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 Many applications cannot be handled with single-

transistor amplifiers in order to meet the 

specification of a given amplification factor, input 

resistance and output resistance 

 

  As a solution – transistor amplifier circuits can be 

connected in series or cascaded amplifiers 

 



Introduction 

 Typical spec for a general purpose operational amplifier 
 – Input resistance ~ 1MΩ 

 – Output resistance ~ 100Ω 

 – Voltage gain ~ 100,000 

  No single transistor amplifier can satisfy the spec 

  As a solution – multiple transistor amplifier circuits can 
be connected in series to meet the spec 

 Usually 
 – An input stage to provide required input resistance 

 – A middle stage(s) to provide gain 

 – An output stage to provide required output resistance 

  It is important to note that the input resistance of the next 
stage becomes the load of the previous stage 



Multistage Amplifiers 

Multi-stage amplifiers are amplifier circuits cascaded to 

increased gain. We can express gain in decibels(dB). 

Two or more amplifiers can be connected to increase the gain of 

an ac signal. The overall gain can be calculated by simply 

multiplying each gain together. 

AVTOT= Av1Av2Av3 ……AVN 

 



Multistage Amplifier Cutoff Frequencies 

and Bandwidth 
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• When amplifiers having equal cutoff frequencies are cascaded, the 

cutoff frequencies and bandwidth of the multistage circuit are found 

using  
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Summary of Single stage BJT Amplifiers 
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Multistage amplifier configuration 

Cascade RC coupling 
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Cascode 

Multistage amplifier configuration 
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Multistage amplifier configuration 

Cascade Direct coupling 
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Multistage amplifier configuration 

Darlington 
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Multistage amplifier configuration 

Transformer coupling 
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- The most widely used method 

 

- Coupling a signal from one stage to the 

another stage and block dc voltage from one 

stage to the another stage 

 

- The signal developed across the collector 

resistor of each stage is coupled into the 

base of the next stage   

 

- The overall gain = product of gains of the 

individual stages (ideally) 

i)  Cascade connection 
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R 1

R 2

R 3

R 4

R C 1

R E 1

R C 2

R E 2

V CC +20 V

15 kW

15 kW

4.7 kW 4.7 kW

2.2 kW2.2 kW

1 kW1 kW

b 1 = b 2  200

r o 1 = r o 2 = 

R i

R o

Example 1 

Draw the AC equivalent circuit and calculate Av,  

Ri and Ro. 
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R 1

R 2

R C 1

R E 1

V CC

Q 1

15 kW

4.7 kW

2.2 kW

1 kW

+20 V

DC analysis 

The circuit under DC 

condition (stage 1 and 

stage 2 are identical) 

Solution 
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Applying Thevenin’s theorem, the 

circuit becomes; 

V BB

R BB

V CC

R C 1

R E 1

2.2 kW

1 kW

3.58 kWI B

b I B

(1+b )I B

4.77 V

20 V

S  153.0

k 307.1

mA 979.3

μA 89.19
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R B 1 r  1 r  2

g m 1v  1 g m 2v  2

R B 2R C 1

+

v  1

-

+

v  2

-

R C 2

V i
V oB1

E1

C1 B2

E2

C2

AC analysis 

211 // RRRB  432 // RRRB 

The small-signal equivalent circuit (mid-band); 
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222 Cmo RvgV 

22

2

2 Cm
o Rg

v

V
A 



( )221112 ////  rRRvgv BCm

 iVv 1

( )2211
2

1 //// 
 rRRg

V

v
A BCm

i



( )2211 //// rRRVg BCim
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( )22122121 //// rRRRggAAA BCCmm

W k 579.37.4//15// 4321 RRRR BB

W  667307.1//579.3//2.2//// 221 rRR BC

V/V 343506672200153.0153.0 A

Substituting values; 

The small-signal voltage gain; 
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W k 957.0307.1//579.3// 11 rRR Bin

The input resistance; 

The output resistance; 

W k 2.22Co RR



22 

Example: 

R1=47 k, R2=10k Rc=4.7k, RE=1k, VCC=10V 

VB=1.7V, IE=1mA,  

re=25 W, Av=-Rc/re=-188, Avtot=12400 
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Assuming b1 = 170, b2 = 150 and VBE(ON) = 0.7 V, 

calculate the voltage gain Av where; 

s

o
v

v

v
A 

Example 2 
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DC analysis 

Q 1

Q 2

R BB

R C 1

R E 1

R E 2

R C 2

5 kW

2 kW

2 kW

1.5 kW

V CC

V BB

V EE

+5 V

-5 V

V C 1

V E 1

V E 2

V C 2

I B 1

I B 2

I C 1

I 1

I E 1

I E 2

I C 2
V B 1

( )

V

RR

R
VVVV EECCEEBB

667.1      

21

2












+
+

W
+

 k 3.33
21

21

RR

RR
RBB
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01111 ++++ EEEEBEBBBBB VIRVIRV

The base-emitter loop of Q1 

( ) 11111 1 BEEEBBBEBBB VVVIRIR ++ b

Substituting values; 

( ) 7.05667.11021170103.33 1

3

1

3 +++ BB II

A 71 BI mA 19.1111  BC II b

( ) mA 197.11 111 + BE II b
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V 9.111  BBBBBB IRVV

V 606.2111 + EEEEE VIRV

For the RC1 – collector of Q1 – base of Q2 – RE2 loop  

11222 IRVIR CEBEE +

211 BC III  ( ) 222 1 BE II + band 

( ) ( )2112222 1 BCCEBBE IIRVIR ++b

Q 1

Q 2

R BB

R C 1

R E 1

R E 2

R C 2

5 kW

2 kW

2 kW

1.5 kW

V CC

V BB

V EE

+5 V

-5 V

V C 1

V E 1

V E 2

V C 2

I B 1

I B 2

I C 1

I 1

I E 1

I E 2

I C 2
V B 1
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Substituting values;  

( ) ( )2

33

2

3 1019.11057.01021150 BB II ++ 

μA 172 BI mA 565.2222  BC II b

( ) mA 582.21 222 + BE II b

mA 173.1017.019.1211  BC III
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V 865.0173.155111  IRVV CCCC

V 164.0582.225222  EECCE IRVV

V 175.15565.25.1222 + EECCC VIRV
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sV

V
A 2

1



2

2

V

V
A o




AC analysis 
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( )21112 //  rRVgV Cm ( )211

1

2 // 



 rRg
V

V
Cm














+


inS

in
s

RR

R
VV 1

inS

in

s RR

R

V

V

+
1

( ) 










+








inS

in
Cm

ss RR

R
rRg

V

V

V

V

V

V
A 211

1

1

22
1 // 







( )LCmo RRVgV //222  ( )LCm
o RRg

V

V
A //22

2

2 




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( ) ( ) LCm

inS

in
Cm RRg

RR

R
rRgAAA //// 2221121 











+
 

( )( )LCC

inS

in
mm RRrR

RR

R
ggA //// 22121 











+


Substituting values; 

mA/V 77.45
26

197.11
1 

T

E
m

V

I
g

W  3714
19.1

26
170

1

11

C

T

I

V
r b
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W  1520
565.2

26
150

2

22

C

T

I

V
r b

mA/V 65.98
26

565.22
2 

T

E
m

V

I
g

W k 342.3714.3//50//100//// 121 rRRRin

( )( )LCC

inS

in
mm RRrR

RR

R
ggA //// 22121 











+


( )( )5//5.152.1//5
342.35.0

342.3
65.9877.45 









+


 5286A
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- A cascode connection has one transistor on top of (in 

series with) another- current through two stages are 

equal 

 

- The i/p applied to a C-E amp. (Q1) whose output is 

used to drive a C-B amp. (Q2) 

 

- The o/p signal current of Q1 is the i/p signal of Q2 

 

- The advantage: provides a high i/p impedance with 

high voltage gain to ensure the i/p Miller capacitance 

is at a min. with the C-B stage providing good high 

freq. operation 

ii)  Cascode connection 



35 
Cascode amplifier 

C B

C C 1

C C 2

C E

R 1

R 2

R 3
R E

R C

V CC

v s

v o

R L

Q 1

Q 2
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DC analysis 

Q 1

Q 2

R 1 R C

V CC

R 2

R 3 R E

1BI 11 BIb

( ) 111 BIb+

2

11

1 b

b

+

BI









+ 2

11
2

1 b

b
b BI

1I










+


2

11
1

1 b

b BI
I

1

2

11
1

1
B

B I
I

I 








+


b

b

















+
+

2

1
11

1
1

b

b
BII

P 

Q 

E2 

E1 
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CCB
B VIIR

I
IRIR 


















+
++









+
+ 1

2

1
13

2

11
1211

1
1

1 b

b

b

b

The equations are (assuming VBE = 0.7 V for both BJT’s); 

( ) 1111

2

1
13 1

1
1 BEBEB IRVIIR ++


















+
+ b

b

b

The above equations may solved for the two unknown 

currents namely I1 and IB1. 

Applying KVL in the loop VCC, P, Q, Gnd 

Applying KVL in the loop Q, E1, Gnd 
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AC analysis 

The equivalent circuit under AC condition 

R BB

R L '

Q 1

Q 2

v s

v o

32 // RRRBB  LCL RRR //'
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The ac equivalent circuit using hybrid- model for BJT 

r  1 r  2

+

v  1

-

+

v  2

-

g mv  2

g mv  1

R BB

R L '

v s

v o

B1

E1

C1 E2

B2

C2

LCL RRR //'
32 // RRRBB 
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( )1'22 Lmo Rvgv 

At node E2;  

22

2

2
11 




 vg

r

v
vg mm + Or; 

22

121
2

1 




rg

vrg
v

m

m

+


Substituting in (1); 

sLmL

m

mm
o vRgvR

rg

rgg
v '

1
'

1 2

2
11

22

221










+












+


b

b





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When b2 >> 1 

'
1 2

2
1 Lm

s

o
v Rg

v

v
A 









+


b

b

The small-signal voltage gain; 

'1 Lmv RgA 
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C B

C C 1

C C 2

C E

R 1

R 2

R 3
R E

R C

V CC

v s

v o

R L

Q 1

Q 2

76 kW

28 kW

37 kW
3 kW

5 kW

5 kW

+15 V

15021  bb

V 7.021  BEBE VV

mV 26TV

Example 3 Compute the 

approximate small-

signal voltage gain 
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Q 1

Q 2

R 1 R C

V CC

R 2

R 3 R E

1BI

1I

76 kW

28 kW

37 kW 3 kW

5 kW

+15 V

2

11

1 b

b

+

BI










+


2

11
1

1 b

b BI
I

1

2

11
1

1
B

B I
I

I 








+


b

b

( ) 111 BIb+

11 BIb










+ 2

11
2

1 b

b
b BI

SOLUTION 

The circuit under DC condition 

DC analysis 
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CCB
BB VI

I
IR

I
IRIR 










+
+









+
+ 1

2

11
13

2

11
1211

11 b

b

b

b

Substituting values; 

15
1150

150
k37

1150

150
k28k76 1

1
1

1
11 










+
+









+
+ B

BB I
I

I
I

II

( )1101554.101411 3

11

 BII
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( ) 111

2

11
13 17.0

1
BEB

B IRI
I

IR ++









+
 b

b

b

Or; 

Substituting values; 

( ) 7.01
1

111

2

11
13 +










+
 BEB

B IRI
I

IR b
b

b

( ) 3

11
1

1 107.011503
1150

150
37 +










+
 BB

B II
I

I

3

11 107.075.52637  BII
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( )224.14100189.0 1

3

1 BII + 

( ) 3

11

3 101554.10124.14100189.0411  + BB II

Substituting for I1 in (1) 

A 47.6
3.1906

10335.12 3

1 





BI

mA 0.97A 47.615011  b BCQ II

mA 0.9712  CQE II
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A 42.6
151

0.97

1

2
2 

b


+
 E

B

I
I

mA 964.0A 42.615022  b BCQ II



48 

AC analysis 

Small-signal equivalent circuit using hybrid- model 

r  1 r  2

+

v  1

-

+

v  2

-

g mv  2

g mv  1

R BB

R L '

v s

v o

B1

E1

C1 E2

B2

C2
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( )1'22 Lmo Rvgv 

At node E2; 22

2

2
11 




 vg

r

v
vg mm +

Hence; 
22

121
2

1 m

m

gr

vrg
v






+


Substituting for v2 in (1); 

1

22

221 '
1





 vR
gr

grg
v L

m

mm
o 











+

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Or; iLmo vRgv '
1 2

2
1 









+


b

b

The voltage gain; 

'
1 2

2
1 Lm

i

o
v Rg

v

v
A 









+


b

b

When b2   1; 

'1 Lmv RgA 



51 

Substituting values; 

mA/V 3.37
26

97.01

1 
T

CQ

m
V

I
g

( )25000373.0vA

V/V 25.93vA

W k 5.2k5//k5//' LCL RRR
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iii) Darlington connection 

Darlington pair 

Internal connection; 

• Collectors of Q1 and 

Q2; 

• Emitter of Q1 and 

base of Q2. 

Q 1

Q 2

b1

b2e1

e2

c1

c2

B

C

E

I B

I C

Provides high current 

gain : IC  b2IB 
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Currents in darlington pair 

Q 1

Q 2

b 1I B 1

I B 1

I E 1  (1+b 1)I B 1  I B 2

I E 2  (1+b 2)I B 2 (1+b 1)(1+b 2)I B 1

I C 2  b 2I B 2 b 2(1+b 1)I B 1

I C 1 + IC 2  b 1 + b 2(1+b 1)I B 1
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If b1 = b2 = b and assuming b is large; 

Q 1

Q 2

b I B 1

I B 1

I E 1  (1+b )I B 1  I B 2

I E 2  (1+b )I B 2 (1+b )
2
I B 1

I C 2  b I B 2 b (1+b )I B 1

I C 1 + IC 2  b
2
I B 1
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Q 1

Q 2

b1

b2e1

e2

c1

c2

B

C

E

Hybrid- model (assuming ro1 = ro2 = ); 

r  1

r  2

+

V  1

-

+

V  2

-

g m 2V  2

g m 1V  1

b1

b2

c2e1

e2

c1

 
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Darlington configuration provides; 

• Increased current; 

• High input resistance. 

• Low output impedance 
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Small-signal equivalent circuit 
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Input voltage source 

is transformed into 

current source 
11  rIV i

iimm IIrgVg 11111 b 

( ) 212 1  b rIV i+

( ) iiib IIII 112 1 bb ++

( ) ii

mmo

II

VgVgI

121

2211

1    bbb



++

+

( )

( ) i

im

m

I

rIg

Vg

12

212

22

1    

1    

bb

b 



+

+

21  VVVi +

Ii 
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11  rIV i iimm IIrgVg 11111 b 

( ) iiib IIII 112 1 bb ++ ( ) 21222 1  b rIrIV ib +

( ) ( ) iimm IrIgVg 1221222 11 bbb  ++

( ) iimmo IIVgVgI 1212211 1 bbb +++

( ) 21121 1 bbbbb ++
i

o
i

I

I
A

The current gain is; 
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( ) 21121 1  b rIrIVVV iii +++

The input resistance is; 

( ) 211 1  b rr
I

V
R

i

i
i ++

EXERCISE 1 

Show that the approximate expression for the input 

resistance of the darlington configuration above is; 

212 b rRi 

Hints:  use the relationships: 

211

2

2

1&





b

b

b

rr

I
I

I

V
r

CQ

CQ

CQ

T




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Example 4 

Determine the; 

(a)  Q-point for Q1 and Q2; 

(b)  voltage gain vo/vs; 

(c)  input resistance Ris; 

(d)  output resistance Ro 

10021  bb

 21 AA VVAssume

V 7.021  BEBE VV
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DC equivalent circuit 

Using Thevenin’s theorem; 

V 72.2
21

2 








+


RR

R
VV CCBB

W
+

 k 91
21

21

RR

RR
RBB

R 1

R 2

R C

R E 2

335 kW

125 kW

2.2 kW

1 kW

V CC +10 V

Q 1

Q 2

(a)  Determination of Q-points 
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The circuit becomes; 

( ) 112 1 BEB III + b ( ) ( ) 1

2

22 11 BBE III ++ bb

R C 2.2 kW

R E 2 1 kW

R BB

V BB

+10 VV CC

+2.72 V

91 kW

Q 1

Q 2

I B 1

I B 2

I C 1

I C 2

I E 2

10021  bb

 21 AA VV

V 7.021  BEBE VV
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( ) BBBEBEBBB VIRVIR +++ 1

2

21 12 b

Substituting values; 

μA 8.121 CI

mA 3.12 EI

μA 93.1221  BE II

mA 293.12 CI

( ) 72.21100k17.02k91 1

2

1 +++ BB II

μA 128.010
10292

32.1 3

1  

BI

V 3.113.12 EV

( ) V 127.70.01281.2932.2 1021 + CC VV

V 27.03.11 +EV
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V 127.52127.7111  ECCE VVV

V 827.53.1127.7222  ECCE VVV

(a)   The Q-points are; 

V 827.5  mA; 293.1: 

V 127.5  μA; 8.12:

222

111





CEQCQ

CEQCQ

VIQ

VIQ
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The equivalent circuit under AC condition 

R BB

R C

Q 1

Q 2

v s

R is

v o

R o

(b)   The small-signal voltage gain (mid-band); 
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Using the hybrid- model of transistor, the equivalent 

circuit becomes; 

R BB R C

r  1

r  2

g m 1v  1

g m 2v  2

+

v  1



+

v  2



v s v o

R is R oi i
i o
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W





k 25.203
10492.0

100
3

1

1
1

mg
r

b


W





k 2
1073.49

100
3

2

2
2

mg
r

b


mA/V 492.0
mV 26

A 8.121

1 


T

CQ

m
V

I
g

mA/V 73.49
mV 26

mA 293.12

2 
T

CQ

m
V

I
g
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( ) Cmmo RVgVgv 2211  +

121

1

2
211

1

1
2 









 Vrg

r

r
rVg

r

V
V mm 










+










+

( ) 1

1

2
12 1 




 b V

r

r
V +

( )
1

1

211 1




bbb
VR

r
v Co 







 ++


Substituting for V2 in the expression for vo and 

simplifying; 
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21  VVvs + ( ) 1

1

2
12 1 




 b V

r

r
V +

Substituting for V2; 

( ) 1

1

2
11 1 




 b V

r

r
Vvs ++

( )
1

1

211 1




bbb
VR

r
v Co 







 ++


( )

( ) 1

1

2
11

1

1

211

1

1












b

bbb

V
r

r
V

VR
r

v

v
A

C

s

o
v

++








 ++




Simplifying; 

( ) 
( ) 211

211

1

1

 b

bbb

rr

R

v

v
A C

s

o
v

++

++

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 
( )2100225.203

2.2100100100 2

++

++
vA  4.55vA

Substituting values; 
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R BB R C

r  1

r  2

g m 1v  1

g m 2v  2

+

v  1



+

v  2



+

v s

-

v o

R is R oi i
i oi b

R ib

b

s
ib

i

v
R ibBBis RRR //
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21  VVvs +

11  riV b

( ) ( )

( ) b

bmbmb

ir

rirgirVgiV

21

2112112

1      



b+

++

( ) bbs irirv 211 1  b++

( ) 211 1  b rr
i

v
R

b

s
ib ++

Substituting values; 

( ) W++ k 40521001203ibR
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40591

40591
//

+


 ibBBis RRR W k 6.73isR

W k 2.2Co RR
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Bogart 
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The ideal voltage amplifier should have infinite input impedance and zero output impedance. 

The CC and CE with RE basic amplifiers have these properties. 

– The Input impedance of these amplifiers is 

– Ri = hie+(1+hfe)RE using the simplified model (assuming that hoeRE<< 0.1) 

– As RE increases this equation suggests that Ri increases more 

However, as RE  the assumption hoeRE >>1 is no longer valid. And the more accurate equation is  

Ri = hie + (1+hfe)RE / (1+hoeRE) which Ri  hfe/hoe      theoretical limitation on Ri. 

There are other practical limitations also. 

1.  As RE increases the bias current causes a larger voltage drop across it. For middle of operating range 

VCE = VRE = VCC/2. We thus require larger power supply voltage 

2. In integrated circuits RE occupies chip area. Larger the value, greater is the chip area occupied, leaving 

less for other components. 

3. Bias resistance appear in parallel with the Ri and with typical values of a few 100K the parallel 

combination is now decided by the bias resistance, and is hence lower. 

Solutions: 

The DARLINGTON PAIR circuit increases the input resistance but biasing of 2nd stage is difficult and should 

be a power transistor . 

 The bias resistance problem (3) may be solved by the BOOTSTRAPPING technique. 

High Input Resistance circuits: 
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Cancelling the effect of the bias resistance by Bootstrapping: 

Y 
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 Here R1 and R2 are the bias resistances.  

 Base bias through R3. C2 short-circuits the output to point Y at the 

junction of the bias resistance. 

 Thus signal voltage at Y = Vout  and at Base signal voltage is Vin. 

 Then  iR3 = (Vin - Vout ) / R3 

 So effective resistance of the combination seen by the source is  

Reff = Vin /iR3= Vin R3/(Vin - Vout ) = R3 / (1 – Av) where Av = voltage gain 

Vout/Vin 

for the CC and Darlington circuits, Av< 1, 1 – Av and is a very small number. 

This means effective resistance of the bias combination is increased greatly. 
 

If Av is 0.95 and R3 is 50K , R1 = 100K and R2 = 100K then without bootstrapping, 

bias combination would give 

Ri= (hie + AI2Ri2) || (R1||R2) =(1+hfe)2 RE/(1+hoehfeRE) || 50 K = 50 M ||50K=50K 

 

With Bootstrapping, the resistance is 50K / (1 – 0.95) = 50K *20 = 1000K = 1M. 
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I CQ 1

I CQ 2

Find;   (a)  ICQ1 and ICQ2     (b)  Av = vo/vs     (c)  Rib and Ro 





21

21 100

AA VV

bb

Answers: 

(a) 2.08 mA & 69.9 mA 

(b) 0.99 V/V 

(c)  480 kW & 0.469 W 
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Advantages of Transformer Coupled Amplifier 

 The following are the advantages of a transformer coupled amplifier − 

 An excellent impedance matching is provided. 

 Gain achieved is higher. 

 There will be no power loss in collector and base resistors. 

 Efficient in operation. 

Disadvantages of Transformer Coupled Amplifier 

•The following are the disadvantages of a transformer coupled amplifier − 

•Though the gain is high, it varies considerably with frequency. Hence a poor 

frequency response. 

•Frequency distortion is higher. 

•Transformers tend to produce hum noise. 

•Transformers are bulky and costly. 

Applications 

The following are the applications of a transformer coupled amplifier − 

Mostly used for impedance matching purposes. 

Used for Power amplification. 

Used in applications where maximum power transfer is needed. 
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