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Multistage (Cascaded) Ampli�ers Cascaded Systems

Cascaded Systems

In cascaded (or multistage) systems output of one ampli�er is connected to the input to the
next ampli�er as shown below.

We would like to represent the overall system as a voltage-gain ampli�er as shown below.
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Multistage (Cascaded) Ampli�ers Cascaded Systems

So, the input resistance Ri = vi
ii
, the output resistance Ro =

vL(open-circuit)

iL(short-circuit)
and the no-load

voltage gain Av =
vo(no-load)

vi
of the whole cascaded system is given by

Ri = Ri1

Ro = Ron

Av = Av1 ×
Ri2

Ro1 +Ri2

×Av2 × · · · ×
Rik

Rok−1 +Rik

×Avk × · · · ×
Rin

Ron−1 +Rin

×Avn

where Rik , Rok and Avk are the input resistance, output resistance and no-load gain of the
k-th stage, respectively, 1 ≤ k ≤ n and n is the maximum number of stages.

NOTE: Thus, the input resistance of the current stage acts as a load for the previous stage, or
the output resistance of the previous stage acts as a source resistance for the current stage.
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Multistage (Cascaded) Ampli�ers Cascaded Systems

Consequently, we can represent the overall no-load voltage-gain Av in terms of the load-included
voltage gains of each stage except the last stage

Av =
vo

vi

∣∣∣∣
RL=∞

= AV1 ×AV2 × · · ·AVk
· · · ×Avn

where AVk
is the load-included voltage gain of k-th stage given by

AVk
= Avk

(
Rik+1

Rok +Rik+1

)
.

Dr. U. Sezen & Dr. D. Gökcen (Hacettepe Uni.) ELE230 Electronics I 27-May-2018 4 / 29



Multistage (Cascaded) Ampli�ers Cascaded Systems

Similarly, we can represent the overall no-load voltage-gain Av in terms of the source-included
voltage gains of each stage except the �rst stage

Av =
vo

vi

∣∣∣∣
RL=∞

= Av1 ×Avs2 × · · ·Avsk · · · ×Avsn

where Avsk is the source-included voltage gain of k-th stage given by

Avsk =

(
Rik

Rok−1 +Rik

)
Avk .
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Multistage (Cascaded) Ampli�ers Cascaded Systems

Example 1: For the �gure above, �nd the input resistance Ri, output resistance Ro and
the overall voltage gain AVs = vo/vs of the whole system.

Solution: The input resistance Ri, output resistance Ro and the total voltage gain AVs

of the overall system are given as follows

Ri = Ri1 = 10 kΩ,

Ro = Ro2 = 5.1 kΩ,

Av = Av1

(
Ri2

Ro1 +Ri2

)
Av2 = (1)

(
26

12 + 26

)
(240) ∼= 164.21,

AVs =

(
Ri

Rs +Ri

)
Av

(
RL

Ro +RL

)
=

(
10k

1k + 10k

)
(164.21)

(
8.2k

5.1k + 8.2k

)
∼= 92.

Homework 8: Calculate the overall voltage gain AVs by removing the �rst stage. Thus, explain
the purpose of the �rst stage.
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Multistage (Cascaded) Ampli�ers AC-Coupled Multistage Ampli�ers

AC-Coupled Multistage Ampli�ers

In AC-coupled multistage ampli�ers, the DC bias circuits are isolated from each other by the
coupling capacitors at the input and output of each stage.

Thus,

I The DC calculations are independent of the cascading.

I The AC calculations for gain and impedance are interdependent.
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Multistage (Cascaded) Ampli�ers AC-Coupled Multistage Ampli�ers

Example 2: For the �gure above, �nd the input resistance Ri, output resistance Ro and
the no-load voltage gain Av = vo/vi of the whole system.

Solution: The input resistance Ri, output resistance Ro and the no-load voltage gain Av

of the overall system are given as follows

Ri = RG1

Ro = RD2
||rds2

Av =
[
−gm2

(
RD2
||rds2

)] [
−gm1

(
RD1
||rds1 ||Ri2

)]
= gm2gm1

(
RD2
||rds2

) (
RD1
||rds1 ||RG2

)
.
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Multistage (Cascaded) Ampli�ers AC-Coupled Multistage Ampli�ers

Example 3: For the �gure above, �nd the input resistance Ri, output resistance Ro and
the no-load voltage gain Av = vo/vi of the whole system.

Solution: The input resistance Ri, output resistance Ro and the no-load voltage gain Av

of the overall system are given as follows

Ri = R1||R2||hie1
Ro = RC2

||1/hoe2

Av =

(
−
hfe2

(
RC2 ||1/hoe2

)
hie2

)(
−
hfe1

(
RC1 ||1/hoe1 ||Ri2

)
hie1

)

=
hfe2hfe1

(
RC2
||1/hoe2

) (
RC1
||1/hoe1 ||R3||R4||hie2

)
hie2hie1

.
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Multistage (Cascaded) Ampli�ers AC-Coupled Multistage Ampli�ers

Example 4: For the �gure above,

a) Draw AC and DC load lines for both transistors.

b) Calculate the overall voltage gain AVs = vo/vs.

c) Find vs(max) which produces maximum undistorted output voltage.

Homework 9: Solve the question given in Example 4.
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DC-Coupled Multistage Ampli�ers

In DC-coupled multistage ampli�ers, the DC bias circuits are not isolated from each other.

Thus,

I The DC calculations are not independent of the cascading.

I The AC calculations for gain and impedance are interdependent.

DC-coupled multistage ampli�ers are used either to amplify very low frequency signals or to
amplify DC signals.
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Multistage (Cascaded) Ampli�ers DC-Coupled Multistage Ampli�ers

Example 5: For the �gure above,

a) Draw AC and DC load lines for both transistors.

b) Calculate the overall voltage gain AVs = vo/vs.

c) Find vs(max) which produces maximum undistorted output voltage.
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Multistage (Cascaded) Ampli�ers DC-Coupled Multistage Ampli�ers

Solution: a) Let us �rst start with DC analysis and apply the Thévenin theorem at the
base od the �rst transistor

VBB1
=

30k

30k + 60k
30 = 10V

RBB1 = 30k||60k = 20 kΩ

Note that, IE1 = IRE1 + IB2
∼= IRE1 assuming IE2 ∼ IE1 . So, we can �nd IRE1 as

follows

IRE1
∼=

VBB1
− VBE1(ON)

RE1
+RBB1

/ (β + 1)
=

10− 0.6

1k + 20k/21
∼= 4.82mA
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Multistage (Cascaded) Ampli�ers DC-Coupled Multistage Ampli�ers

Consequently, ICQ1
∼= IRE1

= 4.82mA and RDC1
∼= RE1

= 1 kΩ. Also, as
VB2

= VE2
= 4.82V, we can �nd IE2

as

IE2
=
VE1
− VBE2(ON)

RE2

=
4.82− 0.6

1k
∼= 4.22mA

Thus, IE2
∼ IE1

and our assumption holds. Here assuming α = 20/21 ≈ 1, we obtain
RDC2

∼= RC +RE2 = 3 kΩ.

As Rac1
∼= RDC1

= 1 kΩ and Rac2 = RDC2
= 3 kΩ, AC and DC load-lines coincide for

both transistors, i.e.,
vCE1 = VCC − iC1Rac1 . . .AC-DC load lines are the same

vCE2 = VCC − iC2Rac2 . . .AC-DC load lines are the same
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Multistage (Cascaded) Ampli�ers DC-Coupled Multistage Ampli�ers

Consequently, AC (and DC) load-line for the �rst transistor is shown below

We can see that maximum undistorted swing for the �rst transistor is given by

vCE1(max)
= min

(
VCEQ1 , ICQ1Rac1

)
= min (25.18, 4.82) = 4.82V.
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Similarly, AC (and DC) load-line for the second transistor is shown below

We can see that maximum undistorted swing for the second transistor is given by

vCE2(max)
= min

(
VCEQ2

, ICQ2
Rac2

)
= min (17.34, 12.66) = 12.66V.
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b) Let us �rst �nd hie1 , hie2 and Ri1

ie1 = hfe1
γ

ICQ1

= 20
26m

4.82m
= (20)(5.39) ∼= 108 Ω

hie2 =
(
hfe2 + 1

) γ

ICQ2

= 21
26m

4.22m
= (21)(6.16) ∼= 129 Ω

Ri1
∼= R1||R2||

[
hie1 +

(
hfe1 + 1

)
RE1

]
= 30k||60k|| [108 + (21) (1k)] ∼= 10.3 kΩ

Later, let us calculate the no-load gain Av2 = vo/vi2 = vo/vo1 of the second stage

Av2 =
vo

vo1
=

−hfe2RC

hie2 +
(
hfe2 + 1

)
RE2

=
− (20) (2k)

129 + (21) (1k)
= 1.89

Now, let us calculate the overall gain AVs1 = vo1/vs of the �rst stage

AVs1 =
vo1
vs

=

(
Ri1

Rs +Ri1

)( (
hfe1 + 1

)
RE1

hie1 +
(
hfe1 + 1

)
RE1

)

=

(
10.3k

1k + 10.3k

)(
(21) (1k)

108 + (21) (1k)

)
∼= 0.91.
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Multistage (Cascaded) Ampli�ers DC-Coupled Multistage Ampli�ers

So, the overall voltage gain AVs is given by

AVs = AVs1 ×Av2 = (0.91) (1.89) = 1.72.

c) From vCE1(max)
and vCE2(max)

calculated in part (a), and from Av2 and AVs1

calculated in part (b), we see that the limiting factor comes from the �rst stage. Because(
vCE1(max)

<
vCE2(max)

Av2

)
⇒
(

4.82 <
12.66

1.89

)
⇒ (4.82V < 6.7V)

Consequently,

vs(max) =
vCE1(max)

AVs1

=
4.82

0.91
= 5.30V.
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Example 6: For the �gure above,

a) Draw AC and DC load lines for both transistors.

b) Calculate the overall voltage gain AVs = vo/vs.

c) Find vs(max) which produces maximum undistorted output voltage.

Homework 10: Solve the question given in Example 6.
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Multistage (Cascaded) Ampli�ers DC-Coupled Multistage Ampli�ers

Example 7: For the �gure above,

a) Calculate the overall voltage gain AVs = vo/vs.

b) Find the output resistance Ro.

Homework 11: Solve the question given in Example 7.
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Cascode Ampli�er
The cascode con�guration is a CE-CB combination, where the collector of the �rst transistor is
connected to the emitter of the second transistor as shown below.

The arrangements provide a relatively high-input impedance with low voltage gain for the �rst
CE stage to ensure the input Miller capacitance is at a minimum, whereas the following CB
stage provides the high gain.

Therefore, therefore this combination works well in high frequency applications.
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Multistage (Cascaded) Ampli�ers Cascode Ampli�er

Example 8: For the cascode ampli�er above, �nd the input resistance Ri, output
resistance Ro and the voltage gain Av = vo/vi.

Dr. U. Sezen & Dr. D. Gökcen (Hacettepe Uni.) ELE230 Electronics I 27-May-2018 22 / 29



Multistage (Cascaded) Ampli�ers Cascode Ampli�er

Solution: Let us perform DC analysis �rst and calculate IEQ1

IEQ1
=
VB1
− VBE(ON)

RE

∼=

RB3
RB1

+RB2
+RB3

VCC − VBE(ON)

RE
. . . ignoring IB1 and IB2 as βRE � RB3

=

4.7k
6.8k+5.6k+4.7k

18− 0.7

1k
=

4.95− 0.7

1k

= 4.25mA
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As α = 100/101 ∼= 1, IEQ1
∼= ICQ1 = IEQ2

∼= ICQ2 . So, hie = hie1 = hie2 given by

hie =
(
hfe + 1

) γ

IEQ
= (101)

(
26m

4.25m

)
∼= 618 Ω

So, the SSAC equivalent circuit is given below
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Thus, we can calculate Ri, Ro and Av as follows

Ri = RB3
||RB2

||hie1 = 4.7k||5.6k||618 ∼= 498 Ω

Ro = RC = 1.2 kΩ

Av =

(
vo

ie2

)(
ie2
ib1

)(
ib1
vi

)
=
(
−hfb2RC

) (
−hfe1

)( 1

hie1

)
. . . hfb = −1

= −
(100) (1.2k)

0.618k
= −194.

Homework 12: Show that the voltage gain AV1
= vo1/vi = −1 for the �rst stage of the

ampli�er. Consequently, comment on the Miller e�ect.
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Darlington Pair

A very popular connection of npn two bipolar junction transistors for operation as one
superbeta npn transistor is the Darlington connection shown below.

The main feature of the Darlington connection is that the composite transistor as shown below
acts as a single unit with a current gain that is the product of the current gains of the individual
transistors.
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Consequently, current gain βD and base-emitter turn-on voltage VBED(ON) are given as follows

βD = β1β2 + β1 + β2 ≈ β1β2
VBED(ON) = 2VBE(ON)

Such that IC = βDIB and IE = (βD + 1) IB when both transistors are in the forward active
mode.

Homework 13: Show that above expressions for βD and VBED(ON) are correct.
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Feedback Pair

The feedback pair connection shown below is a two-transistor circuit that operates like the
Darlington circuit.

Notice that the feedback pair uses a pnp transistor driving an npn transistor, the two devices
acting e�ectively much like one pnp transistor as shown below. As with a Darlington
connection, the feedback pair also provides a very high current gain.
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Consequently, current gain βF and emitter-base turn-on voltage VBEF (ON) are given as follows

βF = β1β2 + β1 ≈ β1β2
VBEF (ON) = VBE(ON)

Such that IC = βF IB and IE = (βF + 1) IB when both transistors are in the forward active
mode.

Homework 14: Show that above expressions for βF and VBEF (ON) are correct.
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