

V
R′

 

  Pi(dc) =  ( )2
'

CC CE p

L

V V
Rπ

 (C)

 Also Po(ac) = ( ) ( )

2
CE p C pV I
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 or Po(ac) = 
( )

2

2
CE p

L

V

R′
 (D)

Substituting equations (C) and (D) in Equation (B).

  P2Q = ( )2 CC CE p

L

V V
Rπ ′

 – 
( )

2

2
CE p

L

V

R′
 (E)

Collector dissipation is zero under the folllowing  two conditions

1. When VCE(p) = 0 

This happens under zero signal condition

2. When ( )2 CC CE p

L

V V
Rπ ′

 = 
( )

2

2
CE p

L

V

R′

  VCE(p) = 
4
π

VCC

Thus, the collector dissipation is zero at VCE(p) = 0 and VCE(p) = 
4
π

VCC . The maximum collector

dissipation occurs at a value of VCE(p) in the range 0 < VCE(p) < 4
π

 VCC 

Let us now find the value of VCE(p) corresponding to maximum power dissipation by setting 

       
2

( )

Q

CE p

dP
dV  = 0

From Equation (E)

  
2

( )

Q

CE p

dP
dV  = 

2 CC

L

V
Rπ ′

 – ( )CE p

L

V
R′

 = 0  

   VCE(p) = 
2 CCV

π
 = 0.636 VCC (F)

(b) The maximum collector dissipation, P2Q max is obtained by substituting Equation (F) in  
Equation (E)

  P2Q max = 
2 CC

L

V
Rπ ′

 
2 CCV

π

æ ö÷ç ÷ç ÷ç ÷çè ø
 – 1

2 LR
æ ö÷ç ÷ç ÷ç ÷ç ÷è ø′

22 CCV
π

æ ö÷ç ÷ç ÷÷çè ø

   = 
2

2

4 CC

L

V
Rπ ′

– 
2

2

2 CC

L

V
Rπ ′

  P2Q (max) = 
2

2

2 CC

L

V
Rπ ′

 (G)
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Using Equation (E), the plot of P2Q versus VCE(p) is shown in Fig. A.

0 

p2Q

p2Q(max)

2VCC 
π 

4VCC 
π 

VCE(p)

Fig. A  Plot of P2Q versus VCE(p) for class B push-pull power amplifier

From Fig. A, we observe that

 (i) At zero signal (VCE(p) = 0) collector dissipation is zero 

 (ii) The collector dissipation increases and reaches a maximum when VCE(p) = 2 CCV
π

 (iii) The collector dissipation then decreases and becomes zero once again when  

VCE(p) = 
4 CCV

π

(c) From Equation (7.120)

  Po(ac)max = 
2

2 '
CC

L

V
R  (H)

From equations (G) and (H)

  
2 (max)

(ac)max

Q

o

P
P  = 

2

2

2

2
'

2 '

CC

L

CC

L

V
R

V
R

æ ö÷ç ÷ç ÷ç ÷çè ø
æ ö÷ç ÷ç ÷ç ÷çè ø

π
 = 2

4
π

    
2 (max)

(ac)max

Q

o

p
p

  	0.4

 or   P2Q(max)  = 0.4 Po(ac)max (I) 

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 Q1 and Q2.  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. Q1 is an npn transistor and Q2 is a pnp transistor. The transistors Q1 and Q2 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. 

Q1 

Q2 VCC 

VCC 

ie1 iL 

ie2 

pnp

npn

C 

vi

RL 

vL 

 

+ – 

Fig. 7.21 Complementary symmetry push–pull circuit

 During the positive half cycle of the input signal vi , Q1 will be biased in to conduction and Q2 
remains off.

   iL = ie1

The negative half cycle of vi , biases Q2 into conduction and Q1 remains off.

    iL = – ie2 
 

Combining these,

  iL = 1

2

for 0
for 2

e

e

i t
i t

ì £ £ïïíï- £ £ïî

ω π

π ω π  (7.128)

It is important to note that, both Q1 and Q2 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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  VCE (p)  = VL(p)

  IC (p) = IL (p)

 and  RL = \RL

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 ic1

 and ic2
 replaced by  ie1

 and ie2
 respectively.

The advantages of this circuit are:
Due to the absence of input and output transformers the circuit is 

  Simple 
  Less expensive 
  Less bulky and
   light weight.

The main drawbacks of this circuit are:

  The circuit requires two dc power supplies.
  Since both transistors are biased at cut-off cross over distortion is present.
  It is 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.
  The ripple 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 vi , the npn Darlington transistor conducts 
and the pnp Darlington transistor conducts for the negative half cycle of vi . The waveforms of  
Fig. 7.17 applies to this circuit also. 

The main features of this circuit are:

   The biasing resistors R1 and R2 keep the Darlington transistors in the verge of conduction.  
As a result, 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. 
   A small amount of negative feedback provided through the emitter resistors RE (typically 

1 ) helps to keep the harmonic distortion at a minimum.
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R1 

RE

RL 

RE

R2 

vi

C

npn
Darlington

pnp
Darlington

vL + – 

iL

VCC

VCC

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 Q1 and Q2. Q3 and Q4 are the 
matched output transistors.

During the positive half cycle of the input signal vi , Q1 is driven into conduction while Q2 
remains off. The load current is supplied by the Darlington transistor consisting of Q1 and Q3.

During the negative half cycle of v1 , Q2 is driven into conduction while Q1 remains off. Now 
the feedback pair comprising of Q2 and Q4 supplies the load current.

Biasing resistors R1, R2 and R3 keeps the Darlington pair and the feedback pair in the verge of 
conduction. Resistor R2 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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R1

R3

R2 

RL 

vi

C1 

C2

Q1 

Q2 

Q4 

Q3 

C3 

vL 

+ 

– 

 Darlington 
    pair 

Feedback
      pair

iL 

VCC

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 k  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

IC(P)

Idc

0 π 2π 3π 
ωt 
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 Given  Idc = 10 mA
  RL = 1 k

Since IC is a half rectified sine wave.

  Idc = ( )C pI
π

    IC(p) =   Idc = 31.4 mA

Power delivered to the load, 

  Po(ac) = I 2C (rms)  RL
Since the output transformer is not specified, assume

  RL = RL

For half rectified sine wave,

  IC(rms) = (p)

2
CI

   Po(ac) =  
2

( )

4
C pI

 × RL = 
2(31.4mA) (1k )

4
Ω  

 or Po(ac) = 0.246 W.

Example 7.29

An ideal class B push–pull power amplifier with input and output transformers, has VCC = 20 V,  
N2 = 2 N1 and RL = 20 . The transistors have hFE = 20. Let the input be sinusoidal. For the 
maximum output signal at VCE(p) = VCC , determine:

 (a) the output signal power
 (b) the collector dissipation in each transistor
 (c) conversion efficiency

Solution 

Refer Fig. 7.16

 Given  VCC  = 20 V
  RL = 20 
  N2 = 2N1

 or 1

2

N
N

 = 0.5

  VCE(p) = VCC = 20 V
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(a)   Po(ac) = 
2

( )

2
CE p

L

V
R′

 (A)

  RL  = 
2

1

2

N
N

æ ö÷ç ÷ç ÷ç ÷ç ÷è ø
RL = 0.52 × 20  = 5 

From Equation (A)

  Po(ac) = 
2(20V)

(2)(5 )Ω
 = 40 W

(b)  P2Q = Pi(dc) –  Po(ac)  (B)

  Pi(dc) = 
2
π

 VCC  IC(P)

 Using IC(p) = ( )CE p

L

V
R′

 = CC

L

V
R′

 

 We get,  Pi(dc) = 
2
π

 
2

CC

L

V
R′

 = 2
π

 
2(20V)

5Ω
 = 50.93 W

From Equation (B), 
  P2Q = 50.93 W – 40 W = 10.93 W

  PQ = 2

2
QP

= 10.93 W
2

= 5.46 W

(c)  % h = (ac)

(dc)

o

i

P
P

× 100 % = 
40W

50.93W
 × 100 %

  % h = 78.54 % as expected

Example 7.30

A class B push-pull amplifier operating with VCC = 25 V provides a 22 V peak signal to an 8  
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 
  VCC  = 25 V
  VL(p) = 22 V (peak load voltage) 
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  RL = 8

Note that the output transformer is not specified. For transformer less class B power 
amplifier

  VCE(p) = VL(p) 

  IC(p) = IL(p)

  RL = RL

(a) peak load current is

   IL(p) = 
( )L p

L

V
R  = 

22V
8Ω

 = 2.75 A

rms load current is

  IL(rms) = ( )

2
L pI

 = 
2.75A

2
 = 1.945 A

(b) rms and peak collector currents are same as rms and peak load currents

    IC(rms) = IL(rms)= 1.945 A 
  IC(p) = IL(p)= 2.75 A

(c) dc current drawn from the supply is

  Idc = 
2
π

 IC(p)  =  2
π

 (2.75 A) = 1.75 A

dc current drawn by each transistor    =  
2
dcI

 = 0.875 A

(d) Input power refers to the dc input power. 

  Pi(dc) = VCC Idc = (25 V) (1.75 A) = 43.75 W

(e) Output power refers to ac output power

  Po(ac) = ( ) ( )

2
CE p C pV I

 = 
(22V)(2.75A)

2
 = 30.25 W

(f) Circuit efficiency refers to conversion efficiency 

  % h = (ac)

(dc)

o

i

P
P

× 100 % = 
30.25W
43.75W × 100 % = 69.143 %.

(g) Power dissipation in the output transistors is 

  P2Q = Pi(dc) – Po(ac) = 43.75 W – 30.25 W = 13.5 W

Power dissipation in each transistor is

  PQ  = 2

2
QP

= 13.5W
2

 = 6.75 W
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Example 7.31

For a class B push-pull power amplifier with VCC = 25 V driving an 8  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 
  VCC  = 25 V
  RL = 8 

Since output transformer is not specified, assume

  RL = RL = 8 

(a) From Equation (7.124), the maximum input power is 

  Pi(dc)max  = 
2
π

 
2

CC

L

V
R′

 = 
2
π

 
2(25V)

8Ω
 = 49.74 W

(b) From Equation (7.120) the maximum output power is

  Po(ac)max = 
2

2
CC

L

V
R′

 = 
2(25V)

(2)(8 )Ω
 = 39.06 W

(c) Maximum circuit efficiency is

  % h max = (ac)max

(dc)max

o

i

P
P

× 100 %

   = 
39.06 W
49.74 W × 100 % = 78.53 % as expected

(d) From Equation (7.127), the maximum collector dissipation is 

  P2Q(max) = 2

2
π

 
2

CC

L

V
R′

 = 2

2
π

 
2(25V)

8Ω
 = 15.83 W

Maximum collector dissipation in each transistor is 

  PQ(max) = 2 (max)

2
QP

= 15.83W
2

 = 7.915 W

(e) From Equation (7.126), the input voltage at which maximum power dissipation occurs is

  Vi(p) = VCE(p) = (0.636) VCC

   = (0.636) (25 V) = 15.9 V
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Example 7.32

Calculate the efficiency of class B push-pull power amplifier for a supply voltage of VCC = 22 V, 
driving a 4  load with peak output voltages of

 (a) VL(p) = 22 V
 (b) VL(p)  = 20 V
 (c) VL(p)  = 4 V
 (d) Compare and comment on the results. 

Solution 
Given   VCC = 22 V

Since output transformer is not specified 

  RL = RL = 4 

From Equation (7.111),

  % h   
4
π

 
( )CE p

CC

V
V × 100 %

For transformerless circuit,   VCE(p)  = VL(p)

   % h = 
4
π

 ( )L p

CC

V
V

× 100 %   (A)

(a) VL(p)  = 22 V

  % h   
4
π  

22V
22V
é ù
ê ú
ê úë û

100 % = 78.54 %

(b) VL(p)  = 20 V

  % h = 
4
π  

20V
22V
é ù
ê ú
ê úë û

 × 100 % = 71.4 %

(c) VL(p) = 4 V

                       %  h  = 
4
π

 
4V
22V
é ù
ê ú
ê úë û

 × 100 % = 14.27 %

(d) Observe from Equation (A) that, efficiency increases with VL(p) and becomes maximum
 i.e., 78.54 % when VL(p)  = VCC 

Example 7.33

In a class B amplifier, VCE(min) = 1 V and VCC = 18 V.  Calculate the collector circuit efficiency.  

Solution 
Given   VCC  = 18 V   VCE(min) = 1 V
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   % h = 
4
π

 ( )CE p

CC

V
V

× 100  %

From Equation (7.107),

  VCE(p) = VCC – VCE(min) 

   = 18 V – 1 V = 17 V

 Now  % h = 
4
π  

17V
18V

× 100% = 74.18 %

Example 7.34

Calculate the power dissipated in the individual transistors of a class B push-pull power amplifier if  
VCC = 20 V and RL = 4 .

Solution
Given   VCC  = 20 V

Since output transformer is not specified,

  RL = RL = 4 

Collector dissipation

  P2Q = Pi(dc) – Po(ac) (A)

Since the output signal amplitude is not given, let us assume maximum power output

    VCE(p) = VCC  

  Po(ac) = 
2

( )

2 '
CE p

L

V
R

 = 
2

2
CC

L

V
R  =  

2(20V)
(2)(4 )Ω

 = 50 W

  Pi(dc) = 2
π

 VCC IC (p)

 But IC (p) = ( )CE p

L

V
R′  = CC

L

V
R

 

    pi(dc) = 
22 CC

L

V
Rπ

 =  
22 (20V)

4
´
´π Ω

 = 63.66 W

Substituting in Equation (A) 

  P2Q = 63.66 W – 50 W = 13.66 W

Power dissipation in each transistor is

  PQ = 2

2
QP

 = 
13.66W

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  
VCC = 15 V and RL   = 5 

Solution 
Given   VCC  = 15 V   RL   = 5 

Peak power dissipation in the output transistors is 

  P2Q (max) = 2

2
π

  
2

CC

L

V
R′

 

   = 
2

2π

2(15V)
5 Ω

 = 9.12 W

Peak power dissipation in each transistor is

  PQ (max) = 2 (max)

2
QP

 

   = 
9.12W

2  = 4.56 W

Example 7.36

A class B transformer-coupled push pull power amplifier is to supply 5W to a 18  load  
with VCC  =  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   VCC = 30 V 

Power delivered to the load (secondary), 

  PL  = 5 W

  RL = 18  
    h TFR  = 0.75

  h TFR = 
Power delivered to secondary
Power developed in primary

  

   = 
(ac)

L

o

P
P  

    Po (ac) = 
TFR

LP
η

 = 
5W
0.75

 = 6.67 W
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(a)  RL = 
2

1

2

N
N
é ù
ê ú
ê úë û

RL

  1

2

N
N  = L

L

R
R

′
  (A)

 But Po (ac) = 
2

( )

2
CE p

L

V
R′

 (B)

  VCE (p) = VCC – VCE (min)

Taking VCE(min) = 0, for maximum power output,
  VCE(p) = VCC = 30 V

From (B)   RL  = 
2

( )

(ac)2
CE p

o

V
P

 = 
2

(ac)2
CC

o

V
P  = 

2(30V)
2 6.67 W´

 = 67.47  

Substituting in (A)

  1

2

N
N

 = 
67.47

18
Ω

Ω
 = 1.94

(b)  P2Q = Pi(dc) – Po(ac)  (C)

  Pi(dc) = 
2
π

 VCC IC(p)

 where  IC(p) = ( )CE p

L

V
R′

 = CC

L

V
R′

 

  Pi(dc) = 
22 CC

L

V
Rπ ′

 = 
22 (30V)

67.47
´
´π Ω

 = 8.5 W

Substituting in (C)

  P2Q  = 8.5 W – 6.67 W = 1.83 W 

  PQ = 2

2
QP

 = 
1.83W

2
 = 0.92 W

(c) Conversion efficiency

  % h = (ac)

(dc)

o

i

P
P

× 100 %

  % h = 
6.67
8.5

× 100 % = 78.47 %

as expected for maximum power output condition.

Example 7.37

Analyse the operation of the push pull amplifier shown in Fig. (a).
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R1

vL

vi RL 

R2

R3

C2 

C1 

+

+

VCC

–

–

VCC

Q1 

Q2 

D

~

Fig. a

Solution
With R1 , R2 , R3 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. 

vL

vi
RL

C2

C1 

+

+

VCC

–

–

VCC

Q1 

Q2

~

Fig. b
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In the circuit of Fig. (b), since VBE = 0 for both Q1 and Q2, 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 D2 is forward biased though resistors 
R1 and R2 connected between VCC and  – VCC .  R3 is adjusted to minimize cross over distortion.

For ac operation, with reference to Fig. (a), the dc voltages + VCC and – VCC  are grounded 
and the capacitors C1 and C2 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, Q1 and Q2 act as emitter 
-followers. As a result, vo = vi .

Example 7.38

In the circuit of Example 7.36 Let   VCC =    30 V, RL = 8     R1 = R2 = R3 = 100 ,  
C1 = C2 =100 mF. If the rms input voltage is 8 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    VCC =  30 V  VCC = 30 V

  RL = RL = 8  [No output transformer]  

rms input voltage   Vi (rms)  = 8 V 

(a) Since Q1 and Q2 are configured as emitter followers, as explained in Example 7.37  
 rms load voltage  = rms input voltage.

 ie. VL(rms) = Vi(rms) = 8 V

Peak load voltage is
  VL(p) = 2 VL(rms) = ( )2  (8 V)  = 11.31 V   

(b) rms load current is

  IL(rms) = (rms)L

L

V
R

 = 
8V
8Ω

 = 1 A  

Peak load current is

  IL (p) = ( )L P

L

V
R

=  
11.31V

8Ω
 = 1.414 A
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(c) dc current drawn from the supply is 

  Idc = 
2
π

 IC(p)

For transformer less circuit
  IC(p) = IL(p) and
  VCE(p) = VL(p)

   Idc = 2
π

 IL(p) = 
2
π

 (1.414 A) = 0.9 A

dc current through each transistor is

  
2
dcI

 = 
0.9A

2
= 0.45 A

(d) dc input power is
  Pi(dc) = VCC  Idc = (30 V) (0.9 A) = 27 W 

(e) ac output power is

  Po(ac) = ( ) ( )

2
CE p C pV I

 = ( ) ( )

2
L p L pV I

   = 
(11.31V)(1.414A)

2
 = 8 W

Alternatively,   Po(ac) = VL(rms) IL(rms) = (8 V) (1 A) = 8 W

(f) Conversion efficiency is

       % h = 
(ac)

(dc)

o

i

P
P × 100 % = 

8W
27 W × 100 % = 29.63 %

(g) power dissipation in both transistors is 
  P2Q = Pi(dc) – Po(ac) = 27 W  – 8 W = 19 W

Power dissipation in each transistor is

  PQ = 2

2
QP

= 
19W

2
 = 9.5 W    

Example 7.39

In the circuit of Example 7.37 let VCC = 30 V, RL = 8 . 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
  VCC = 30 V  
  RL = RL = 8   [ No output transformer ]. 

(a) From Equation (7.124), the maximum dc input power is 

  Pi(dc) max = 
2
π

 
2

CC

L

V
R

 = 
2
π

 
2(30V)

8Ω
 = 71.62 W

(b) From Equation (7.120), the maximum ac output power is

  Po(ac) max  = 
2

2
CC

L

V
R

 = 
2(30V)

(2)(8 )Ω
 = 56.25 W

(c) Maximum conversion efficiency is 

     % hmax = 
(ac)max

(dc)max

o

i

P
P × 100 % = 

56.25W
71.62W

× 100 %

   = 78.54 % as expected

(d) Output voltage for maximum power operation is

  VL(p) = VCE(p) = VCC = 30 V

Since Q1 and Q2 are emitter followers, the corresponding input voltage is 

  Vi(p)  = VL(p) = 30 V

(e) Collector dissipation in both transistors at this input voltage is 

  P2Q = Pi(dc)max –  Po(ac)max

   = 71.62 W – 56.25 W = 15.37 W

Power dissipation in each transistor is

  PQ = 2

2
QP

 = 
15.37 W

2
 = 7.685 W

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  VCC = 30 V
  RL = RL = 8 
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From Equation (7.127), the maximum power dissipation in the output transistors is

  P2Q (max) = 
2

2

2 CC

L

V
Rπ

 = 
2

2

2 (30V)
(8 )π Ω

 = 22.79 W

Maximum power dissipation in each transistor is

  PQ(max) = 2 (max)

2
QP

 = 
22.79W

2  = 11.395 W

From Equation (7.126), the corresponding output voltage is

  VL(p) = VCE(p) =  0.636 VCC = (0.636) (30 V) = 19.08 V

Due to emitter follower action the corresponding input voltage is

  Vi(p)  = VL(p) = 19.08 V 

From the results of example 7.39, we find when Vi(p) = 30 V, 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(p) = 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.  

 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 
Vi 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 
generator 

Comparator 

+ 

– 

Amplifier Low pass
   filter

Feedback 

Vi 

Vo 

Fig. 7.24 Block diagram of class D power amplifier

Sawtooth (chopping) waveform

Input waveform 

Digital waveform 

0 

0 

t 

t 

Comparator out-put 

Fig. 7.25 Waveforms in class-D power amplifier

 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–C and for germanium transistor, it is 100 – 110C. 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

  PD = VCE  IC  (7.129) 

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 25C and it decreases to zero 
at  a junction temperature of 175C. 

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.

METAL TAB COLLECTOR
CONNECTED
TO CASE

PIN 1. BASE
2. EMITTER

CASE COLLECTOR
(a) (b) (c)

2
1

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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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. 

  D = 
Decrease in power rating

Increase in case temperature

  D = 1

1

oD D

o

P P

T T

-

-
  (7.130)

where PDo = Maximum power dissipation at temperature To

PD1
 = Maximum power dissipation at temperature T1  

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 = 
100W

200 C 75 C- 

= 0.8 W / 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 

  PDo
 = 100 W   To = 25 C

  T1 = 125 C   D = 0.5 W / C

  D = 1

1

oD D

o

P P
T T
-

-

  0.5 W / C = 1
100W

125 C 25 C
DP-

° - °
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  PD1 = 100 W – (100 C) (0.5 W / C)
   = 50 W

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 

 PDo
  =   100 W          To  =  25 C

 D    =  0.6 W / C    T1  =  100  C (Boiling temperature of water)

  D = 1

1

oD D

o

P P

T T

-

-

  0.6 W / C = 1100W
100 C 25 C

P-
-° °

  P1 = 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  TJ  = Junction temperature
 TC  = Case temperature
 TH  = Heat sink temperature.
 TA  = 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  Tj – TA  PD        



 

 or Tj – TA = JA PD  (7.131)

    JA = j A

D

T T
P
-

  (7.132)

JA 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

  JA = JC + CS + SA  (7.133) 
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where   JC  =  transistor thermal resistance (junction to case)
  CS  =  Insulator thermal resistance (case to heat sink)

  SA  =  heat-sink thermal resistance (heat sink to ambient)

Figure 7.28 Shows the electrical analogous circuit using the thermal resistances.

TA 

PD

θJC

θCS 

θSA 
THS 

TC 

Tj

Absolute Zero

Fig. 7.28 Thermal-to-electrical analogy

From Equation (7.132)

  Tj  = PD  JA  + TA  (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.

  SA = 2 C / W
  CS = 0.8 C / W
  JC = 0.5 C / W

 (a) Calculate the rise in Junction temperature.
 (b) If JA = 40 C / W without heat sink, what would be the rise in Junction temperature.
  Comment on the result.



Power Amplifiers  585

Solution

(a) With heat sink
  JA = JC + CS + SA

   = 0.5 C / W + 0.8 C / W + 2 C / W = 3.3 C / W
Rise in Junction temperature is

  Tj – TA = PD JA = (50 W) (3.3 C / W) = 165 C 

(b) Without heat sink 
  JA = 40 C / W
  Tj – TA = (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 W at 25 C 
Transistor thermal resistance, JC :  0.5C / W
Insulator thermal resistance, CS :  0.6 C / W
Heat-sink thermal resistance, SA :  1.5 C / W
What maximum power can be dissipated if the ambient temperature is 40 C and  
Tjmax = 200 C ? 

Solution

   JA = JC +  CS + SA

   = 0.5 C / W + 0.6 C / W + 1.5 C / W = 2.6 C / W

  PD = 
j A

J A

T T-

θ
 = 

200 C 40 C
2.6 C / W

-° °

°
 = 61. 54 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 JA 40 C / W.

Solution

In this case the transistor operates without heat sink.

  PD = J A

JA

T T-
θ

   = 
200 C 80 C

40 C / W
-° °

°
  

   = 3 W
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EXERCISE PROBLEMS

 7.1 For the class A series-fed power amplifier shown below, calculate the dc input power, 
ac output power and efficiency. The input voltage vi results in a base current of  
7.07 mA(rms).

VCC = 22 V

1 K
20 Ω

~ 
+ 

– 

Vi 

C
β = 25 

 7.2 The following data is available for a class A series-fed Power amplifier.
 VCEmax = 14 V, VCEmin = 6 V,  IC max  = 7 mA,  IC min = 3 mA 

  (a) calculate the ac power delivered to the load.
  (b) conversion efficiency if VCC = 10 V and IC = 5 mA.
 7.3 What transformer turns ratio is required to match a 16  speaker load so that the effective 

load resistance seen at the primary is 10 K?
 7.4 A class B Power amplifier is delivering an output voltage of 10 V peak to a 8  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.
 7.5 A class B Power amplifier is driving a load at 16 . If the supply voltage VCC = 25 V, 

calculate
  (a) maximum ac power output
  (b) maximum dc power input 
  (c) collector dissipation in each transistor.
 7.6 A class B power amplifier has a dc supply voltage of VCC = 30 V. Calculate the efficiency 

when the output voltage is
  (a) 30 V peak (b) 15 V peak (c) 7.5 V peak
 7.7 The following readings are obtained for a Power amplifier during measurement of 

distortion. 
 VCE min = 3 V, VCE max = 25 V, VCEQ = 15 V

  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.

 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.

Amplifier
A

Feed back
network

β

xo = A xi

xf′ =  – xf

xf = β xo

1

2

xi

Inverting
netwok

Fig. 8.1 Illustration of basic principle of oscillators

The amplifier provides an output signal xo in response to the signal xi applied directly to the 
amplifier input terminal. The output of the feedback network is xf = b xo = A b xi and the output of 
the inverting network is xf = – xf = – A b xi . Now  

 Loop gain = f

i

x '
x

 = i

i

A x
x

− β
 = – A b 
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Let, the things be adjusted such that xf is identically equal to the externally applied input 
signal xi. Now if the external source xi 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.

Amplifier
A

Feed back
network

β

xo = A xi

x′f  = – xi

x′f  = – xf

xf = β xo

2

1

  Fig. 8.2 Block diagram of oscillator

xf = xi means that, the instantaneous values of xf and xi are exactly equal at all times. Since xf 
and xi are in phase, the feedback is positive. 
The condition xf = xi 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 xf = xi in Equation (8.1) we have 

 Loop gain = – A b   

 – A b    j 0    Rectangular form

 or – A b   0 or 360° °   Polar form] (8.3)

In general  – A b = | – A b    θ  

Comparing Equations (8.3) and (8.4) we get

 | – A b | = | A b | = 1 (8.5)

 and  = A− β    or 360° (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  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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 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.

 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) RC oscillators
 (b) LC oscillators 
 (c) 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].

 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

R R R
From

Amplifier
Output

To
Amplifier

Input

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).

R

+
+

–

–

V1

+

–

V2 V1

V2 = I R
VC

C

I

I

VC = I XC

0
φ

(a) (b)

Fig. 8.4 (a) Single RC-section
 (b) Phasor diagram

The phasor diagram is drawn taking the current I 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 V2 leads V1 by an angle f.

From the phasor diagram

 tan f  
2

CV
V  CI X

I R
  CX

R

 Using XC = 
1
Cω

 = 
1

2 Cfπ

 tan f  
1

2 f R Cπ
 

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 Vo and the output of the 
feedback network is the current If. 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 (hie) of the amplifier appreciably loads down the feedback 
network. Hence voltage shunt feedback is more suitable.



Oscillators  591

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 + hie . For the three 
RC-sections to be identical it is essential that

 R = R + hie (8.8)  
 or R = R – hie (8.9)   

C1

C2
R1

R R

R2

R′

If′

Ib

RE

Vo

CE

RC

B

E

C C C

VCC

+

–

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

 f = 
1

2 6 4RC k+π
 (8.10)

 where k = CR
R  (8.11) 

 Loop gain = 
f

i

x'
x  = 

f

b

I '
I  (8.12)
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For the magnitude of loop gain to be greater than unity, the short circuit current gain hfe of the 
transistor must satisfy the condition 

 hfe >   4 k + 23 + 29
k

 (8.13)

The minimum value of  hfe  can be obtained by differentiating  hfe with respect to k and equating 
the result to zero. This yields  hfe (min)  =  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.

 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.
  he circuit is less bulky, light weight and less expensive due to the absence of inductor.
  It can be used to generate oscillations in the audio frequency range.
  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 b and A b 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 = 1 k RC = 1 k and C = 0.1 mF. Calculate the frequency of 
oscillations.

Solution

 f = 
1

2 6 4RC k+π

 k = CR
R

 = 
1 k
1 k

Ω

Ω
 = 1

 f = 
( )( )

1
2 1 k 0 1 F 6 4.π m +Ω

 = 503.29 Hz 
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 Example 8.2

In an RC-phase shift oscillator RC = 3.3 k and R = 1.5 k  Calculate the required value of C 
for a frequency of 2 kHz.

Solution

 f = 
1

2 6 4RC k+π

 C = 
1

2 6 4f R k+π

 k = CR
R

 = 
3 3 k
1 5 k

.

.
Ω

Ω
 = 2.2

 C = 
1

2 (2000)(1.5 k ) 6+4(2.2)π Ω
 = 13.79 nF

Example 8.3

An RC-phase shift oscillator uses a transistor with hfe = 100. If  RC = 10 k  and  R = 2 k. Will 
this circuit oscillate?

Solution
Condition for sustained oscillations is

 hfe > 4 k + 23 + 
29
k

 k = CR
R

 = 
10 k
2k

Ω

Ω
 = 5

 hfe > (4) (5) + 23 + 
29
5

 hfe > 48.8

Since the  hfe of the transistor is 100 which is greater than 48.8 , the circuit oscillates.

Example 8.4

In an RC-phase shift oscillator RC = 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

 f = 
1

2 6 4RC k+π

   C = 
1

2 6 4f R k+π
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 k = CR
R

 = 
5 k

k
Ω

3.3 Ω
 = 1.515

 6 4 k+  = 6 (4) (1.515)+  = 3.472

 For    f = 100 Hz

 C = 
1

2 (100) (3.3 k ) (3.472)π Ω
 = 138.9 nF

 For f = 20 kHz 

 C = 
1

2 (20,000) (3.3k ) (3.472)π Ω
 = 0.6945 nF

Range of C value: 0.6945 nF to 138.9 nF

Example 8.5

Find the values of RC , R , R and C for an RC-phase shift oscillator for a frequency of oscillation 
of 1000 Hz. A transistor with hfe = 200 and hie = 2 k is available.

Solution
Selection of R and R 

 R = R +  hie

 R = R –  hie

For R to be positive,

 R > hie

 i.e., R > 2 k

 Let R = 2.7 k

 Now R = 2.7 k – 2 k

  R = 700

Selection of RC

The condition to get sustained oscillations is 

 hfe > 4 k +23 + 
29
k

 200 > 4 k + 23 + 
29
k

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.

           k= CR
R

             RC= k R = 2.7 k

                             

1 18.6nF
2 6 4

C
Rf kπ

= =
+

Note: R1 , R2  and  RE 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 hie of the amplifier stage. 
1

oeh  is 
treated as an open circuit assuming hoe ≈  

CC C

RC R RR

R′

BIf
′

hie

hfe Ib

Fig. A

Let us convert the current source into its equivalent voltage source as shown in Fig. B.

CC C

R RR If
′hfe Ib RC +

– I1 I2 I3 =

RC

Fig. B
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Loop 1

 – hfe Ib RC = I1 [ RC + R – j XC ] –  I2 R (A)

 where XC = 1
Cω

Dividing through out by R and taking

 k = CR
R  and α = CX

R
 we have

 – hfe Ib k = I1 [ k + 1 – j α ] – I2  (B)

Loop 2 

 0 = – I1 R +  I2  [ 2 R – j XC ] – I3 R

 or   0 = – I1 + I2 [ 2 – j α ] – I3 (C)

Loop 3 

 0 = – I2 R + I3 [ 2 R – j XC ]

 or   0 = – I2 + I3 [ 2 – j α ]

  I2 = I3  [ 2 – j α ] (D)

From Equation (C)

 I1 = I2  [ 2 – j α ] – I3

Substituting for I2 from Equation (D) we  have

 I1 = I3 [ 2 – j α ] 2  –  I3

 I1 = I3 [( 2 – j α  2  –  1 ]

 I1 = I3 [ 3 – α – j 4 α ] (E)

Substituting Equations (D) and (E) in Equation (B) we have

 – hfe  Ib  k = I3 [ 3 – α – j 4 α ] [ k + 1 – j α ] – I3 [ 2 – j α ]

 – hfe  Ib  k = I3 [ 1 + 3 k – ( 5 + k ) α ]  – j [( 6 + 4 k ) α α]   (F)

 Loop gain = f

b

I '
I

 = 3

b

I
I

From Equation (F) 3

b

I
I

 = ( ) ( )2 31 3 5 6 4
feh k

k k j k

−

   + − + − + −   α α α
 (G)

For the loop gain to be real

 (6 + 4 k ) α – α3 = 0 (H)
 α2 = ( 6 + 4 k ) (I)
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 α = 6 4k+  (J)

 But α = CX
R

 
1
C Rω

  
1

2 f R Cπ

Using this relation in Equation (J) we have

 
1

2 f R Cπ
 = 6 4k+

 f = 
1

2 6 4RC k+π
 (K)

(b) Condition for sustained oscillations
Substituting Equation (H) in Equation (G) we get

 or 3

b

I
I  = 

[ ] 21 3 5
feh k

k k
−

+ − + α
  (L)

 Dr = 1 + 3 k – [ 5 + k ] α

Using α =    k we have

 Dr = 1 + 3 k – [ 5 + k ] [ 6 + 4 k ]
 Dr = – [ 4 k2 + 23 k + 29 ]

 Now 3

b

I
I

 = 24 23 29
feh k

k k+ +
 

   = 294 23+

feh

k
k

+
 (M)

To get sustained oscillations the magnitude of loop gain should be greater than unity.

 i.e., 3

b

I
I

  > 1 

  294 23+

feh

k
k

+
  > 1

 or hfe  > 4 k + 23 + 
29
k

 (N)

Example 8.7

Show that for oscillations to start in an RC-phase shift oscillator, the minimum hfe value of the 
transistor should be 44.5.
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Solution
The condition required for sustained oscillations is

 hfe > 4 k + 23 + 
29
k  (A)

hfe is a function of k. Taking the equality condition in Equation (A), differentiating hfe with 
respect to k and equating the result to zero we have

 fed h
d k

 = 4 – 2

29
k

 = 0

 k2 = 
29
4

 or k = 2.7

Using this value in Equation (A) we have

 hfe  4 (2.7) + 23 + 
29
2 7.

 hfe  44.5 
  hfe(min) = 44.5  
 
 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 R1 C1 network is a lead network and the parallel  R2 C2 network is the lag 
network. The name wein bridge is due to the fact that, the feedback resistors R3 and R4 of Op-Amp 
amplifier and the Lead-Lag network forms a bridge as shown in Fig. 8.7.

+

–

+VCC

–VCC

R4

R1

R3

R2 C2

C1

Vo

d

ab
c

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.

R1

C1

C2

R3

R4

R2

a

b

c

d

Fig. 8.7 Bridge circuit

The balancing condition is given by

 3

4

R
R

 = 1

2

R
R

 + 2

1

C
C

and the frequency of oscillation is given by

 f = 
1 2 1 2

1
2 R R C Cπ

 (8.14)

If R1 = R2 = R and C1 = C2 = C, then

 f = 
1

2 RCπ
 (8.15)

In order to obtain sustained oscillations the gain of the amplifier should be at least equal to 3

\ 1 + 3

4

R
R

  3

or 3

4

R
R

  2 (8.16)

Example 8.8

The following component values are given for the wein bridge oscillator of the circuit of  
Fig. 8.6.
 R1 = R2 = 33 kΩ C1 = C2 = 0.001 mF
 R3 = 47 kΩ	 R4 = 15 kΩ
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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

(a) 3

4

R
R

 =
47k
15k

Ω
Ω

 = 3.13  >  2

The circuit oscillates since 3

4

R
R

 > 2.

(b)  R1 = R2 = R = 33 kΩ  C1 = C2 = C = 0.001 mF

 f = 
1

2 RCπ

  = 
1

2 (33 k ) (0.001 F)π Ω m
 = 4.82 kHz

 f = 2 (4.82 kHz)  =  9.64 kHz

 f = 
1

2 RCπ
  RC = 

1
2 fπ

Let us not change C
 ∴	 C = 0.001 mF 

 Now R = 
1

2 f Cπ
 = 

1
2 (9.64 kHz) (0.001 F)mπ

 = 16.5 kΩ	

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 R1 = R2 = R and C1 = C2 = C 

  f = 
1

2 RCπ
 

 Select C = 0.01 mF 

  R = 
1

2 f Cπ
 = 

1
2 (4 kHz)(0.01 F)mπ

 = 3.97 kΩ  

For sustained oscillations

 	 3

4

R
R 	 ≥	 2 
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  R3 ≥	 2 R4 

 Let   R4 = 10 kΩ	
 then R3 ≥	 20	kΩ	

 Select R3 = 30 kΩ	

A 30 kΩ potentiometer can be used for R3 . R3 is adjusted until undistorted sustained oscillations 
are obtained.

The circuit diagram is shown below.

+

–

R2

R3

Vo

0.01 µF

0.01 µF

30 kΩ

10 kΩ

3.97 kΩ

3.97 kΩ

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 R1 = R2 = R and 
C1 = C2 = C .

 Let Z1 = R + 
1

j Cω
 

  Z1 = 
1+ j RC

j C
ω

ω
 (A)
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+

–

Vo

+

–

Vf

+

–

Vo

+

–

Vf

R

R
Z2

Z1C

C ≡

 and Z2 = R || 
1

j Cω
 

   = 
( ) 1

1

R
j C

R
j C

 
  

+

ω

ω

 

  Z2 = 
1

R
j RCω+

 (B)

Using voltage division rule we have

  Vf = 2

1 2

oV Z
Z +Z

  

Feedback factor is 

  b = f

o

V
V  = 2

1 2

Z
Z Z+  

	 	 b	 =	
1

1
1

R
j RC

j RC R
j C j RC

ω

ω
ω ω

 
 + 

   + +   +   

	

	 	 	 =	
[ ]21

j RC
j RC j RC+ +

ω

ω ω
	

	 	 	 =	 2 2 21– 3
j RC

R C j RC  + 

ω

ω ω
	

	 	 	 =	 { }2 2 23 – 1–
j RC

j RC j R C  

ω

ω ω
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	 		 b		=  f

o

V
V

 = 2 2 23 –1
RC

RC j R C +  

ω

ω ω
 (C)

For zero phase shift between Vf and Vo , the required condition is

  w2 R2 C 2 – 1 = 0  (D)

 or w2 R2 C 2 = 1 

  w R C = 1 

  w = 
1

RC  

 or f = 
1

2 RCπ
  (E)

(b) Condition for Sustained Oscillations
Substituting equation (D) in equation (C) we get 

 	 b	 = 
1
3

  (F)

For the oscillations to start the magnitude of loop gain must be at least equal to unity.

 i.e., | A b |	 ≥	 1 

	 	 | Α |	 ≥	
1
β
	

	 or | Α |	 ≥	 3		 (G)

But for the Op-Amp non-inverting amplifier

	  | A | = Α = 1 + 3

4

R
R  

Using this relation in equation (G) we have 

  1 + 3

4

R
R  ≥	 3	

	 or 3

4

R
R

 ≥	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

1.
This is an RC oscillator used to generate 
sinusoidal oscillations in the audio 
frequency range. 

This is also an RC oscillator used to generate 
sinusoidal oscillations in the audio frequency 
range.

2. The feedback network contains three 
identical RC sections. 

The feedback network contains lead-lag 
network.

3.

Each RC section is designed to introduce 
60°	phases shift at the oscillator frequency. 
The total phase shift in the feedback 
network is 180°.	

The feedback network introduces zero degree 
phase shift at the oscillator frequency.

4. This circuit uses inverting amplifier 
which introduces a phase shift of 180°.

This circuit uses non-inverting amplifier 
with no phase shift.

5.
The frequency of oscillation is  

f  = 
1

2 6 4RC k+π

The frequency of oscillation is  

f  = 
1

2 RCπ

6.
Condition for sustained oscillations is  

hfe > 4 k + 23 + 29/k 
Condition for sustained oscillations is 

A ≥	3

7.
Variable frequency operation is obtained 
by varying  all the three capacitors of the 
feedback network simultaneously 

Variable frequency operation is obtained  
by varying both the feedback network  
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 Q 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 X1 , X2 and X3 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.

Amplifier

X1 X2

X3

Fig. 8.8  Basic configuration of LC oscillators
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Table 8.1

Oscillator type
Reactive element

X1 X2 X3

Colpitts oscillator C C L
Hartley oscillator L L C

 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 R1 , R2 and RE are used to establish the desired operating point

RFC

VCC

Vo

C1

R1

R2 RE CE

C2

Q

P

CC

L

Fig. 8.9 Transistor colpitts oscillator

The feedback network consists of a tapped capacitive voltage divider C1 and C2 in parallel 
with the inductor L. The voltage across C1  is fed back to the amplifier input through the coupling 
capacitor CC .

RF  choke is a large inductor. Its function is two fold:

 •	 It acts as a dc short to the power supply VCC i.e., it allows the dc current to easily pass 
through.

 • It 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°.

Τhe output is coupled to the load through a transformer. Transformer coupling has the following 
advantages:
 • It provides electrical isolation between the oscillator output and load. 
 • It provides impedance matching between the oscillator output and the load.

The frequency of oscillations is given by

  f = 
1

2 eqLCπ
 (8.17)

 where Ceq = 1 2

1 2

C C
C C+

 (8.18)

The condition for sustained oscillations is

   hfe ≥  2

1

C
C   (8.19)

Example 8.12

The following data are available for the colpitts oscillator of Fig 8.9.

 C 1 = 1 nF C 2 = 99 nF L = 1.5 mH
 LRFC  = 0.5 mH CC = 10 µF 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  LRFC  acts as an open circuit and  CC  acts as short circuit. Hence they 
do not appear in any of the calculations.

(a)  f = 
1

2 eqLCπ
 

  Ceq = 1 2

1 2

C C
C C+

  =  
( )( )1 nF 99 nF
1 nF + 99 nF

 = 0.99 nF 

    f = 
( )( )

1
2 1.5 mH 0.99 n Fπ

 = 130.6 kHz 

(b) Condition for sustained oscillation is

  hfe  ≥ 2

1

C
C  

  hfe = 110 
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  2

1

C
C  = 

99 nF
1 nF

 = 99 

 Note that hfe > 2

1

C
C

 

The condition for oscillation is satisfied.

Example 8.13

In a transistor colpitts oscillator C1 = 1 nF and C2 = 100 nF. Find the value of  L for a frequency 
of 100 kHz.

Solution 

  f = 
1

2 eqLCπ
 

  L = [ ]2

1
2 eqf Cπ

 

  Ceq = 1 2

1 2

C C
C C+  = 

( )( )1 nF 100 nF
1 nF 100 nF+

 = 0.99 nF 

  L = 
[ ] [ ]2

1
2 100 kHz 0.99 nF×π

 = 2.55 mH 

Example 8.14

In a transistor colpitts oscillator L = 1 mH, hfe = 150. Find the values of C1 and C2 required for a 
frequency of oscillation of 120 kHz.

Solution

  f = 
1

2 eqLCπ
 

 	 Ceq = 
[ ]2

1
2 f Lπ

 = 
[ ] [ ]2

1
2 120 kHz 1 mH×π

 = 1.75 nF 

  Ceq = 1 2

1 2

C C
C C+

  (A)

The condition for sustained oscillation is 

   hfe ≥	
2

1

C
C

	

  150 ≥	 2

1

C
C

	

	 or C2 ≤ 150 C1 
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 Let C2 = 100 C1   (B)

Using this relation in Equation (A) we have

  Ceq = 
2

1

1

100
101

C
C

 

  C1 = 
101
100

 Ceq = ( )101 1.75 nF
100
 
  

 

  C1 = 1.7675 nF 

From Equation (B)
   C2 = (100) (1.7675) 
  C2 = 176.75 nF 

Example 8.15

A colpitts oscillator uses a transistor with hfe = 120. Find the values of C1 , C2 and L for a 
frequency of oscillation of 150 kHz.

Solution 
Selection of C1 and C2 

The smaller capacitor  C1 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 C1 = 1000 pF = 1 nF

  hfe ≥	
2

1

C
C

	

  C2 ≤ hfe  C1  

  C2 ≤ 120  C1 

 Let C2 = 100  C1 

  C2 = (100) (1 nF) = 100 nF 

Calculation of L 

  f = 
1

2 eqLCπ
 

	 	 L = 
[ ]2

1
2 eqf Cπ

 

  Ceq = 1 2

1 2

C C
C C+

 = 
(1 nF)(100 nF)

101 nF   = 0.99 nF 

 Now L = 23 9

1

2   150  10 0.99 10−   × × ×   π
 = 1.137 mH 
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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.
 • Inductor L appears between points P (collector) and  Q .
 • Point  Q  is returned to ground via the input resistance  hie  of the CE stage. 

 • 
oe

1
h

 is treated as an open circuit assuming hoe  ≈	 0.

RFC acts as an open circuit and  CC  as short at the oscillator frequency.

hfe Ib

P

C

Q

hie

L

2 C1 Ib

Fig. A

Let us convert the current source in parallel with C2  into its equivalent voltage source. The 
resulting circuit is shown in Fig. B.

hie

L

IbV

C2

+_ C1

I

Fig. B

  V = – hfe Ib  
2

1
j C

 
 
 ω

 (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

  Ib = 1

1

1

1
ie

I
j C

h
j C

 
 
 

+

ω

ω

 

  Ib = 
11 ie

I
j C h+ ω

 (B)

 Let Z = 
1

1
j Cω

 || hie 

   = 1

1

1

1

ie

ie

h
j C

h
j C

 
 
 

+

ω

ω

 

  Z = 
11

ie

ie

h
j C h+ ω

  (C)

The simplified circuit is shown in Fig. C.

+_

LC2

V I Z

Fig. C

  I = 

2

1
V

j L Z
j C

+ +ω
ω

 = 2
2

2

1–
V
LC Z

j C
+

ω
ω

 

Substituting for V and Z we have

  I = 2
2

2

2 1

1–

1–
1

fe b

ie

ie

h I
j C

hLC
j C j C h

 
 
 

+
+

ω

ω
ω ω
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 I = 
[ ]

[ ]
1

2
2 1 2

– 1
1– 1

fe b ie

ie ie

h I j C h
LC j C h j C h

+

  + + 

ω

ω ω ω
  (D)

  Dr = 1 – w2	L C2 + j w C1 hie –  j w3	L C1 C2  hie  + j w C2  hie 

   = [ 1 – w2	L C2 ] + j hie [ w C1 + w C2 –  w3	L C1 C2 ] 

 Now, I = 
[ ]1

2 3
2 1 2 1 2

– 1
1– –

fe b ie

ie

h I j C h
LC j h C C LC C

+

   + +   

ω

ω ω ω ω
  (E)

Substituting this relation in equation (B) we have

  Ib = 
1

1
1 iej C h+
 
 
 ω

 
[ ]1

2 3
2 1 2 1 2

– 1
1– –

fe b ie

ie

h I j C h
LC j h C C LC C

 +
 

   + +     

ω

ω ω ω ω

  1 = 2 3
2 1 2 1 2[ –1] [ – ]

fe

ie

h
LC j h C C LC C− +ω ω ω ω

 (F)

Since LHS is real, the right hand side should also be real. This requires that

    hie [wC1 + wC2 – w3	LC1C2] = 0 (G)

Since  hie ≠ 0, we have 

 w C1 + w C2 – w3	L C1 C2 = 0 
	 w [	C1 + C2	]  = w3	L C1 C2  

  1 = w2		L 1 2

1 2

C C
C C+   (H)

 Let Ceq = 1 2

1 2

C C
C C+

 (I)

Using this relation in equation (H) we have 

  1 = w2		L Ceq 

 or w	 = 
1

eqLC
  (J)

 or f = 
1

2 eqLCπ
 (K)

Using Equation (G) in Equation (F) we have

  1 = 2
2 –1

feh
LCω

 

  hfe = w2	L C2 – 1 (L)
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From Equation (H)

  w2	L C2 = 1 2

1

C C
C
+

 = 1 + 2

1

C
C  

	 ∴	 w2	L C2 – 1 = 2

1

C
C  

Now Equation (L) becomes

	 	 hfe = 2

1

C
C

 

In practical oscillators, to ensure sustained oscillations the ratio 2

1

C
C

 is kept smaller than hfe

 ∴	  hfe ≥	
2

1

C
C 	 (M)

 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 R1 , R2 and RE are used to establish the desired operating point.

RFC

VCC

Vo

C
R1

R2

RE CE

Q

P
CC

L1

L2 CL

Tank circuit

Fig. 8.10 Transistor Hartley oscillator
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The feedback network consists of a tapped inductive voltage divider L1 and L2 in parallel with 
the capacitor C. The voltage across L1  is fed back to the amplifier input through the coupling 
capacitor CC .

  RF  choke is a large inductor. It serves two functions.
 • It acts as  a dc short to the power supply VCC  i.e., it allows the dc current to easily  pass  

 through.
	 •	 It 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 CL creates ac ground at the junction of L1 and L2 .
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:

•	 It provides electrical isolation between the oscillator output and the load.
•	 It provides impedance matching between the oscillator output and the load.

The frequency of oscillations is given by

  f = 
1

2 eqL Cπ
  (8.20)

 where Leq = L1 + L2 + 2 M  (8.21)

M is the mutual inductance between L1 and L2 .
The condition for sustained oscillation is 

  hfe ≥ 1

2

L M
L M

+
+  (8.22) 

Neglecting the mutual inductance, the condition for sustained oscillations is given by 

  hfe ≥ 1

2

L
L  (8.23 )

Example 8.17 

The following circuit parameter values are given for the Hartley oscillator of Fig. 8.10.

 L1 = 750 mH L2 = 750 mH M = 150 mH  
 LRFC = 0.5 mH C = 150 pF CL = 10 mF hfe = 50

(a)  Calculate the frequency of oscillations.
(b)  Check to make sure that the condition for oscillation is satisfied.

Solution

(a)  f = 
1

2 eqL Cπ
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  Leq = L1 + L2 + 2 M 
   = 750 mH  + 750 mH  + (2) (150 mH) = 1800 mH   

  f = 
( )

1
2 1800 H (150 pF)mπ

 = 306.29 kHz.

(b) Condition for sustained oscillation taking mutual inductance into account is 

  hfe ≥ 1

2

L M
L M

+
+

 

  hfe = 50 

  1

2

L M
L M

+
+

 = 
750 H 150 H
750 H 150 H

m + m
m + m

 = 1 

 Note that hfe > 1

2

L M
L M

+
+  

\ The condition for oscillation is satisfied.

Example 8.18 

In a transistor Hartley oscillator, L1 = 10 mH L2= 10 mF  Find the value of C required for an 
oscillating frequency of 150 kHz.
Solution

  f = 
1

2 eqL Cπ
  

  C = 
[ ]2

1
2 eqf Lπ

 

  Leq = L1 + L2 + 2 M 

Since M is not given we can take M = 0
  Leq = 10 mH + 10 mH = 20 m 

  C = 
[ ]

23

1

2 150 10 20 H π × × m 

 = 56.28 nF 

Example 8.19

In a transistor Hartley oscillator  C = 0.01 mF  and  hfe = 50. Find the values of  L1 and L2 required 
for a frequency of oscillation of 150 kHz.

Solution

  f = 
1

2 eqL Cπ
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  Leq = 
[ ]2

1
2 f Cπ

 

    = 23 6

1

2 150 10 0 01 10. −   × × ×   π
 = 112.5 m 

Neglecting mutual inductance 
  Leq = L1 + L2 

 \ L1 + L2 = 112.5 m 

Condition for oscillation to start is 

  hfe ≥ 1

2

L
L

 

  50 ≥ 1

2

L
L  

	 	 	 1

2

L
L

	 ≤	 50		

	 Let 1

2

L
L  = 10 

   L1 = 10 L2  (B)

Using this relation in Equation  we have 

  11 L2 = 112.5 m 

  L2 = 10.23 m  

 From Equation (B)

  L1 = 102.3 m  

Example 8.20

A Hartley oscillator uses a transistor with  hfe = 40 . Find the values of L1 , L2  and C  for a frequency 
of oscillations of 100 kHz.

Solution 
Selection of C
Select C Larger than parasitic and  stray capacitances

 Let C = 10 nF = 0.01 mF 

Calculation of L1 and L2

   Leq = 
[ ]2

1
2 f Cπ
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   = 23 6

1

2 100 10 0 01 10. −   × × ×   π
 = 253.3 mH 

Neglecting mutual inductance

   Leq = L1 + L2 

 \ L1 + L2 = 253.3 mH  

Condition for sustained oscillations is 

  hfe ≥ 1

2

L
L  

  40 ≥ 1

2

L
L  

 or 
1

2

L
L  ≤ 40 

 Let 1

2

L
L  = 10 

  L1 = 10 L2  (B)

Using this relation in Equation (A) we have 

  11 L2 = 253.3 mH 
  L2 = 23.02 mH 

From equation (B) 

   L1 = 10 L2 = (10) (23.02 mH 

  L1 = 230.2 m 

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:

	 •	 Capacitor C appears between points P (collector ) and Q .
	 •	 Point Q is returned to the ground via the input resistance hie of the CE stage.

	 •	  1

oeh
 is treated as  an open circuit and CL as short circuit at the oscillator frequency .

	 •	 Mutual Inductance between L1 and L2  is neglected.
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hfe Ib

P

L2 L1

C Q

hie

Fig. A

Let us convert the current source in parallel with L2 into its equivalent voltage source as shown 
in Fig. B.

+_ hie
IbL1

L2 C

V

I

Fig. B

  V = – hfe Ib  [  j w L2 ] (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.

Using current division rule in the circuit of Fig. B, we get

  Ib = 
1

1ie

I j L

h j L

  
+

ω

ω
 (B)

 Let Z =  jwL1  ||  hie 

  Z = 
[ ]1

1

ie

ie

j L h
h j L+

ω

ω
 (C)

The simplified circuit is shown in Fig. C.
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+_

L2 C

V I Z

Fig. C

  I = 
2

1
V

j L Z
j C

+ +ω
ω

 = 2
21

V
L C Z

j C
−

+
ω

ω

 

Substituting for V and Z we have 

  I = 
2

2
2 1

1

1
fe b

ie

ie

– h I j L

– L C j L h
j C h j L

  

+
+

ω

ω ω

ω ω

 

  I = 
[ ]

[ ]
2 1

2
2 1 11
fe b ie

ie ie

–h I j L h j L j C

– L C h j L j L h j C

     +     
     + +    

ω ω ω

ω ω ω ω
 (D)

  Dr = [ 1 – w2	L2 C ]  hie +  j w L1 [ 1 – w L2 C ] – w2 L1 C hie 

   =  hie [ 1 – w2 L2 C – w2 L1 C ] + j w L1 [ 1 – w L2 C ] (E)

Substituting this relation in Equation (D) we get

  I = 
2

2 1

2 2 2
2 1 1 21 1

fe b ie

ie

h I L C h j L

h L C – L C j L – L C

     +    
   − + ω   

ω ω

ω ω ω
 

Substituting this relation in equation (B) we  have

 Ib =   
2

2 11
2 2 2

1 2 1 1 21 1
fe b ie

ie ie

h I L C h j Lj L
h j L h L C – L C j L – L C

      +          +    − +         

ω ωω

ω ω ω ω ω
 

  1 = 
3

1 2
2 2 2

2 1 1 21 1
fe

ie

j h L L C

h L C – L C j L – L C   − +   

ω

ω ω ω ω
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Eliminating j from the numerator we have 

  1 = 
3

1 2
2 2 2

2 1 1 21 1
fe

ie

h L L C

– j h L C – L C L – L C   − +   

ω

ω ω ω ω
 (F)

Since the LHS is real, the RHS should also be real.
This requires that 

  hie [ 1w L2 C  w L1 C ] = 0  (G)

Since hie  ≠ 0, we have

 1w L2 C w L1 C = 0 

  w C [ L1 + L2 ] = 1  (H)

 Let Leq = L1 + L2 (I)

 Now w C Leq = 1 

 or w  
1

eqL C
 

 or f = 
1

2 eqL Cπ
 (J)

Condition for sustained oscillations
Substituting Equation (G) in Equation (F) we get

 or 1 = 
3

1 2
2

1 21–
feh L L C

L L C  

ω

ω ω
 (K)

From Equation (H)

  w2	L1	C + w2	L2	C = 1 

	 ⇒	 1 – w2	L2	C = w2	L1	C 

Using this relation in Equation (K) we get

 or  hfe  = 1

2

L
L  (L)

In practical oscillators, to ensure oscillations, the ratio 1

2

L
L  is kept smaller than hfe

 \	  hfe  1

2

L
L

  (M)
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 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.

 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:

	 •	 They are mechanically strong.
	 •	 They have good piezoelectric sensitivity.
	 •	 They are less expensive.

 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.

~

I

AC source
of variable
frequency ~

I
Mounted
piezoelectric
crystal

   AC
 source

R

L

C

(a) (b)

CM

Fig. 8.11 Mounted piezoelectric crystal and its electrical equivalent circuit



Oscillators  621

 L = Electrical equivalent inductance of crystal mass.
 C = Electrical equivalent capacitance of the crystal compliance.
 R = Electrical equivalent resistance of the crystal structure’s internal friction.
 CM = Capacitance due to mechanical mounting of the crystal.

For a 2 MHz crystal the typical values of these parameters are:

 R = 82   L = 0.52 H
 C = 0.0122 pF CM = 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 I  through the crystal 
as a function of the frequency of ac source. Figure 8.12(a) shows the frequency response of the 
mounted crystal.

(a) (b)

 Z  

f0

 I  

f0

Imax

Imin

fS fSfP fP

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  fS ,  the current through the 
crystal becomes maximum ( Imax ). This condition is called the series resonance and  fS 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.

 i.e.,	 w L = 
1
Cω

 

	 	 w2	 = 
1

LC  
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  w	 = 
1
LC

 

  f =  fS  = 
1

2 LCπ
 (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  fP  > fS , the current through the 

crystal becomes minimum ( Imin ). This condition is called parallel resonance and  fP is called the 
parallel resonant frequency. Parallel resonance occurs when the reactance of  L is equal to the sum 
of the reactances of  CM  and  C .

 i.e., w L = 
1 1

MC C
+

ω ω
 

  w 2	 = 
1 1 1

ML C C
 

+ 
 

 

 Taking 
1

pC
 = 

1 1

MC C
+  (8.25)

 or CP = M

M

C C
C C+  (8.26)

 We have,  w2	 = 
1

PLC

	 	 w	 = 
1

PLC

 or f  =  fp = 
1

2 PLCπ
 (8.27)

Since the current is minimum, the impedance of the crystal is maximum.
Variation of  | Z | versus frequency is shown in Fig. 8.12(b).

Also since CM  C , 
1

MC
   

1
C

From Equation (8.25) we get 

   

1

pC   ≈	
1
C
	 		 	 CP ≈	C

Now from Equation (8.27)

	   fp ≈			
1

2 LCπ
	=  fS (8.28)

Note that  fP  and  fS  are very close to each other.
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 8.14 crystal reactance
Figure 8.13 shows the variation of crystal reactance with frequency. Note that crystal exhibits 
inductive reactance only between fS and fP .

0 fS fP

Inductive
     (+ve)

X

Capacitive
        (–ve)

f

Fig. 8.13  Crystal reactance versus frequency

Since fS  is very close to fP  the crystal reactance is inductive only at fS  fP . 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.

 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. R1 , R2 and RE  are selected so as to establish the desired 
Q point. CE bypasses the emitter resistor RE . The coupling capacitor CC 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 VCC.

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 fS . Hence maximum feedback 
from collector to base occurs at this frequency. Thus oscillations are sustained at the series resonant 
frequency fS .

Once the oscillations are set up the frequency of oscillations is held stabilized at fS 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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R1

R2

RFC

RE CE

VCC

XTAL CC

Output

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  R1 ,  R2 ,  RE  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 C1 and C2 gives the tank circuit effect at this frequency. 
Thus oscillations are sustained at the parallel resonant frequency fP  . Series combination of C1 and 
C2 acts as a voltage divider for the output voltage. The voltage across C2 is fed to the emitter of 
the transistor. Note that the feedback voltage is maximum at the parallel resonant frequency of the 
crystal.

CB 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 fP 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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R1

R2

RFC

RE C2

C1

VCC

Output

CB

XTAL

Fig. 8.15 Transistor crystal oscillator operating in parallel resonant mode

 8.16 merits and demerits of crystal oscillator
The merits of crystal oscillator are:

 • The frequency stability of the crystal is very high. It is around one part in 106 i.e., 0.0001% per 
day. For example the frequency drift of a 1MHz crystal is 1Hz per day which is very neglible.

 • Crystal with frequency upto 10 MHz can be constructed with very high frequency 
stability.

 • 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.

 • Quartz crystals are readily available in nature. The crystal is very small in size, inexpensive 
and lighter in weight.

 • 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:

 • Crystals are very delicate and hence require careful handling.
 •  The thickness of the crystal is inversely proportional to the frequency. Hence higher 

frequency crystals are thinner in size and are mechanically weak.
 •  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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 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 = 0.334 H C = 0.065 pF
 CM  = 1 pF R = 5.5 kΩ

(a) Calculate the series resonant frequency.
(b) Calculate the parallel resonant frequency.
(c) By what percent does the parallel-resonant frequency exceed the series resonant frequency?
(d) Find the Q of the crystal.

Solution

(a) fS = 
1

2 LCπ
	

	 	 = 
–12

1
2 (0.334)(0.065 10 )×π

 = 1.08016 MHz

	 wS  = 2 π	fS = 6.7868 M rad /sec

(b)  fP = 
1

2 PLCπ
 

 CP = M

M

C C
C C+

 = 
(0.065 pF) (1 pF)
0.065 pF 1 pF+

 = 0.061 pF

 fP = 
–12

1
2 (0.334) (0.061 10 )×π

 = 1.1150 MHz

	 wP  = 2 π	fP = 7.005 M rad /sec

(c) % difference between fP and fS = 
–P S

S

f f
f × 100%

 = 
1.1150 –1.08016

1.08016
 × 100 % = 3.22 %

fP is more than fS by 3.22%
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(d) Q = S L
R

ω
 = 
( )( )

( )
6

3

6.7868 10 0.334

5.5 10

×

×
 = 412.14

Example 8.23

(a) Prove that the ratio of the parallel to series resonant frequencies is given approximately by  

1 +  
2 M

C
C

 .

(b) If C = 0.04 pF and CM = 2 pF , by what percent is the parallel-resonant frequency greater 
than the series resonant frequency ?

Solution 

(a) fS = 
1

2 LCπ

 fP = 
1

2 PLCπ

 P

S

f
f

 = 
p

C
C

 But  CP = M

M

C C
C C+

 

 Now P

S

f
f  = M

M

C CC
C C

+ 
 
 

×

 P

S

f
f  = 

1/ 2

1
M

C
C

 
+ 

 
 (A)

Since  
M

C
C

  1, we can write Equation (A) using binomial expansion as

 P

S

f
f

 ≈ 1 + 
2 M

C
C

 (B)

(b)  C = 0.04 pF CM = 2 pF

 P

S

f
f  = 1 + 

0.04 pF
2 2 pF×

 = 1.01

fP = 1.01 fS or fP is 101 % of fS

∴ fP is greater than fS by 1 %.
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Exercise Problems

 8.1 In a transistor RC phase shift oscillator R = 3.9 k and C = 0.01 mF. If RC = 4.7 k 
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. RC = 5 k 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 L1 = L2 = 10 mH, M = 50 mH and C = 0.01 mF. Calculate 

the frequency of oscillations.
 8.5 In a transistor Colpitt’s oscillator C1 = C2  = 0.01 mF, L = 20 mH. Calculate the frequency 

of oscillation.
 8.6 A Quartz crystal has the following data:
  L = 0.5 H R = 1 k C = 2 pF CM = 20 pF.
  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.

 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.

G G

D D

S 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.

G

D

S
VGSVGG

VDDVDS

ID

_
_

+
+

Fig. 9.2 Biasing arrangement for n-channel FET

In FET the drain current ID is controlled by the gate-source voltage VGS . The relationship 
between ID and VGS is defined by shockley’s equation given by

	 	 ID = IDSS 

 2

1 GS

p

V
V

 
- 

  
 (9.1)

When VGS = 0 and VDS  >  | Vp |,
	 	 ID = IDSS (9.2)

IDSS is the maximum drain current in the FET which occurs when VGS = 0 and VDS > | Vp |.

When  VGS = Vp

  ID = 0
Vp is called the pinch-off voltage
Vp is negative for n-channel FETs and positive for p channel FETs.

 9.3 transfer characteristics
Transfer characteristic is the plot of ID versus VGS . Figure 9.3 shows the transfer characteristics of 
FET. Transfer characteristics is defined by the shockley’s equation.

0
VGS

VP

IDSS

ID

Fig. 9.3 Transfer characteristics of FET
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Observe that ID has the maximum value of IDSS when VGS  = 0. It decreases for negatively 
increasing VGS and becoming zero at VGS = Vp . It should be noted that ID is a non linear function 
of VGS .

 9.4 drain characteristics
Figure 9.4 shows the drain characteristics of FET.

0

1
2
3

4
5
6
7
8

5 10 15 20 25

IDSS

ID (mA)

Ohmic
Region

Locus of pinch-off values

Saturation Region

VGS = 0 V

VGS = –1 V

VGS = –2 V

VDS  (V)
VGS = – 4 V = Vp

VGS = –3 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 
ID varies very little with VDS but changes significantly with VGS. 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 > VGS  >  Vp (9.3)

 and VDS > | Vp | (9.4)

 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.
	 •	 The impedance between gate and source terminals of an FET is very high. Typically it is 

in the order of 1000 MΩ. Hence FET can be represented by an open circuit between gate 
and source terminals.

	 •	 The drain current is controlled by the gate-source voltage.
 i.e., Id ∝	Vgs	
	 or Id = gm Vgs (9.5)
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gm is called the transconductance of FET. gm is alternatively represented by yfs . yfs stands for 
forward transfer admittance.

As per Equation (9.5), FET can be modelled as a voltage controlled current source,
 Id = gm Vgs , between drain and source terminals. 

	 •	 In the saturation region, Id changes slightly with Vds

 ie Id ∝ Vds

 or Id = 
1

dr
 
 
 

 Vds (9.6)

rd is the output impedance of FET.

  rd = 

1

Soy  (9.7)

yos is the output admittance.
As per Equation (9.6), FET can be modelled as a resistor  rd , connected between the drain and 

source terminals. Typically rd  lies in the range 20 kΩ	-	100 kΩ.
The lower case suffixes are used to imply that Id , Vgs , Vds , gm and rd 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.

rd VdsVgs

G

S

D

S
_

+

_

+

gmVgs

Fig. 9.5 Small signal ac model of FET

Example 9.1

An FET has yfs = 4 mS and yos = 33.33 mS
(a)  Find gm and rd 

(b)  Sketch the small-signal ac model of FET 

Solution

(a)  gm = yfs = 4 mS

  rd =  
1

Soy
 = 

1
33.33 Sm

  rd = 30 kΩ

(b) The small-signal ac model is shown below.
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VdsVgs

G

S

D

S
_

+

_

+

4 × 10–3 Vgs 30 kΩ

 9.6 Graphical deterMination of gm  
The transconductance gm is given by the slope of the transfer characteristics at the Q point.

  gm = 
 point

 D

GS Q

I
V
D
D

 (9.8)

Graphical determination of gm is illustrated in Fig. 9.6.

0
VGSVP

IDSS

ID

ID1

ID2

VGS1VGS2

Q

∆VGS

∆ ID

Fig. 9.6 Graphical determination of gm

From Fig. 9.6  we have
	 	 D	ID = ID2

 –  ID1

	 	 D	VGS = VGS2  
–  VGS1

 Now gm = 2 1

2 1

D D

GS GS

I I
V V

-

-
 (9.9)

 9.7 MatheMatical expression for gm

gm is given by the slope of the transfer characteristics at the Q point. But slope of transfer 
characteristics is given by the derivative of ID with respect to VGS at the Q point.
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 \	 gm = 
 point

 D

GS Q

d I
dV

-

 (9.10)

 But ID = IDSS 
 2

1 GS

p

V
V

 
- 

  

 Now gm = 2 IDSS  

11 GS

p p

V
V V

   -
-   

      
 (9.11)

In Equation (9.11), GS

p

V
V

 is positive, for both n-channel and p-channel FETs. To get positive 

value for gm , let us omit negative sign and write | Vp | instead of Vp .

 Hence gm = 
2  1
| |

DSS GS

p p

I V
V V

 
- 

  
 (9.12)

When VGS = 0,

  gm = 
 

2
 

DSS

p

I
V

Note that this is the highest possible value of gm.

 Let gmo
 = 

 

2
 

DSS

p

I
V

 (9.13)

Using Equation (9.13) in Equation (9.12) we have

  gm = gmo 1 GS

p

V
V

 
- 

  
 (9.14)

Observe from Equation (9.14) that, gm decreases from gmo
 to 0 when VGS is increased negatively 

from 0 to Vp .
From Equation (9.14) we have

  gm = om

p

g
V

 
- 
  

 VGS + gmo
 (9.15)

Equation (9.15) represents a straight line in VGS – gm plane with slope om

p

g
V

-  and intercept gmo. 
The plot of gm versus VGS is shown in Fig. 9.7.
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0 VGS
VP

gm

gmo

Fig. 9.7 Plot of gm versus VGS

Example 9.2

Explain the graphical determination of rd. 

Solution
The output impedance is defined as the slope of the horizontal portion of the drain characteristics 
at the Q point.

	 	 rd =	
 = const

 
GS

DS

D V

V
I

D
D

The calculation of rd is illustrated in the following figure.

0

ID (mA)

VGS = 0

VGS = –1V

VGS = –2V

VDS (V)

IDS2
IDS1

VDS1 VDS2
VDSQ

Q

  rd = 2 1

2 1  1V

 
GS

DS DS

DS DS V

V V
I I

=-

-

-
 

Typically rd is in the range of 20 kΩ – 100 kΩ.	Under the ideal situation, the curve is perfectly 
horizontal. As a result, D	ID = 0 and hence rd = .
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 9.8 relation Between id and gm

From Shockley’s equation we have

  ID = IDSS 
 2

1 GS

p

V
V

 
- 

  
 

       \	 D

DSS

I
I

 = 

 2

1 GS

p

V
V

 
- 

  
 

	 ⇒ 1 GS

p

V
V

 
- 

  
 = D

DSS

I
I

 (9.16)

	 But gm = gmo 1 GS

p

V
V

 
- 

  

 \	 gm = gmo 
D

DSS

I
I  (9.17)

Observe from Equation (9.17)  that, gm varies as the square root of ID.

 9.9 Jfet coMMon-source aMplifer usinG fixed Bias

 confiGuration
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.

G
D

S

C1

C2

VDD

RD

RG

VGG

Vi

Zi Zo

Vo

_

+

_

+

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 RG is almost zero. Thus a constant 
bias voltage –VGG is applied between the gate and source terminals. Hence the name fixed bias 
configuration.

The input coupling capacitor isolates the dc supply –VGG and the ac input signal Vi. The output 
coupling capacitor isolates the dc supply VDD and the load. They are properly selected so as to 
represent short-circuits at the lowest frequency of operation.

AC Equivalent Circuit
The ac equivalent circuit is obtained by short circuiting the capacitors Cl and C2 and reducing the 
dc sources VDD and – VGG to zero, as shown in Fig. 9.9.

G

D

SRGVi

Zi Zo

Vo

_

+

_

+ RD

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.

Vgs
Vgs

_

+

_

+

_

+

Vi RG

Zi

gm
rd RD Vo

G D

S

Zo

Fig. 9.10 Ac equivalent using small-signal ac model of JFET

Input Impedance (Zi )
Observe in Fig. 9.10 that, there is an open circuit between the gate and source terminals. Hence 
the input impedance is nothing but RG.

 ie Zi = RG  (9.18)
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Output Impedance (Zo )
To find the output impedance we have to set Vi to zero. Note that Vi = Vgs. Hence, with Vi = 0,  
gm Vgs = 0. Thus the current source gm Vgs is represented by an open circuit as shown in Fig. 9.11.

rd RD

D

S

Zo

Current
source
open
circuited

Fig. 9.11 Circuit to find Zo

From the circuit of Fig. 9.11, the output impedance Zo is given by

  Zo = rd || RD
 (9.19) 

Voltage Gain ( AV )

  AV = o

i

V
V

 (9.20)

From Fig. 9.10,

  Vi = Vgs (9.21)

The output circuit of Fig. 9.10 is redrawn in Fig. 9.12 for convenience.

Vgs

_

+

gm rd RD Vo

D

I2I1

Fig. 9.12 Output ac equivalent Circuit

Appling KCL at the node D we have

  gm Vgs + I1 + I2 = 0

  I1 = o

d

V
r

 and I2 = o

D

V
R
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Using these relations in the above equation, we get

  gm Vgs + o

d

V
r

 + o

D

V
R

 = 0

  gm Vgs = – Vo 
1 1

d Dr R
 

+ 
 

  gm Vgs = – Vo 
d D

d D

r R
r R

 +
 
 

  Vo = – gm Vgs 
d D

d D

r R
r R
 
 + 

 or Vo = – gm Vgs [rd || RD] (9.22)

Using Equations (9.21) and (9.22) in Equation (9.20),  we have

  AV = 
[ ]||m gs d D

gs

g V r R
V

-

  AV = – gm [ rd || RD ] (9.23)

The negative sign in Equation (9.23) reveals that, Vi and Vo are 180° out of phase.
Note that common-source configuration is an inverting amplifier.

for rd ≥	10 rd

When rd =	10 RD 

  rd || RD = 0.909 RD

Hence when rd ≥	10 RD , we can take
  rd || RD ≈	 RD

From Equation (9.19)
  Zo ≈	 RD (9.24)

From eqution (9.23)
  AV	 ≈	 –	gm RD (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 [Zi ≈	RG ]
· Medium high output impedance [Zo ≈	RD ]
· Medium voltage gain [AV  ≈  – gm RD ]
· 180° phase difference between input and output voltages.
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Example 9.3

For the FET amplifer shown below:
(a) Calculate Zi and Zo
(b) Calculate AV
(c) Calculate Zi, Zo and AV, neglecting the effect of rd and compare the results.

Vi

Zi Zo

Vo
10 µF

10 µF

20 V

4 kΩ

1.5 ΜΩ

2 V

IDSS ��= 15 mA

   VP = – 6 V

   yos = 25 µS

Solution
First we have to find gm and rd

  gm = gmo
 1  QGS

p

V

V
 

- 
  

  gmo
 = 

 

2
 

DSS

p

I
V

 = 
( )2 15 mA

6V  = 5 mS.

  VGSQ = – VGG = – 2 V

  gm = 5 mS  2V1
 6V

 -
- - 

 = 3.33 mS

  rd = 

1

Soy  = 

1
25 Sm = 40 kΩ.

(a)  Zi = RG = 1.5 MΩ

	 	 Zo = rd || RD = 40 kΩ	||	4	kΩ	= 3.63 kΩ.

(b)  AV = – gm [rd || RD] = – [3.33 mS] [3.63 kΩ] = – 12.08

(c)  rd = 40 kΩ	 and 10 RD = 40 kΩ.

Since rd = 10 RD , we can ignore the effect of rd . Neglecting rd  we have:

  Zi = RG = 1.5 MΩ
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	 	 Zo	 ≈	 RD = 4 kΩ
	 	 AV ≈	 – gm RD = – [3.33 mS] [4 kΩ]	=	– 13.32.

The results are compared in the following table

Parameter With rd With out rd

Zi 1.5 MW 1.5 MW
AV – 12.08 – 13.32
Zo 3.63 kW 4 kW

Observe that the results closely agree since rd = 10 RD .

 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 VDD to establish the desired operating point. The dc voltage across RS 
will serve as the biasing voltage between gate and source terminals.

 ∴	 VGSQ = – IDQ RS

The functions of C1 and C2 have already been explained in section 9.9. CS is the source bypass 
capacitor. For ac operation it creates a short circuit across RS , thus preventing ac negative feedback 
through RS . Without CS , the negative feedback through RS reduces the voltage gain. Also CS 
allows the dc bias current IDQ through RS , by acting as an open circuit.

G

D

S

C1

C2

VDD

RD

RG
Vi

Zi Zo

Vo

_

+

_

+

RS CS

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 C1, C2 and 
CS and reducing VDD to zero.

G

D

SRGVi

Zi Zo

Vo

_

+

_

+ RDrd

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.

Vgs
Vgs

_

+

_

+

_

+

Vi RG

Zi

gm
rd RD Vo

G D

S

Zo

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 rd is considered. 
  Zi = RG (9.26)
  Zo = rd || RD (9.27)
  AV = – gm [rd || RD ] (9.28)

for rd ≥	10 rd

  
Zo ≈	 RD (9.29)

  AV ≈	 – gm RD (9.30)
The negative sign in the expression for AV reveals that Vi and Vo are 180°	out of phase.
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Example 9.4

For the JFET amplifier shown below:
(a) Calculate Zi and Zo
(b) Calculage AV
(c) Find Vo if Vi = 10 mV(p – p)
(d) Find Zi, Zo, AV and Vo neglecting the effect of rd.

Vi

Zi Zo

Vo
4.7 µF

4.7 µF

18 V

3.3 kΩ

5 MΩ

IDSS = 8 mA

IDQ = 2.5 mA

VP = – 5 V

yos = 20 µS1 kΩ
47 µF

Solution
Let us find gm and rd using the given data

  gm = gmo
 1  QGS

p

V

V
 

- 
  

  gmo
 = 

 

2
 

DSS

p

I
V

 = 
( )2 8 mA
5V  = 3.2 mS

  VGSQ
 = – IDQ RS = – (2.5 mA) (1 kΩ)	=	– 2.5 V

 Now gm = 3.2 mS  
2.5 V1
5 V

 -
- - 

 = 1.6 mS

  rd = 
1

Soy  = 
1

20 Sm  = 50 kΩ

(a)  Zi = RG = 5 MΩ

	 	 Zo = rd || RD 

   = 50 kΩ	||	3.3	kΩ	= 3.09 kΩ
(b)  AV = – gm [rd || RD]  = – (1.6 mS) (3.09 kΩ) = – 4.944



644   Analog Electronic Circuits

(c)  Vo = AV Vi = (– 4.944) (10 mV) = – 49.44 mV(p – p)

(d)  rd = 50 kΩ	 and 10	RD = 33 kΩ

Since rd > 10 RD we can neglect rd . With rd  neglected, we get the following results.

  Zi = RG = 5 MΩ

  Zo = RD = 3.3 kΩ

  AV = – gm RD = – (1.6 mS) (3.3 kΩ) = – 5.28

  Vo = (– 5.28) (10 mV) = – 52.8 mV(p – p)

Example 9.5

For the JFET amplifier shown below:
(a) Calculate Zi and Zo
(b) Calculate AV
(c) Calculate Vo if Vi = 50 mV (rms)
(d) Calculate Zi

 , Zo
 , AV  and Vo

 , neglecting rd

Vi

Zi Zo

Vo
2.2 µF

2.2 µF

20 V

2 kΩ

2 MΩ

IDSS = 5 mA

VP = – 6 V

 yos = 40 µS

  
gm = gmo

  
1  QGS

p

V

V
 

- 
  

  VGSQ
 = IDQ

 RS

 Since RS = 0, VGSQ
 = 0

 \	 gm = gmo 

   =  
 

2
 

DSS

p

I
V

 = 
( )( )2 5mA

6V
 = 1.67 mS
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  rd = 
1

Soy
 = 1

40 Sm
 = 25 kΩ

(a)  Zi = RG = 2 MΩ

	 	 Zo	 =	 rd || RD = 25 kΩ	||	2	kΩ	=	1.85	kΩ

(b)  AV = – gm [ rd || RD ] = – [1.67 mS] [1.85 kΩ]	=	– 3.08

(c)  Vo = AV Vi = ( – 3.08) (50 mV) = – 154 mV (rms)

(d)  rd = 25 kΩ and 10 RD = 20  kΩ

Since rd > 10 RD , we can neglect rd  .

Results with rd  neglected
  Zi = RG = 2 MΩ

  Zo = RD = 2 kΩ

  AV = – gm RD = – [1.67 mS] [2 kW] = – 3.34
  Vo = AVi  = (– 3.34) (50 mV) = – 167 mV (rms)

 9.11 Jfet coMMon-source aMplifier with unBypassed rs

Figure 9.15 shows the circuit of JFET common-source amplifier with unbypassed RS. Since CS is 
not present, ac feedback occurs through RS . Note that the feedback voltage across RS is in series 
with Vi and the feedback is negative.

G

D

S

C1

C2

VDD

RD

RG
Vi

Zi Zo

Vo

_

+

_

+

RS

Fig. 9.15 JFET Common-source amplifier with unbypassed Rs

The ac equivalent circuit using the small signal ac model of JFET is drawn in Fig. 9.16
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Vgs

_

+

_

+

_

+

Vi
RG

Zi

rd

RD Vo

G D

S

Zo

RS

X

I ′

ID

ID

gmVgs

Fig. 9.16 Ac equivalent of the amplifier of Fig. 9.15

Input Impedance ( zi )
From the input circuit of Fig. 9.16, we have
  Zi = RG (9.31)

Voltage Gain ( AV  )

  AV = o

i

V
V  (9.32)

  Vo = – ID RD (9.33)

To find ID let us apply KCL at node X.
  ID = I¢ + gm

  Vgs (9.34)

Writing KVL to the path consisting of RD, rd and RS we get

  – ID RD – I¢ rd – ID RS = 0

  I¢ rd = – ID [  RD + RS  ]

  I¢ = – ID D S

d

R R
r

 +
 
 

 (9.35)

Using Equation (9.35) in Equation (9.34) we get

  ID = – ID D S

d

R R
r

 +
 
 

 + gm Vgs (9.36)

To find Vgs let us apply kVL to the path consisting of Vi , Vgs and RS we get

  Vi – Vgs – ID RS = 0

  Vgs = Vi – ID RS (9.37)
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Using this relation is Equation (9.36) we get

  ID = – ID D S

d

R R
r

 +
 
 

 + gm [Vi – ID RS]

  ID 1 D S
m S

d

R R g R
r

 +
+ + 

 
 = gmVi

  ID = 
1

m i

D S
m S

d

g V
R Rg R

r
+

+ +
 (9.38)

Substituting Equation (9.38) in Equation (9.33) we get

  Vo = 
1

m D i

D S
m S

d

g R V
R Rg R

r

-
+

+ +

 Now AV  = o

i

V
V

 =  
1

m D

D S
m S

d

g R
R Rg R

r

-
+

+ +
 (9.39)

The negative sign in Equation (9.39) reveals that Vi and Vo differ in phase by 180°

Effect of Unbypassed RS on Voltage Gain
If RS is bypassed by CS , it gets short circuited for ac operation. Therefore, substituting RS = 0 in 
Equation (9.39),

 we get	 AV = – 
1

m D

D

d

g R
R
r

+

   = – gm D d

D d

R r
R r
 
 + 

   = – gm [rd || RD]

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 RS results in the 

drastic reduction of voltage gain.

Expression for AV  neglecting the Effect of rd

Consider Equation (9.39)

 If rd  10 (RD + RS)

 or D S

d

R R
r

 +
 
 

  0.1

  1 + gm RS + D S

d

R R
r

 +
 
 

 ≈	1+ gm RS
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 Now AV ≈ – 
1

m D

m S

g R
g R+

 (9.40)

Output Impedance (Zo )
To develope the expression for Zo we apply the following steps to the circuit of Fig. 9.16.

	 • The input voltage Vi is set to zero. As a result RG gets short circuited.
	 •	 A	voltage source Vo is connected between the output terminals.

The resulting circuit is shown in Fig. 9.17.

Vgs

_

+
_

+

Vi = 0

rd

RD Vo

G D

S

Zo

RS

I′
Id

Id + Io Io

~

Io

gmVgs

Fig. 9.17 Circuit to find Zo

From Fig. 9.17, the output impedance is given by

  Zo = o

o

V
I  (9.41)

 But Vo = – Id RD

using this relation in Equation (9.41) we get

  Zo = – D d

o

I R
I

 (9.42)

To express ID in terms of Io , let us apply KCL at the node D. We get

  Io + Id – I¢ – gm Vgs = 0 (9.43)

Let us find I¢ and Vgs in terms of Id and Io . Applying KVL to the path consisting of RD , rd and 
RS we have
  – Id RD – I¢ rd – (Id + Io) RS = 0

  – I¢ rd = Id [RD + RS] + Io RS
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  I¢ = – Id 
D S

d

R R
r

 +
 
 

 – Io 
S

d

R
r

 
 
 

 (9.44)

Applying KVL to the path consisting of Vi , Vgs and RS we get

  – Vgs – RS [ Id + Io ] = 0

  Vgs = – Id RS – Io RS (9.45)

Substituting Equations (9.44) and (9.45) in Equation (9.43) we get

 Io + Id + Id  
D S

d

R R
r

 +
 
 

 + Io 
S

d

R
r

 
 
 

 + gm Rs Id + gm Io RS = 0

  Io 1 S
m S

d

R g R
r

 
+ + 

 
 =  – Id 1 D S

m S
d

R Rg R
r

 +
+ + 

 

  d

o

I
I  = – 

1

1

S
m S

d

D S
m S

d

Rg R
r

R Rg R
r

+ +

 +
+ + 

 

 (9.46)

Substituting this relation in Equation (9.42) we get

  Zo = 
1+

1

S
m S D

d

S D
m S

d d

Rg R R
r

R Rg R
r r

 
+ 

 
 
+ + + 

 

 (9.47)

Expression for Zo Neglecting the Effect of rd

Consider Equation (9.47)

 If rd ≥	 10	RD

 or D

d

R
r

 ≤ 0.1

then 1 + gm RS + S

d

R
r

 + D

d

R
r

 ≈	 1 + gm RS + S

d

R
r

Substituting this relation in Equation (9.47) we get

  Zo ≈	 RD (9.48)
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Effect of Unbypassed RS on Zo

Observe from Equation (9.48) that, if rd	 ≥	 10	RD , unbypassing of RS has no effect on Zo . If  
rd < 10 RD , Zo is only slightly affected as given in Equation (9.47).

Important Characteristics of Common-source Configuration with Unbypassed RS

Following are the important characteristics of common-source stage with unbypassed RS .
· 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 Zi and Zo

 .
(b) Calculate AV

 .
(c) Find Vo when Vi = 50 mV(p – p).
(d) Calculate Zi, Zo, AV and Vo neglecting the effect of rd  .
(e) Compare the results.

Vi

Zi Zo

Vo

_

+

_

+

18 V

3.3 kΩ

10 µF
10 µF

1 kΩ2 MΩ

IDSS = 8 mA

VP = – 6 V

IDSQ = 2.5 mA

yos = 25 µS

Solution

  gm = gmo
  

1
é ù
-ê ú

ê úë û

QGS

P

V
V

  
gmo

 = 
 

2
 

DSS

p

I
V
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   = ( )2 8mA
6V

 = 2.67 mS

  VGSQ
 = – IDQ

 RS 

   = – (2.5 mA) (1 kΩ) 

   = – 2.5 V

 Now gm = 2.67 mS 
 2.5V1
 6V

 -
- - 

 

   = 1.55 mS

  rd = 
1

Soy

   =  
1

25 Sm
 = 40 kΩ

(a)  Zi = RG = 2 MΩ

	 	 Zo = 
1+

1

S
m S D

d

S D
m S

d d

Rg R R
r

R Rg R
r r

 
+ 

 
 
+ + + 

 

   1 + gm RS + S

d

R
r = 1 + (1.55 mS) (1 kΩ)	+	 1k

40k
Ω
Ω
=	2.575

   1 + gm RS + S

d

R
r

 + D

d

R
r

 = 2.575 + 3.3k
40k

Ω
Ω

= 2.657

 Now Zo = 
( )( )2.575 3.3k

2.657
Ω

= 3.198 kΩ

(b)  AV =  
1

m D

D S
m S

d

g R
R Rg R

r

-
+

+ +
 

   = – ( )( )

( )( )

1.55mS 3.3k
3.3k 1k1 1.55mS 1k

40k

Ω
 Ω + Ω

+ Ω +  Ω 

 

   = – 1.924
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(c)  Vo = AV Vi 

   = (– 1.924) (50 mV) 
   = – 96.2 mV(p – p)

(d) To find Zi , Zo , AV and Vo neglecting the effect of rd .

  Zi = RG = 2 MΩ	 (Same as before)

  rd = 40 kΩ	 and 10	RD = 33 kΩ

Since  rd > 10 RD ,  we can use Equation (9.48) to calculate Zo .

  Zo = RD = 3.3 kΩ

In order to use Equation (9.40) to find AV , the required condition is

  rd ≥	 10 ( RD + RS  )

  10 (RD + RS) = 10 (3.3 kΩ	+	1kΩ)	=	43	kΩ

 But rd = 40 kΩ
Though the above condition is not satisfied, rd is nearly equal to 10 (RD + RS). Hence we can 

use Equation (9.40).

  Av = – 
1

m D

m S

g R
g R+

   = – ( )( )
( )( )

1.55mS 3.3k
1 1.55mS 1k

Ω
+ Ω

 = – 2

The results are tabulated in the following table

Parameter Considering the effect of rd Neglecting the effect of rd

Zi 2 MΩ 2 MΩ

Zo 3.198 kΩ 3.3 kΩ
AV – 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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G
D

S

C1

C2

VDD

RD

R2Vi

Zi Zo

Vo

_

+

_

+

RS
CS

R1

Fig. 9.18 JFET  common-source amplifier using voltage divider configuration

The ac equivalent circuit is drawn in Fig. 9.19 by reducing VDD to zero and short circuiting the 
capacitors C1, C2 and CS. Observe that, the top end of Rl goes to ground. As a result Rl and R2 will 
come in parallel between gate and the source.

G

D

SR1Vi

Zi Zo

Vo

_

+

_

+ RD

R2

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.

Vgs

_

+

_

+

_

+

Vi rd RD Vo

G D

S

ZoZi

R1 || R2
gmVgs

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, RG should be replaced by R1 || R2. Let us 
rewrite the results for reference.

When the effect of rd is included
From Equations (9.18), (9.19) and (9.23) we have

  Zi = R1 || R2 (9.49)
  Zo = rd || RD (9.50)
  AV = – gm [rd || RD] (9.51)

When the effect of rd is neglected [For rd   ≥ 10 RD ]
From Equations (9.24) and (9.25) we have

  Zo ≈ RD (9.52)

  AV ≈	 – gm RD (9.53)

  Zi = R1 || R2 (9.54)

 9.13 Jfet coMMon-source aMplifier usinG voltaGe 
divider confiGuration, with unBypassed rs

Figure 9.21 shows the circuit of JFET common-source amplifier using voltage divider configuration, 
with unbypassed RS. 

G
D

S

C1

C2

VDD

RD

R2Vi

Zi Zo

Vo

_

+

_

+

RS

R1

Fig. 9.21 JFET Voltage-divider configuration with unbypassed RS 

The ac equivalent circuit is drawn in Fig. 9.22 by reducing VDD to zero, short circuiting 
capacitors C1 and C2 and replacing JFET with its small signal ac model.
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Vgs

_

+

_

+

_

+

Vi

Zi

rd

RD Vo

G D

S

Zo

RS

I ′

Id

Id

R1║R2

gm Vgs

Fig. 9.22 Ac equivalent circuit of the JFET amplifier of Fig. 9.21

The ac equivalent circuit of Fig. 9.22 is exactly the same as that of JFET self bias configuration 
with unbypassed RS , 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 , RG should be replaced by R1 || R2 . Let us recall 
the results for reference.

When the effect of rd is included
From Equations (9.31), (9.39) and (9.47) we have

  Zi = R1 || R2 (9.55)

  
AV =

 
 
1

m D

D S
m S

d

g R
R Rg R

r

-
+

+ +  (9.56)

  Zo = 
1+

1

S
m S D

d

S D
m S

d d

Rg R R
r

R Rg R
r r

 
+ 

 
 
+ + + 

 

 (9.57)

When the effect of rd is neglected
Form Equations (9.40) and (9.48) we have

  AV = – 1
m D

m S

g R
g R+

 [ when rd ≥	10 [ RD + RS ] ] (9.58)

  Zo = RD         [ when rd ≥	10 RD
 ] (9.59)

  Zi = R1 || R2 (9.60)
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Example 9.7

For the JFET amplifier shown below:

(a) Calculate Zi and Zo

(b) Calculate AV

(c) Find Vo if Vi = 25 mV (rms)

Vi

Zi Zo

Vo

18 V

100 MΩ

10 MΩ
600 Ω 47 µF

2 kΩ
10 µF

IDSS = 12 mA

VP = – 3 V

yos = 10 µS

VGSQ = –1 V

Solution

  gm = gmo
 1
é ù
-ê ú

ê úë û

QGS

P

V
V

  gmo =  
 

2
 

DSS

p

I
V

   =  

( )2 12mA
3V   = 8 mS 

  gm = 8 mS  1V1
 3V

 -
- - 

  = 5.33 mS

  rd = 
1

Soy  = 
1

10 Sm
= 100 kΩ

(a)  Zi = R1 || R2 = 100 MΩ || 10 MΩ = 9.09 MΩ

	 	 Zo	 =	 rd || RD = 100 kΩ || 2 kΩ = 1.96 kΩ	

(b)  AV = – gm [rd || RD] 

   = – [5.33 mS] [1.96 kΩ]	=	– 10.44
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(c)  Vo = AV Vi 

   = [–10.44] [25 mV] = – 0.261 V (rms)

Example 9.8

Repeat example 9.7 with source bypass capacitor CS removed and compare the results.

Solution
5.33 mS

As calculated in example 9.7
100 k

m

d

g
r

= 
= Ω 

(a)  Zi = R1 || R2 = 9.09 kΩ
	 	 10 RD = 10 (2 kΩ)	=	20	kΩ	

	 Note that rd > 10 RD

 \ Zo = RD

  Zo = 2 kΩ
(b)  10 (RS + RD ) = 10 (600 Ω	+	2	kΩ)	=	26	kΩ
	 Note that rd > 10 (RS + RD)

 \	 AV = – 1
m D

m S

g R
g R+  

   = –  
(5.33mS)(2k )

1 (5.33 mS)(600 )
W

+ W
 

   = – 2.53

(c)  Vo = AV Vi  

   = (– 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 RS With unbypassed RS Remarks

Zi 9.09 kΩ 9.09 kΩ Not affected

Zo 1.96 kΩ 2 kΩ Slightly affected

AV – 10.44 – 2.53 Considerable reduction 
in voltage gain

Inference: Unbypassing of RS in common-source configuration results in considerable 
reduction in voltage gain.
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Example 9.9

Repeat example 9.8 taking rd = 20 kΩ	keeping all other data remain unchanged.

Solution

  gm = 5.33 mS [as given in example 9.9]

  rd = 20 kΩ

(a)  Zi = R1 || R2 = 9.09 kΩ

	 	 10 RD = (10) (2 kΩ) = 20 kΩ

The condition, rd ≥	10 RD is satisfied
 \	 Zo	 =	 RD = 2 kΩ

(b) 10 ( RS + RD  )  = 10 (600 Ω	+	2	kΩ)	=	26	kΩ

	 Note that, rd < 10 (RS + RD)

 \	
AV =

  
 
1

m D

D S
m S

d

g R
R Rg R

r

-
+

+ +

   = – 
( )( )

( )( )
5.33 mS 2k

2.6k1 5.33mS 600
20k

Ω
Ω

+ Ω +
Ω

 = – 2.46

 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.

G

D

S

C1

C2

VDD

RG
Vi

Zi Zo

Vo

_

+

_

+

RS

Fig. 9.23 JFET source-follower configuration
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The ac equivalent circuit is drawn in Fig. 9.24, by reducing VDD to zero and replacing C1 and 
C2 by their short circuit equivalents.

G

D

S

RGVi

Zi Zo

Vo

_

+

_

+

RS

Fig. 9.24 AC equivalent Circuit of JFET source-follower of Fig. 9.23

Observe from Fig. 9.24 that, the ac input signal Vi  , is applied between gate and ground (drain) 
and the ac output signal Vo , 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 Vo ≈	Vi. 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.

Vgs

_

+

_

+

_

+

Vi

Zi

rd

Vo

G D

S

Zo

RS

RG

gmVgs

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.

	 • The current gm Vgs flows from drain to source. 
	 •	 Both rd and RS appear between source and drain terminals.
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Vgs

_

+
_+

_

+

Vi rd
RS Vo

G

D

S

Zo

RG

I2I1

Zi

gmVgs

Fig. 9.26 Ac equivalent circuit of Fig. 9.25 redrawn

Input Impedance [Zi ]
From the input circuit of Fig. 9.26, we have
  Zi = RG (9.61)

Voltage Gain [AV ]
Applying KCL at the source node of Fig. 9.26 we have 

  gm Vgs = o

d

V
r

 + o

S

V
R

  gm Vgs = Vo 
1 1

d Sr R
 

+ 
 

  gm Vgs = Vo 
S d

S d

R r
R r

 +
 
 

  Vo = gm Vgs 
S d

S d

R r
R r
 
 + 

 or Vo = gm Vgs [rd || RS] (9.62)

Applying KVL to the path consisting of Vi , Vgs and Vo we get

  Vi – Vgs – Vo = 0 (9.63)

 or Vgs = Vi – Vo (9.64)

Using this relation in Equation (9.62) we get

  Vo = gm [Vi – Vo] [rd || RS]

  Vo = gm Vi [rd || RS] – gm Vo [rd || RS]

Vo [ ] 1 +  [  || ]m d Sg r R  = gm Vi [ rd || RS ]
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Now the voltage gain is

  AV = o

i

V
V

 = 
[ || ]

1 [ || ]
m d S

m d S

g r R
g r R+  (9.65)

Positive sign for AV reveals that, Vo and Vi  are in phase. Note that source-follower configuration 
is a non inverting amplifier.

Output Impedance [Zo ]
To find the output impedance, we apply the following steps to the circuit of Fig. 9.26:

	 •	 The input voltage Vi is set to zero. As a result RG gets short Circuited
	 •	 A voltage source Vo is connected between the output terminals.

The resulting circuit is shown in Fig. 9.27.

Vgs
_+

Vi = 0
rd

RS

G

D

S

Zo

I2I1

Io

_

+
Vo~gmVgs

Fig. 9.27 Circuit to Find Zo

From Fig. 9.27, the output impedance is given by

  Zo = o

o

V
I

 (9.66)

Applying KCL at the node S, we have

  Io + gm Vgs – I1 – I2 = 0 (9.67)

  I1 = o

d

V
r  and I2 = o

S

V
R

Using these relations in Equation (9.67) we get

  Io + gm Vgs – o

d

V
r

– o

S

V
R

 = 0 (9.68)

Let us eliminate Vgs by applying KVL to the path consisting of Vi , Vgs and Vo . We get

  Vi – Vgs – Vo = 0
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Since Vi = 0, we have
  Vgs = – Vo (9.69)

Using this relation in Equation (9.68) we get

  Io – gm Vo – o

d

V
r

 – o

S

V
R

 = 0

  Io = Vo 
1 1

m
d S

g
r R

 
+ + 

 

 Now Zo = o

o

V
I

 = 
1
1 1

m
d S

g
r R

+ +
 (9.70)

 or Zo = 
1

1 1 1
1 d S

m

r R
g

+ +
 
 
 

 (9.71)

In Equation (9.71), Zo can be interpreted as the parallel combination of 
1

mg  , rd and RS . 

 \	 Zo	 =	
1

mg
||	rd || RS  (9.72)

expression for av neglecting the effect of rd 
For rd  10 RS

  
rd || RS ≈	 RS

From Equation (9.65) we get

  AV = o

i

V
V  ≈	

1
m S

m S

g R
g R+

	 (9.73)

Further, if gm RS  1, then from Equation (9.73) we get

  AV ≈	 m S

m S

g R
g R

	=	1

Note that the voltage gain under this condition is unity which justifies the name source-
follower.

expression for Zo neglecting the effect of rd

For rd  10 RS

  rd || RS ≈	 RS

Using this condition in Equation (9.72) we get

  Zo ≈	
1

mg
||	RS (9.74)
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Usually gm RS  1 or 
1

mg
  RS

 As a result  Zo  ≈	
1

mg
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
· Relatively low output impedance
· Input and output voltages are in phase.

Example 9.10

For the JFET common drain configuration shown below:
 (a) Calculate Zi and Zo
 (b) Calculate AV
 (c) Find Vo if Vi = 20 mV(p – p)
 (d) Find Zi, Zo, AV and Vo neglecting the effect of rd .

Vi
Vo

IDSS = 10 mA

VP = – 5 V

rd = 40 kΩ

VGSQ = – 2.85 V

+
+

– –

Zi Zo

0.1 µF
0.1 µF

2.2 kΩ2 MΩ

20 V

Solution

  gm = gmo
 1
é ù
-ê ú

ê úë û

QGS

P

V
V

  gmo =  
 

2
 

DSS

p

I
V = 

( )2 10 mA
5V

 = 4 mS

  gm = 4 mS 
2.85V1 

5V
 -

- - 
 = 1.72 mS
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(a)  Zi = RG = 2 MΩ

	 	 Zo	 =	
1

mg
	|| rd || RS

  

1

mg  = 
1

1.72 mS = 581.39 Ω

	 	 Zo	 =	 581.39Ω	||	40	kΩ	||	2.2	kΩ	=	454.63Ω	

(b)  AV = 
[ ]
[ ]

||
1 ||

m d S

m d S

g r R
g r R+

   = [ ][ ]
[ ][ ]

1.72mS 40k || 2.2k
1 1.72mS 40k ||2.2k

Ω Ω
+ Ω Ω

 = 0.7818

(c)  Vo = AV Vi = [0.7818] [20 mV] = 15.636 mV(p – p)

(d)  rd = 40 kΩ	 and	 10 RS = 22 kΩ

Since rd > 10 RS , we can neglect the effect of rd .

  Zi = 2 MΩ

	 	 Zo = 
1

mg  || RS = 581.39 Ω	||	2.2	kΩ	=	459.86	Ω

	 	 AV = 1
m S

m S

g R
g R+  = 

( )( )
( )( )

1.72mS 2.2k
1+ 1.72mS 2.2k

Ω
Ω

 = 0.79

  Vo = AV Vi = (0.79) (20 mV) = 15.8 mV(p – p)

Example 9.11

For the source-follower with the drain circuit resistor RD shown below, derive the expressions for 
Zi , AV and Zo .

Vi
Vo

+
+

– –

Zi Zo

C1
C2

RG RS

RD

VDD
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Solution
In the ac equivalent circuit, RD comes between drain and ground. The ac equivalent circuit is 
drawn in Fig (A), using the circuit of Fig. 9.25.

Vi

+ +

+

–

–

–

Zi Zo

RG

RD

VoRs

G D

rdgmVgsVgs

S

Fig. (A)

A part of the output circuit is shown in Fig. (B).

rd

gm rd V gs

gm Vgs

RD RD

D

SS

≡ ≡

+
–

rd

(B) (C)

rd RD

gm rd

S

(D)

+rd RD+
Vgs

The current source gm Vgs in parallel with rd 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).

 Let g′m = m d

d D

g r
r R+

 (A)

 and rd′	 =	 rd + RD (B)
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The ac equivalent circuit is redrawn in Fig. (E)  after substituting the circuit of Fig (D) in  
Fig. (A). 

Vi

+ +

+

–

–

–

Zi Zo

RG

VoRs

G

r′dg′mVgsVgs

S

(E)

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.
  Zi = RG (C)

  AV = o

i

V
V

 = 
[ ]
[ ]

' ' ||
1 ' ' ||

m d S

m d S

g r R
g r R+  (D)

  Zo = 
1
'mg  || r′d  || RS  (E)

Example 9.12

The following data are available for the circuit of example 9.11:

 VDD = 20 V RD = 3.3 kΩ RG = 12 MΩ
 RS = 3.3 kΩ	 IDSS = 6 mA Vp = – 6 V
 rd = 30 kΩ	 VGSQ  =  – 3.8 V

Calculate the values of Zi , AV and Zo .
Solution

          Zi = RG = 12 MΩ 
  rd′	 =	 rd + RD = 30 kΩ	+	3.3	kΩ	=	33.3	kΩ

	 	 g′m = 
m d

d D

g r
r R+

  gm = gmo 
1  QGS

p

V

V
 

- 
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  gm = 

2 
| |

DSS

P

I
V  = 

2 (6 mA)
6 V  = 2 mS

  gmo = 2 mS  3.8V1
 6V

 -
- - 

 =	0.733	mS

 Now g′m = 
[ ][ ]
[ ]
0.733mS 30k
30k 3.3k

Ω
Ω+ Ω  = 0.66 mS

  AV = 
[ ]
[ ]

' ' ||
1 ' ' ||

m d S

m d S

g r R
g r R+

   = 
[ ]
[ ]

0.66mS 33.3k || 3.3k
1 0.66mS 33.3k || 3.3k

Ω Ω
+ Ω Ω

 

   = 0.66

  Zo = 
1
'mg

 || rd′	||	RS

  

1
'mg  =  

1
0.66mS  = 1.515 kΩ

	 \	 Zo = 1.515 kΩ	||	33.3	kΩ	||	3.3	kΩ	
	 	 	 =	 1	kΩ

 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.

Vo

+

–

Vi

+

–

Zi ZoZ′i

RS

RD

C2C1

VDD

D

G

S

Fig. 9.28 JFET common-gate configuration
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C1

Vi

Vo

C2

RS

RD

VDD

D

G

S

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 C1 and C2 with their 
short circuit equivalents and reducing VDD to zero.

Vo

+

–

Vi

+

–

Zi ZoZ′i

RS RD

D

G

S

Fig. 9.30 Ac equivalent circuit of common-gate configuration

Observe form Fig. 9.30 that, the gate terminal is common for measuring both Vo and Vi . 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.
· RS appears between source and gate. As a result, the open circuit condition between gate  

 and source has been obviously lost.
· RD appears between drain and gate.
· The current source gm Vgs and the FET output resistance rd , will both appear between the  

 drain and source terminals. The direction of gm Vgs is from drain to source, as usual.
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Vo

+

–

Vi

+

+

–

–

Zi ZoZ′i

RS

rd

RD

D

G

S

gmVgs
Vgs

Fig. 9.31 AC equivalent circuit using JFET small signal model

Input Impedance [ Zi  ]
Form Fig. 9.31, the input impedance, Zi is given by the parallel combination of RS and Z¢i .
 i.e., Zi = RS || Z¢i (9.75)
where Z¢i	is the impedance seen looking into source and gate terminals, excluding RS .

To find Z     ′i
The circuit between source and gate of Fig. 9.31 omitting RS is redrawn in the convenient form in 
Fig. 9.32, to find Z¢i .

V I1

I

I

+

+

–

–

Z'i

G

RD

SI

S

gmVgs
Vgs

D

rd

Fig. 9.32 Circuit to find Zi′

Form Fig. 9.32, we find that

  Zi′	 = 
V
I

 (9.76)
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 Also V = – Vgs (9.77)
Applying KCL at the node S, we have

  I + gm Vgs = I1 (9.78)
Substituting Equation (9.77) in (9.78), we get

  I – gm V = I1 (9.79)

To express I1 interms of V and I, let us apply KVL to the path consisting of V, rd and RD .  
We get
 V –  I1 rd – I RD = 0

  I1 = D

d d

RV
r r
- I (9.80)

Using Equation (9.80) in Equation (9.79), we get

  I – gm V = D

d d

RV
r r
- I

  I 1 D

d

R
r

 
+ 

 
 = V  

1
m

d

g
r

 
+ 

 

  Zi′	 =	
V
I
	=	

1

1

D

d

m
d

R
r

g
r

 
+ 

 
 

+ 
 

	 (9.81)

	 or Zi′	 =	
V
I
=	

1
d D

m d

r R
g r
+

+
	 (9.82)

Using this relation in Equation (9.75), we get

  Zi = RS || 1
d D

m d

r R
g r

 +
 + 

 (9.83)

Expression for Voltage Gain [ Av  ]

  AV = o

i

V
V  (9.84)

From Fig. 9.31 we have
  Vi = – Vgs (9.85)

Combining Equations (9.77) and (9.85) we get
  Vi = V (9.86)

Observe from Fig. 9.31 that, Vo is measured across RD connected between drain and ground 
i.e., Vo is the voltage across RD.
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From Fig. 9.32,
  Vo = I RD (9.87)

From Equation (9.81), we get

  I = 

1

   1

m
d

D

d

V g
r

R
r

 
+ 

 
 
+ 

 

 (9.88)

Using this relation in Equation (9.87), we get

  Vo = 

1

   1

m
d

D

d

V g
r

R
r

 
+ 

 
 
+ 

 

. RD

Substuting for V from Equation (9.86), we get

  Vo = 
    1

D
i m D

d

D

d

RV g R
r

R
r

 
+ 

 
 
+ 

 

 Now AV = o

i

V
V  = 

1

D
m D

d

D

d

Rg R
r

R
r

 
+ 

 
 
+ 

 

 (9.89)

The positive sign for AV reveals that Vo and Vi are inphase. Observe that, common gate 
configuration is a noninverting amplifier.

Expression for Output Impedance [Zo ]
To find Zo , first we set Vi to zero. This results in the following changes in the circuit of Fig. 9.31.

	 •	 RS  gets short circuited 
	 •	 Vgs = – Vi  = 0

⇒    gm Vgs = 0

Current source gets open circuited.
The resulting circuit is shown in Fig. 9.33.
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Zo Zo

rd

RD RD

S

rd

D D

G

G

S

≡

Fig. 9.33 Circuit to Find Zo

From Fig. 9.33 we find that
  Zo = rd || RD (9.90)

expressions for Zi , AV and Zo neglecting the effect of rd

For rd ≥ 10 RD

Consider Equation (9.81).

 Since 
D

d

R
r  ≤	 0.1

 \ 1 + D

d

R
r

	 ≈	 1

	 Also 
1

dr
  gm [ Since rd is large ]

As a result,  gm + 
1

dr
	 ≈	 gm

Using these approximations in Equation (9.81), we get

  Zi' ≈	
1

mg
	 (9.91)

	 Now Zi = RS || Z¢i

  Zi = RS || 
1

mg
 (9.92)

Now Consider Equation (9.89)

 gm RD  + D

d

R
r

 ≈	 gm RD

 and 1 + D

d

R
r

 ≈	 1
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	 \ AV ≈	 gm RD  (9.93)
From Equation (9.90)

  Zo = rd || RD ≈	RD (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 1||i S
m

Z R
g

 
≈ 

 
· Medium voltage gain [ AV  ≈ gm RD ]
· Medium high output impedance [ Zo ≈	RD ]
· Zero phase difference between input and output voltages [non inverting amplifier]

Example 9.13

For the JFET common-gate configuration shown below:
(a) Calculate Zi and Zo
(b) Find AV
(c) Calculate Vo if Vi = 1 mV(p – p)
(d) Calculate Zi , Zo , AV and Vo , neglecting the effect of rd .

Zo

Zi

Vo

Vi

10 µF 

10 µF 

15 V

3.3 kΩ
RD

1.5 kΩ
RS

IDSS = 8 mA

VP = – 2.8 V
rd = 40 kΩ

VGSQ = – 1.75 V

Solution

  gm = gmo 
1  QGS

p

V

V
 

- 
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  gmo = 
2
| |

DSS

p

I
V

 = 
( )( )2 8 mA

2.8V  = 5.71 mS

  gm = 5.71 mS  1.75V1
 2.8V

 -
- - 

 = 2.14 mS.

(a)  Zi = RS || 1
d D

m d

r R
g r

 +
 + 

   = 1.5 kΩ	||	
( )( )
40k 3.3k

1 2.14mS 40k
 Ω+ Ω
 + Ω 

	 	 	 = 1.5 kΩ	||	0	.5	kΩ	=	375Ω
	 	 Zo = rd || RD = 40 kΩ	||	3.3	kΩ	=	3.04	kΩ

(b)  AV = 
1

D
m D

d

D

d

Rg R
r

R
r

 
+ 

 
 
+ 

 

 

   = 

( )( ) 3.3k2.14mS 3.3k
40k

3.3k1
40k

 Ω
Ω + Ω 

 Ω
+ Ω 

 = 
7.1445
1.0825  = 6.6 

(c)  Vo = AV Vi  = [6.6] [1mV] = 6.6 mV(p – p)

(d)  rd = 40 kΩ and 10 RD = 3.3 kΩ

Since rd > 10 RD , the effect of rd can be neglected.

  Zi = RS || 
1

mg
 = 1.5 kΩ	||	

1
2.14mS

	=	356.12Ω

	 	 Zo	 =	 RD = 3.3 kΩ
	 	 AV = gm RD = [2.14 mS] [3.3 kΩ]	=	7.06
  Vo = AV Vi  = [7.06] [1 mV] = 7.06 mV(p – p)

Example 9.14

For the circuit shown below:
(a) Calculate Zi and Zo

 .
(b) Find AV

 .
(c) Calculate Vo

 , if Vi = 5 mV (rms).
(d) Calculate Zi 

 , Zo
 , AV and Vo

 , neglecting the effect of rd
 .
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10 µF10 µF

2.2 µF

2.2 kΩ

10 MΩ

90 MΩ

1 kΩ

22 V

R2

R1

RS

RD

Vi Vo

IDSS = 7.5 mA
VP = – 4 V

VGSQ = – 1.2 V
yos = 30.3 µS

Solution
The given circuit is JFET common-gate configuration using voltage divider bias. The 22 mF 
capactior is used to create ground at the gate terminal for ac operation. As a result, the voltage 
divider resistors Rl and R2 will get shorted to ground.

	 	 gm = gmo
 1  QGS

p

V

V
 

- 
  

  gmo = 
2
| |

DSS

p

I
V  = 

( )( )2 7.5mA
4V  = 3.75 mS

  gm = 3.75 mS 
 1.2V1
 4V

 -
- - 

 = 2.625 mS

  rd = 
1

Soy
= 

1
30.3 Sm  = 33 kΩ

(a)  Zi = RS || 1
d D

m d

r R
g r

 +
 + 

 

   = 1 kΩ	||	
( )( )
33k 2.2k

1 2.625mS 33k
 Ω + Ω
 + Ω 

	=	286.58	Ω

	 	 Zo = rd || RD = 33 kΩ	||	2.2	kΩ	=	2.06	kΩ

(b)  AV = 
1

D
m D

d

D

d

Rg R
r

R
r

 
+ 

 
 
+ 
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   = 
( ) ( ) 2.2k2.625mS  2.2k   

33k
2.2k1
33k

 Ω
Ω + Ω 

 Ω
+ Ω 

 = 5.47

(c)  Vo = AV Vi = [5.47] [5 mV] = 27.35 mV (rms).

(d)  rd = 33 kΩ	 and	 10 RD = (10) (2.2 kΩ)	=	22	kΩ

Since rd > 10 RD , the effect of rd can be neglected

  Zi = RS || 
1

mg
 = 1kΩ	||	 1

2.625mS
	=	275.86Ω

	 	 Zo = RD = 2.2 kΩ

	 	 AV  =  gm RD = (2.625 mS) (2.2 kΩ)	=	5.775

	 	 Vo = AV Vi  = [5.775] [5 mV] = 28.875 mV (rms)

 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 (SiO2) 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 IG 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.

  ID = IDSS  

2

1 QGS

p

V
V

 
- 

  
 (9.95)

  gm = gmo
 1  QGS

p

V

V
 

- 
  

 (9.96)

 where gmo = 
2
| |

DSS

p

I
V  (9.97)

In JFET, VGSQ can only be negative for n channel devices and positive for p channel devices. 
Hence gm is always less than gmo

. But for D-MOSFET, VGSQ
 can be of either polarily.

For instance, if VGSQ
 is negative for an n channel device, the device operates in the depletion 

mode. In depletion mode, gm < gmo  and  ID < IDSS  as seen from equations (9.95) and (9.96). 
On the other hand, if VGSQ

 is positive, the device operates in the enhancement mode. In 
enhancement mode gm > gmo  and  ID > IDSS .
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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 rd 
is same as that of JFET. The only difference is in the value of gm. Figure 9.34 shows the circuit 
symbol and small signal ac model of D-MOSFET.

rd

D

S

+

–

Vgs gmVgs

G

G

S

D

S
(a) (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 gm and compare with gmo
(b) Calculate rd
(c) Draw the ac equivalent circuit
(d) Find Zi and Zo
(e) Calculate AV
(f) Find Vo if Vi = 2 mV(p – p)

10 µF

10 µF

47 µF

1.8 kΩ

150 Ω
10 MΩ

110 MΩ

18 V

+

+

––

Vo
Vi

IDSS  = 6 mA

VP  = – 3V

VGSQ = 0.35 V

yos = 20 µS
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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.

(a)  gm = gmo 
1  QGS

p

V

V
 

- 
  

  gmo = 
 

2
 

DSS

p

I
V

 = 
( )( )2 6mA

3V
 = 4 mS

  gm = 4 mS 0.35V1
3V

 
- - 

 = 4.46 mS

Note that, gm > gmo
 since VGSQ

 is positive.

(b)  rd = 
1

osy  = 
1

20 Sm
 = 50 kΩ

(c) The ac equivalent circuit is shown below.

Vgs

_

+

_

+

_

+

Vi Vo

G

S

ZoZi

10 MΩ 1.8 kΩ50 kΩ4.46×10−3 Vgs110 MΩ

(d) From Equation (9.49),
  Zi = R1 || R2

   = 110 MΩ	||	10	MΩ	=	9.16	MΩ
From Equation (9.50),

  Zo = rd || RD = 50 kΩ	||	1.8	kΩ	=	1.73	kΩ
(e) From Equation (9.51),

  AV = – gm [rd || RD] 
   = – [4.46 mS] [50 kΩ	||	1.8	kΩ]	=	– 7.71

(f)  Vo = AV Vi  = [– 7.71] [2 mV] = – 15.42 mV(p – p)

Example 9.16

For the D-MOSFET amplifier shown below
(a) Calculate Zi and Zo
(b) Find AV
(c) Calculate Vo if Vi = 50 mV (rms)
(d) Find Zi , Zo , AV and Vo neglecting the effect of rd .
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Solution
The given circuit is a D-MOSFET common source configuration with VGSQ

 = 0 V. For the solution, 
please refer Example 9.5.

Vi

Zi Zo

Vo

_

+

_

+

20 V

2 kΩ

2.2 µF

2.2 µF

2 MΩ

IDSS = 5 mA

VP = – 6 V

yos = 40 µS

Example 9.17

For the circuit shown below
(a) Calculate Zi and Zo
(b) Calculate AV
(c) Find Vo if Vi = 1 mV (rms)
(d) Determine Zi , Zo , AV and Vo neglecting the effect of rd .

Vi

Zi Zo

Vo

_

+

_

+

20 V

2 kΩ

5 MΩ

 IDSS = 12 mA

VP = – 3.5 V

VGSQ = – 0.75 V

rd = 50 kΩ

10 µF

10 µF

100 Ω 22 µF
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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.

	 	 gm = gmo
 1  QGS

p

V

V
 

- 
  

 

  gmo = 
2
| |

DSS

p

I
V  

   = 
( )2 12mA
3.5V  = 6.85 mS

  gm = 6.85 mS 0.75V1
3.5V

 -
- - 

 = 5.38 mS 

(a)  Zi = RG = 5 MΩ	 	 	 [From Equation (9.26)]
	 	 Zo = rd || RD     [From Equation (9.27)]
   = 50 kΩ	||	2	kΩ	=	1.92	kΩ

(b)  AV = – gm [rd || RD]   [From Equation (9.28)] 
   = – [5. 38 mS] [1.92 kΩ]	
	 	 	 =	 – 10.33.

(c)  Vo = AV Vi  
   = [– 10.33] [1 mV] 
   = – 10.33 mV(rms)

(d)  rd = 50 kΩ   and   10 RD = 20 kΩ
Since  rd > 10 RD, the effect of rd can be neglected.

  Zi = RG = 5 MΩ	

	 	 Zo = RD =	2	kΩ
	 	 AV = – gm RD 

   =  – [5.38 mS] [2 kΩ]	=	– 10.76

  Vo = [– 10.76] [1 mV] 
   = – 10.76 mV (rms)

Example 9.18

For the amplifier shown below:

(a) Calculate Zi and Zo

(b) Calculate AV

(c) Determine Vo if Vi = 2 mV (rms)
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Vi

Zi Zo

Vo

_

+

_

+

18 V

10 MΩ

  IDSS = 12 mA

     VP = – 3 V

 VGSQ = – 1.45V

      rd = 40 kΩ

10 µF

10 µF

90 MΩ

1.1 kΩ

Solution
The given circuit is D-MOSFET source-follower configuration without RD. The results derived in 
section 9.14 for JFET source-follower can be readily applied to this circuit.

  gm = gmo
 1  QGS

p

V

V
 

- 
  

  gmo
 =  

2
| |

DSS

p

I
V  

   = 
( )2 12mA

3V
 = 8 mS

  gm = 8 mS 1.45V1
3V

 -
- - 

 = 4.13 mS

(a)  Zi = 90 MΩ || 10 MΩ	=	9	MΩ

	 	 Zo	 =	
1

mg
	||	rd	||	RS      [From Equation (9.72)] 

   = 1
4.13mS

 || 40 kΩ || 1.1 kΩ	=	197.46Ω

(b)  AV =  
[ || ]

1 [ || ]
m d S

m d S

g r R
g r R+   [From Equation (9.65)]

   = 
[ ][ ]
[ ][ ]
4.13mS 40k ||1.1k

1 4.13mS 40k ||1.1k
Ω Ω

+ Ω Ω  = 0.815

 (c)  Vo = AV Vi  

    
= [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 VGSQ

 can only be 
positive for n-channel device and negative for p-channel device.

G G

S S

D D

(a) (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
  ID = k [ VGS – VGS (Th)  ]

2  (9.98)

VGS(Th) is the threshold voltage. It is important to note that, the drain current is zero for  
VGS < VGS(Th) and it significantly increases for VGS ≥	VGS(Th). k is a constant which is specified on the 
data sheet for typical operating point.

 9.18 expression for transconductance gm

The transconductance is defined by 

  gm = 
 Point

 D

GS Q

dI
dV

 (9.99)

Differentiating Equation (9.98) with respect to VGS, we get

  D

GS

dI
dV

 = 2 k [VGS – VGS(Th)  ]

 But gm = 
  Point

 D

GS Q

dI
dV

 \ gm = 2 k [VGSQ – VGS(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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Vgs

_

+

G

S

gmVgs rd

D

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 RF provides ac negative feedback.

G

D

S

C1

C2

VDD

RD

Vi

Zi Zo

Vo

_

+

_

+

RF

Fig 9.37 E – MOSFET drain-feedback configuration

The ac equivalent circuit is drawn in Fig. 9.38 by reducing VDD to zero and replacing C1 and C2 
with their short circuit equivalents.

G

D

S
RD

Vi

Zi Zo

Vo

_

+

_

+

RF

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.

Vgs

_

+

_

+
G

S

gmVgs rd

D

I2I1

RD

RF

Vi

Zi Zo

Ii

Ii

_

+

Vo

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 Ii  flows into RF .

expression for input impedance [Zi ]
Due to the connection between input and output nodes, the calculation Zi is not straight forward. 
The input impedance is given by 

  Zi = i

i

V
I

 (9.101)

Applying KCL at the node D, we have 
  Ii = gm Vgs + I1 + I2 (9.102)

From the input circuit 
  Vgs = Vi (9.103)

From the output circuit,

  I1 = o

d

V
r

 and I2 = o

D

V
R

 Now I1 + I2 = o

d

V
r  + o

D

V
R

   = Vo 

1 1

d Dr R
é ù

+ê ú
ë û

   = Vo 
1

DR
é ù
ê ú
ë û′  (9.104)

 where  
1

DR′
 = 

1

dr
 + 

1

DR
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 	 R¢D	 =	
d D

d D

r R
r R+

= rd	||	RD	 (9.105)

Using Equations (9.103) and (9.104) in Equation (9.102), we get 

  Ii	 =	 gm	Vi	+	
o

D

V
R′

		 (9.106)

	 But Ii	 =	
–i o

F

V V
R

  [ current through RF ]

	 	 Vo = Vi – Ii RF (9.107)

Using Equation (9.107) in Equation (9.106), we have

  Ii = gm Vi  + 
–i i F

D

V I R
R′

  Ii 1 F

D

R
R

é ù
+ê ú

ë û′
 = Vi  

1
m

D

g
R

é ù
+ê ú

ë û′

 
Now Zi = i

i

V
I

 =
 

1

1

F

D

m
D

R
R

g
R

é ù
+ê ú

ë û
é ù

+ê ú
ë û

′

′

 or Zi = 1
F D

m D

R R
g R
+

+
′

′
 (9.108)

 or Zi = 
[ || ]

1 [ || ]
F d D

m d D

R r R
g r R
+

+  (9.109)

approximate expression for Zi

Usually, RF >> rd || RD

	 \	 RF + [rd || RD] ≈ RF

Using this approximation in Equation (9.109) we get 

  Zi ≈		 1 [ || ]
F

m d D

R
g r R+

 Further, if rd ≥ 10 RD ,

  rd || RD ≈		RD
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Now we get 

  Zi ≈	 1
F

m D

R
g R+

 (9.110)

Expression for Voltage Gain [AV ]
From Equation (9.106) we have   

  Ii = gm Vi + 
'
o

D

V
R

 (9.111)

 Using Ii = 
–i o

F

V V
R , we get

  
–i o

F

V V
R

 = gm Vi + 
'
o

D

V
R

  Vo 
1 1

F DR R
é ù

+ê ú
ë û′

 = Vi 
1 – m

F

g
R

é ù
ê ú
ë û

  AV = o

i

V
V

= 

1 –

1 1
'

m
F

F D

g
R

R R

é ù
ê ú
ë û
é ù

+ê ú
ë û

 (9.112)

  
1
'DR

 = 1

dr
+ 

1

DR

 \		 1

FR
+	

1
'DR
	 =	 1

FR
	+	

1

dr
+	

1

DR

	 ⇒	 1
1 1

'F DR R
+

	 = RF || rd || RD (9.113)

Using Equation (9.113) in Equation (9.112) we get

  AV = 
1 – m

F

g
R

é ù
ê ú
ë û

[RF || rd || RD] (9.114)

Usually 
1

FR
 is smaller than gm. Hence AV is negative. The negative sign reveals that, Vo and 

Vi are out of phase by 180°.

Approximate Expression for AV

Typically 
1

FR
 gm. As a result

  1

FR
 – gm ≈	 – gm
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 Also RF   rd || RD

 Hence RF || rd || RD ≈	 rd || RD

Using these approximations in Equation (9.114) we get
  AV ≈	 – gm [rd || RD]

If rd ≥	10	RD, then rd || RD ≈ RD

 Now we get  AV ≈ – gm RD  (9.115)

Expression for Output Impedance [Zo ]
To find the output impedance, we reduce Vi to zero in the circuit of Fig 9.39. With Vi = 0
	 • Gate  get shorted to source 
	 • gmVgs = 0. Therefore the current gmVgs represents an open circuit.

The resulting circuit is shown in Fig 9.40.

G

S

gmVgs = 0 rd

D

RD

RF

Vi = 0

Zo

rd

D

RD

Zo

RF≡

Fig 9.40 Circuit to find Zo

From Fig. 9.40 we find that
  Zo = RF || rd || RD (9.116)

Approximate Expression for Zo 
Using the conditions 

RF  rd || RD  and rd ≥	10	RD  in Equation (9.116) we get

  Zo ≈	 RD  (9.117)

Example 9.19

A MOSFET has VGS (Th) = 3.5 V and it is biased at VGSQ
 = 7 V. Assuming k = 0.5 × 10–3 A/V2 

calculate the value of gm.

Solution

  gm = 2 k [VGSQ
 – VGS (Th)]

   = (2) (0.5 × 10–3 A/V2) [7V – 3.5V] = 3.5 mS.
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Example 9.20

An E-MOSFET amplifier circuit has the following data.
  VT = 4 V  ID (on)  = 4 mA

  VGS (on) = 7V          yos = 25 mS.
Calculate the values of k , gm and rd .

Solution

  ID = k [ VGS – VGS (Th) ] 
2

 ⇒	 ID (on) = k [ VGS (on)– VGS (Th) ] 
2

  k =  
( )

(on)
2

(on) Th

D

GS GS

I

V Vé ù-ë û
 Note that VT = VGS (Th)

  k = [ ] 2

4mA
7V – 4V  

   = 0.44 × 10–3 A/V2

  gm = 2 k [ VGSQ
 – VGS (Th) ]

  VGSQ
 = VGS (on) 

  gm = 2 [0.44 × 10–3A/V2] [7 V – 4 V] 
   = 2.64 mS.

  rd = 
1

osy  

   = 
1

25 Sm
 = 40 kΩ

Example 9.21

For the E-MOSFET drain feed back amplifier shown below:
(a) Calculate gm and rd

 .
(b) Determine Zi and Zo

 .
(c) Calculate AV

 .
(d) Find Vo if  Vi = 5 mV.
(f) Calculate Zi , Zo , AV and Vo , neglecting the effect of rd and compare the results.
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Vi

Zi Zo

Vo

VGS(Th) = 3 V

k = 0.4 × 10–3 A/V2

yos = 10 µS

VGSQ = 6 V

_

+

_

+

18 V

3.3 kΩ

10 µF

10 µF10 MΩ

Solution 

(a)  gm = 2 k ( )ThQGS GSV V - 
   = (2) (0.4 × 10–3 A/V2) [6 V –3 V] = 2.4 mS.

  rd = 
1

osy  = 
1

10 Sm
 = 100 kΩ

(b)  Zi = 
[ ]
[ ]

||
1 ||

F d D

m d D

R r R
g r R
+

+

   = 
[ ]

[ ][ ]
10M 100k || 3.3k

1 2.4mS 100k || 3.3k
W+ W W

+ W W
 = 1.15 MΩ

	 	 Zo = RF || rd || RD

   = 10 MΩ || 100 kΩ || 3.3 kΩ	=	3.29	kΩ

(c)  AV = 
1 – m

F

g
R

é ù
ê ú
ë û

 [RF || rd || RD]

   = 
1  –  2.4mS

10M
é ù
ê úWë û

 [10 MΩ || 100 kΩ	|| 3.3 kΩ]

	 	 	 = – 7.89
(d)  Vo = AV Vi

   = [–7.89] [5 mV] = –39.45 mV
(e) When the effect of rd is neglected

  RF = 10 MΩ and rd || RD = 3.19 kΩ
	 Note that, RF >> rd || RD

  rd = 100 kΩ	 and 10 RD = 33 kΩ
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Also note that rd > 10 RD .

Hence we can use approximate results by neglecting rd .

  Zi ≈ 
1

F

m D

R
g R+

   = [ ][ ]
10M

1 2.4mS 3.3k
W

+ W  = 1.12 MΩ

  Zo ≈ RD = 3.3 kΩ
  AV ≈ – gm RD =  – [2.4 mS] [3.3 kΩ] = –7.92

  Vo = AV Vi = [–7.92] [5mV] = –39.6 mV.
The results are compared in the following table.

Parameter With rd With out rd

Zi 1.15 MΩ 1.12 MΩ

Zo 3.29 MΩ 3.3 MΩ

AV –7.89 –7.92

Note that the results are very close since the conditions RF >> rd || RD and rd  > 10 RD 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.

G

D

S

C1

C2

VDD

RD

R2Vi

Zi Zo

Vo

_

+

_

+

RS
CS

R1

Fig. 9.41 E–MOSFET voltage divider configuration
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The ac equivalent circuit is drawn in Fig. 9.42 by

	 •	 reducing VDD to zero
	 •	 replacing the capacitors C1 , C2 and CS with their short circuit equivalents and 
	 •	 replacing E-MOSFET with its small-signal ac model

Vgs

_

+

_

+
G

S

gmVgs rd

D

RDVi

Zi Zo

_

+

Vo
R1 R2

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 rd is included
  Zi = R1 ||  R2 (9.118)
  Zo = rd || RD (9.119)
  AV = – gm [rd || RD] (9.120)

The negative sign in AV reveals that Vo and Vi are 180○ out of phase.

When the effect of rd is neglected [ For rd  10 RD  ]

  Zi = R1 || R2 (9.121)
  Zo ≈ RD (9.122)
  AV ≈	 – gm RD (9.123)

Example 9.22

For the E–MOSFET voltage divider configuration shown

(a) Calculate Zi and Zo
 .

(b) Calculate AV
 .

(c) Find Vo if Vi = 1 mV.
(d) Calculate Zi, Zo, AV and Vo, neglecting the effect of rd  .
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Vi

Zi Zo

Vo

_

+

_

+

10 µF

10 µF

28 V

3 kΩ

10 MΩ

39 MΩ

1.2 kΩ 47 µF

VGS (Th) = 3 V

k = 0.4 × 10–3A/V2

VGSQ = 4.8 V

yos = 25 µS

Solution 

  gm = 2 k ( )ThQGS GSV V - 

   = 2 [0.4 × 10–3 A/V2] [4.8V – 3V] = 1.44 mS

  rd = 
1

osy
 = 

1
25 Sm  = 40 kΩ

(a)  Zi = R1 || R2 = 39 MΩ || 10 MΩ = 7.95 MΩ

  Zo = rd || RD = 40 kΩ	||	3 kΩ = 2.79 kΩ

(b)  AV = – gm [ rd || RD ] = – [1.44 mS] [2.79 kΩ] = – 4.01

(c)  Vo = AV Vi = [– 4.01] [1 mV] = – 4.01 mV

(d)  rd = 40 kΩ and 10 RD = 30 kΩ
Since  rd > 10 RD , the effect of  rd  can be neglected.

  Zi = R1 || R2 = 7.95 MΩ

  Zo ≈	 RD = 3 kΩ

	 	 AV ≈	 – gm RD = – [1.44 mS] [3 kΩ] = – 4.32

  Vo = AV Vi = [– 4.32] [1 mV] = – 4.32 mV.

 9.22 desiGn of fet aMplifiers
Design of FET amplifiers involve the calculation of circuit elements RD, RG, RS, C1, C2 and CS to 
meet the required ac and dc specifications.

In most of the cases, drain supply voltage VDD is known. The values of RD and RS are calculated 
from the gain and biasing requirements. In majority of the circuits, RG decides the input impedance. 
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The capacitors C1, C2 and CS 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, | AV  | : 12
Input impedance, Zi : 10 MΩ

Available drain supply voltage, VDD : 40 V
For the circuit designed, calculate the values of VDSQ

 and Zo.

C1

C2

VDD

RD

RGVi

Vo

_

+

_

+
IDSS = 10 mA

VP = – 5 V

yos = 25 µS

Solution
Selection of RG
For the given circuit 
  Zi = RG 

 Since Zi = 10 MΩ
  Select RG = 10 MΩ

Selection of RD 

  AV = – gm [RD || rd] (A)

  gm = gmo
 1 – QGS

p

V
V

é ù
ê ú
ê ú
ê úë û

 

For the given circuit, VGSQ
 = 0 [since RS = 0].

 \	 gm = gmo
 = 

2 DSS

p

I
|V |  = 

( )( )2 10 mA
5V

 \ gm = 4 mS.
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Given, AV = 12
Since common source configuration is an inverting amplifier, AV is negative

 \ AV = –12

  rd = 
1

osy  = 40 kΩ.

From Equation (A)
  –12 = – 4 mS [RD || rd]
  RD || rd = 3 kΩ

  D d

D d

R r
R r
 
 + 

 = 3 kΩ
Solving we get 

  RD = 3.24 kΩ
Output impedance, Zo

  Zo = RD || rd = 3.24 kΩ || 40 kΩ = 3 kΩ
Calculation of VDSQ

Applying KVL to the drain circuit, we have
  VDD = IDQ

RD + VDSQ
 (B) 

  IDQ
 = IDSS  

1  QGS

p

V

V
 

- 
  

   = IDSS  = 10 mA  [Since VGSQ = 0]
Now from Equation (B), we get
  VDD = IDQ

RD + VDSQ
 (B)

  40 V = (10 mA) (3.24 kW)	+	VDSQ

  VDSQ = 7.6 V

Example 9.24

Design the self bias FET common-source amplifier shown below to meet the following 
requirements:

Magnitude of voltage gain, | AV  | : 10
Input impedance, Zi : 5 MW

Quiescent gate to source voltage, VGSQ : 
3
PV

Available drain supply voltage, VDD : 20 V
For the circuit designed calculate the values of VDSQ and Zo.
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C1

C2

VDD

RD

RGVi

Vo

_

+

_

+ IDSS = 12 mA

VP = – 3 V

rd = 40 kΩCSRS

RL
12 MΩ

Solution
Selection of RG

For the given circuit, Zi = RG

But  Zi = 5 MΩ

\	We select  RG = 5 MΩ

Selection of RD

  AV = – gm [RD || rd  || RL]

Since RL = 12 MW which is very high relative to rd , we can treat it as an open circuit.

	 \	 AV ≈ – gm [ RD || rd ] (A)

  gm = gmo
 1  QGS

p

V

V
 

- 
  

  VGSQ
 = 

3
PV

 	 QGS

P

V
V

		=		 1
3

 	 gmo
 =  

2 DSS

p

I
|V |

 = 
(2) (12mA)

3V  = 8 mS.

  gm = 8 mS 
11
3

é ù-ê úë û
  = 5.33 mS

Now from Equation (A) , we have
  – 10 = [– 5.33 mS] [ RD || rd ]
  RD || rd = 1.876 kΩ
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.D d

D d

R r
R r+

 = 1.876 kΩ

   
(40k )

 40k
D

D

R
R

W
+ W

 = 1.876 kΩ

 Solving we get, RD = 1.968 kΩ

Calculation of RS 
  VGSQ

 = – IDQ
 RS (B)

  VGSQ
 =  

3
PV

 = 
–3V

3
=  – 1 V

  IDQ
 = IDSS  

2

1 QGS

p

V
V

é ù
-ê ú

ê úë û

   = 12 mA 
211

3
é ù-ê úë û

 = 6.66 mA

From Equation (B),

  RS = – Q

Q

GS

D

V
I

  RS =  – –1V
6.66 mA

 = 150 Ω

Output impedance, Zo

  Zo = RD || rd || RL

   = 1.968 kΩ	||	40	kΩ	||	12	ΜΩ

	 	 	 ≈	 1.968	kΩ	||	40	kΩ	= 1.875	kΩ.

Drain-source voltage, VDSQ
Applying KVL to the drain circuit, we have 

  VDD = IDQ
 RD + VDSQ

 + IDQ
 RS 

  20 V = (6.66 mA) (1.968 kΩ) + VDSQ
 + 1 V

  VDSQ
 = 5.89V

Example 9.25

Design the self biased FET common-source amplifier with unbypassed RS , shown below to meet 
the following requirements:



FET Amplifiers  697

Magnitude of voltage gain, | AV | : 8
Input impedance Zi : 2 MΩ

Quiescent gate to source voltage VGSQ
 : 

4
PV

Available drain supply voltage VDD : 30 V
For the circuit designed, calculate the values of Zo and VDSQ 

C1

C2

VDD

RD

RGVi
Vo

_

+

_

+
IDSS  = 10 mA

   VP  =  – 5 V

    rd  = 50 kΩ
RS

RL
12 MΩ

Solution 
Selection of RG

For the given circuit, Zi = RG

But  Zi = 2 MΩ
\	We select  RG = 2 MΩ

Selection of RS 
  VGSQ

 = – IDQ
 RS (A)

  VGSQ
 = 

4
PV

 = –5V
4

 = – 1.25 V

  IDQ
 = IDSS 

2

1 QGS

p

V
V

é ù
-ê ú

ê úë û

   = 10 mA 
2

–1.25V1
–5V

é ù
-ê ú

ë û
 = 5.625 mA
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From Equation (A)

  RS = – Q

Q

GS

D

V
I

 = – –1.25V
5.625 mA

 = 222.2 Ω

Selection of RD 
To simplify the calculation, for the moment, let us assume that rd ≥ 10 [ RD + RS]. we will justify 
our assumption after the calculation of RD.

 Now AV  ≈	–  
1+

m D

m S

g R
g R

 (B)

RL is not considered since it is relatively larger.

  gm = gmo
 1 – QGS

p

V
V

é ù
ê ú
ê ú
ê úë û

  gmo
 = 

2 DSS

p

I
|V |  = 

2 [10 mA]
5V

 = 4 mS

  gm = 4 mS 
–1.25V1–

–5V
é ù
ê úë û

 = 3 mS.

Now from Equation (B), we have

  RD = – 
[1 ]V m S

m

A g R
g
+

   = – 
( )[–8] [1+(3mS) 222.2 ]

3mS
W

 = 4.44 kΩ

Justification of Assumption
  rd = 50 kΩ
  10 [RD + RS] = 10 [4.44 kΩ + 222.2 Ω] = 46.62 kΩ

Observe that rd > 10 [ RD + RS], which justifies our assumption.

Output Impedance
Since rd > 10 RD 
  Zo ≈ RD

 \	 Zo =	 4.44	kΩ
Drain to Source Voltage
Applying KVL to the drain circuit we have 
  VDD = IDQ RD + VDSQ + IDQ RS

30 V = (5.625 mA) (4.44 kΩ) + VDSQ
 + (5.625 mA) (222.2 Ω)

  VDSQ
 = 3.775 V.
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Exercise Problems

 9.1 A common-source JFET amplifier using self-bias with bypassed RS has RG = 1 MW,  
RS = 2.7 kW, RD = 3.9 kW, gm = 2800 mS and rd = 40 kW	Calculate Zi , Zo , AV and AI .

 9.2 Repeat the previous problem with RS unbypassed.

 9.3 A JFET source-follower has RG = 5 MW, RD = 2 kW, RS = 2.7 kW,	gm = 0.8 mS and  
rd = 40 kW	Calculate Zi , Zo , AV  and  AI .

 9.4 A JFET common-gate amplifier has RG = 1.2 MW, RD = 3 kW, gm = 2 mS and rd = 50 kW	
Calculate 	 Zi , Zo  and  AV .

 9.5 Design a self-biased common-source JFET amplifier with bypassed RS which has  
| AV | = 8 and Zi = 10 MW. For the FET, gm = 5 mS, rd = 50 kW and VDD = 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 [Idc],   59
 average (dc) output voltage [Vdc],   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 RS and RL,   308
CE-emitter bias configuration with  

unbypassed RE,   413
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Clamping circuit,   113
 negative clamper,   113
 negative peak clamper,   117
 positive clamper,   116
Class A power amplifier,   503, 507
 series-fed class A power amplifier,   507
Class A series-fed power amplifier,   535
Class AB power amplifier,   505
Class B power amplifier,   504
 phase splitting circuits,   555
Class B push-pull power amplifier,   550
 advantages,   554
 conversion efficiency,   556
 elimination of even harmonic  

distortion,   553
 maximum power considerations,   558
 operation,   551
 phase splitting circuits,   555
 power dissipated by output transistors,   558
 practical complementary-symmetry,   564
 Quasi-complementary,   565
 using complementary symmetry transistor 

pair,   563
Class C power amplifier,   505
Class D power amplifier,   579
Clipping circuit,   73
 double ended clipper,   79, 82
 parallel clipper,   73
 series clipper,   76
 shunt clipper,   73
 two independent level,   79
Collector dc feedback configuration,   295
 input impedance,   296
 output impedance,   296
 voltage gain,   297
Collector feedback bias,   164
Collector feedback configuration,   290
 current gain,   293
 input impedance,   291
 output impedance,   292
 voltage gain,   293
Colpitts oscillator,   605
Common-base configuration,   286, 416
 applications,   289
 current gain,   288
 important characteristics,   288
 input impedance,   287

 output impedance,   287
 voltage gain,   288
Common-emitter configuration using voltage 

divider bias,   411
Common-emitter fixed bias configuration,   410, 257
 current gain,   260
 emitter-bias with unbypassed re,   269
 input impedance,   258
 output impedance,   259
 phase relationship,   261
 using voltage divider bias with  

unbypassed RE,   275
 voltage divider bias,   264
 voltage gain,   259
 with bypassed RE,   273
 with partly bypassed RE,   277
Common-emitter voltage divider bias 

configuration, with RS and RL,   305
Constant-current source,   406
Conversion between hybrid parameters,   251
Conversion efficiency,   535
 class A series-fed power amplifier,   535
 class B push-pull power amplifier,   556
 transformer-coupled class A power  

amplifier,   537
Crystal oscillator,   620
 applications,   626
 crystal reactance,   623
 demerits,   625
 in parallel resonant mode,   624
 in series resonant mode,   623
 merits,   625
 Piezo electric effect,   620
Crystal reactance,   623
Current amplifier,   433
Current mirror circuit,   401
 high output impedance,   403
 mathematical analysis,   402
 using JFET,   403
Current mirror circuit current series feedback 

amplifier,   487
Current source circuits,   406
 BJT,   406
 using zener diode,   408
Current-series feedback amplifier,   448, 459
 input resistance,   459
 output resistance,   464
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Current-shunt feedback amplifier,   447, 460
 input resistance,   460
 output resistance,   466
Darlington circuit,   387
Darlington connection,   386
Darlington emitter-follower,   388
 ac current gain,   389
 ac equivalent circuit,   389
 ac input impedance,   389
 ac output impedance,   391
 ac voltage gain,   390
 applications,   392
 important characteristics,   392
DC load line,   131
Depletion-type mosfets,   676
Desensitivity factor,   452
Diffusion capacitance,   18, 19
Diode,   1
 analysis of diode circuits using the diode 

equivalent circuit,   24
 analytical expression for dynamic  

resistance,   13
 average ac resistance,   10
 bulk resistance rB,   14
 charge storage and reverse recovery time,   20
 classification,   22
 comparative study,   6
 diode resistance level,   8
 dynamic resistance,   9, 14
 equivalent circuit,   16
 piecewise-linear equivalent circuit,   16
 simplified equivalent circuit,   17
 specification sheet,   21
 static resistance,   8
 summary of equivalent circuit,   18
 temperature effect,   4
 transition or depletion capacitance,   19
 volt-ampere characteristics,   3
Diode circuit,   1
 diode current equation,   1
 load line analysis,   22
 clamping circuit,   113
 clipping circuit,   73
 double ended clipper,   79, 82
 negative clamper,   113
 negative peak clamper,   117
 parallel clipper,   73

 positive clamper,   116
 series clipper,   76
 shunt clipper,   73
Diode current equation,   1
Diode resistance level,   8
 average ac resistance,   10
 bulk resistance rB,   14
 dynamic resistance,   9, 14
 static resistance,   8
Direct coupled amplifier,   319
 frequency response,   319
Double ended clipper,   79, 82
Emitter follower configuration,   415
Emitter-bias circuit,   142
Emitter-follower,   278, 388
 current gain,   282
 important characteristics,   283
 input impedance,   280
 output impedance,   280
 using collector resistor,   283
 using voltage divider bias,   283
 voltage gain,   282
Emitter-follower configuration,   278
Emitter-follower configuration with RS and RL,   306
Enhancement-type mosFETs,   682
 common-source amplifier using voltage 

divider configuration,   690
 drain-feedback configuration,   683
 expression for transconductance gm,   682
 small signal ac model of E-mosFET,   682
Equivalent circuits of diode,   16
Feedback amplifier,   431
 advantages,   468
 assumptions in the analysis,   445
 bandwidth,   467
 current-series feedback amplifier,   448
 current-shunt feedback amplifier,   447
 current-series feedback amplifier,   487
 desensitivity factor,   452
 FET amplifier with voltage-series  

feedback,   478
 general characteristics,   451
 input resistance,   456, 457, 458, 459, 460
 loop gain,   444
 output resistance,   461, 462, 463, 464, 466
 practical feedback circuits,   477
 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 RS,   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 hfe as a function of  

frequency,   365

 expression for the gain-band width  
product [ fT ],   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 hfe (or b) 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 hfe as a function of  

frequency,   365
 expression for the gain-band width  

product [fT],   368
 network parameters,   359
 upper cut-off frequency due to input  

capacitance,   360
 upper cut-off frequency due to output  

capacitance,   363
 variation of hfe (or b) with frequency,   365
Hybrid p capacitances,   253
Hybrid p conductance,   254
Hybrid p model,   253
Hybrid p parameters in terms of re and  

h parameters,   254
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Hybrid p 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 RS,   654

 common-source amplifier with  
unbypassed RS,   645

 common source amplifier using self-bias 
configuration,   641

 current equation,   630
 drain characteristics,   631
 graphical determination of gm,   633
 JFET common-source amplifier using  

voltage divider configuration,   652
 mathematical expression for gm,   633
 relation between Id 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
 re model in (CB) configuration,   233

 re model of pnp transistor in CB  
configuration,   235

 re model of transistor in CE configuration 
including ro,   239

 re 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
 class AB power amplifier,   505
 class a power amplifier,   507
 class B power amplifier,   504
 class B push-pull power amplifier,   550
 class C power amplifier,   505
 class D power amplifier,   579
 classification,   503
 conversion efficiency,   535
 heat sink,   581
 push pull amplifier,   551
 series-fed class a power amplifier,   507
 thermal analogy of a power transistor,   583
 transformer-coupled class a power  

amplifier,   512
Practical feedback circuits,   477
 current series feedback amplifier,   487
 FET amplifier with voltage-series  

feedback,   478
 voltage-shunt feedback amplifier,   496
 voltage-series feedback in  

emitter-follower,   482
Practical rectifier circuit,   67
Push-pull amplifier,   551
Q-point,   129
Quartz crystals,   620
 characteristics,   620
Quiescent operating point,   129
R-C coupled amplifier,   317
 frequency response,   317
RC-phase shift oscillator,   589
 condition for sustained oscillations,   597
 demerits,   592
 expression for frequency of oscillations,   595
 merits,   592
Rectifier,   45
 half-wave rectifier,   45
 analysis of rectifier circuit,   72
 centre-tapped transformer,   69
 full-wave bridge rectifier,   57
 full wave rectifier,   57, 68
 practical rectifier circuit,   67
second harmonic distortion,   522
semiconductor diode,   1
 analysis of diode circuits using the diode 

equivalent circuit,   24
 analytical expression for dynamic  

resistance,   13

 average ac resistance,   10
 bulk resistance rB,   14
 charge storage and reverse recovery time,   20
 classification,   22
 comparative study,   6
 diffusion or storage capacitance,   19
 diode resistance level,   8
 dynamic resistance,   9, 14
 equivalent circuit,   16
 piecewise-linear equivalent circuit,   16
 simplified equivalent circuit,   17
 specification sheet,   21
 static resistance,   8
 summary of equivalent circuit,   18
 temperature effect,   4
 volt-ampere characteristics,   3
series clipper,   76
series-fed class a power amplifier,   507
 ac analysis,   509
 conversion efficiency,   535
 dc analysis,   508
 power considerations,   509
single loop feedback amplifier,   442
 transfer gain,   442
stability factor,   133, 205
 for collector feedback bias circuit,   217
 for emitter-bias circuit,   209
 for fixed-bias circuit,   206
 for voltage divider bias circuit,   213
 general expression,   205
stability of transfer gain,   451
storage capacitance,   19
Transconductance amplifier,   434
Transformer coupled amplifier,   318
 frequency response,   318
 high-frequency response,   359
Transformer-coupled class A power amplifier,    

512, 536
 ac analysis,   515
 ac power delivered to the load,   517
 analysis of amplifier stage,   514
 conversion efficiency,   536
 dc analysis,   515
 maximum ac output power,   517
Transistor amplifier,   129, 231
 operating point,   129
 effects of RS and RL,   299
 two-port system approach,   309, 311
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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 p model,   253
 modeling of transistor,   233
 re model in (CB) configuration,   233
 re model of pnp transistor in CB  

configuration,   235
 re model of transistor in CE configuration 

including ro,   239
 re 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

 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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