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Cascaded Systems

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

Vo, = Viy Voy = Viy
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We would like to represent the overall system as a voltage-gain amplifier as shown below.
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U L (open-circuit)

So, the input resistance R; = 2’—’ the output resistance R, = and the no-load
1

ZL(short-circuit)

”o(no-'load) of the whole cascaded system is given by

K3

voltage gain A, =

R; = R;,
RO - ROTL
R; R; R;
Ay = Aoy ><#><AU2 x---x*xﬁlvk x---x*xﬁlvn
Roy + R, Roy,_, + Ry, Ro, , + Ry,

where R;, , Ro, and A,, 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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Consequently, we can represent the overall no-load voltage-gain A, in terms of the load-included
voltage gains of each stage except the last stage

Vo
A’U: I

(X

X A

=AV1 XAV2 X---AV

A v,

Ry =00

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

Ay Rik+1

—A — k¥l
k vk Rok +R7’k+1
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P / / e
/

Ri= R, Ro, R, R., Ri, Ro, Ri, Ro, = Ro

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

Vo
Av:_ :Avl XAUSQX"'AUSk"'XAUSn

Ry =00

(%

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

Ays, = M Ay, -
Roy_, + Rik
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Rl A A,
+ | m‘ + + | Emitter-follower ;'_ Common-base | T_
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R; = R;, R,, Ri, Ro, = R,

Example 1: For the figure above, find the input resistance R;, output resistance R, and
the overall voltage gain Ay = v,/vs of the whole system.

Solution: The input resistance R;, output resistance R, and the total voltage gain Ay
of the overall system are given as follows

R; = R;; = 10kS2,
RO = R02 == 5.1 kQ,

R; 2
Ay = Ay, <—2) Ay, = (1) (—6> (240) = 164.21,
Ro, + Ry, 12 + 26

R; R 10k 8.2k
Ayy = (—) A, (—L> - (—) (164.21) (—) ~ 9

Homework 8: Calculate the overall voltage gain Ay by removing the first stage. Thus, explain
the purpose of the first stage.

Dr. U. Sezen & Dr. D. Gékcen (Hacettepe Uni.) ELE230 Electronics | 27-May-2018 6 /29




Multistage (Cascaded) Amplifiers  AC-Coupled Multistage Amplifiers

AC-Coupled Multistage Amplifiers

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

Thus,

» The DC calculations are independent of the cascading.

» The AC calculations for gain and impedance are interdependent.

Dr. U. Sezen & Dr. D. Gékcen (Hacettepe Uni.) ELE230 Electronics | 27-May-2018 7/ 29

Multistage (Cascaded) Amplifiers ~ AC-Coupled Multistage Amplifiers

Yoo

f

Stage 2

Stage 1

Example 2: For the figure above, find the input resistance R;, output resistance R, and
the no-load voltage gain A, = v,/v; of the whole system.

Solution: The input resistance R;, output resistance R, and the no-load voltage gain A,
of the overall system are given as follows

R; = Rg,

R, = RDQHTdsQ

Ay = [—gma (RDyl|Tdsy)] [—9m1 (RD, lI7as, || Riy)]
= gma9my (RD,lITas,) (Rpy lIras, [|Ra,) -
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Example 3: For the figure above, find the input resistance R;, output resistance R, and

the no-load voltage gain A, = v,/v; of the whole system.

Solution: The input resistance R;, output resistance R, and the no-load voltage gain A,

of the overall system are given as follows
Ri = Ri||Ra||hic,

Ro = R, ||1/hoe,

A = | — hf€2 (RCQ ||1/h062) . hfe1 (RCl ||1/hoe1 ||Ri2)
v =
h’ieg hz’el
. hfeg hfel (RCQ ||1/h062) (RC1 ||1/h061 ||R3||R4||hi62)
hieg hiel
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20V
Q1EQ2
re = h, =100
R.:% 1k Rs S100kQ
Rz§1oom be = 0.6V
R c —| Q,
A—ir O
1kQ ” oVe
+
) Ri ;""‘Q RE:§1KQ Rémz
. R51§1I{Q ¢
=Ce
- +
Example 4: For the figure above,
a) Draw AC and DC load lines for both transistors.
b) Calculate the overall voltage gain Ay = v, /vs.
¢) Find vg(max) which produces maximum undistorted output voltage.
Homework 9: Solve the question given in Example 4.
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DC-Coupled Multistage Amplifiers

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

Thus,

» The DC calculations are not independent of the cascading.

» The AC calculations for gain and impedance are interdependent.

DC-coupled multistage amplifiers are used either to amplify very low frequency signals or to
amplify DC signals.

Dr. U. Sezen & Dr. D. Gékcen (Hacettepe Uni.) ELE230 Electronics | 27-May-2018 11 / 29

Multistage (Cascaded) Amplifiers DC-Coupled Multistage Amplifiers

30V
QI = Qz ?
hFE = hf, =20
Vae = 0.6V R:é 60k2 Re §2k§l
Rs Cs
AA—| o v,
1kQ
4(. Q,
+
v, @ R, ganm
. Re gmn

Example 5: For the figure above,

a) Draw AC and DC load lines for both transistors.
b) Calculate the overall voltage gain Ay = v, /vs.

c) Find v4(max) which produces maximum undistorted output voltage.
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30v
Q=Q; ?

hee = hye = 20
Rzg 60k

R. C.
— e

Vee = 0.6V

Re ngQ

0V,

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

30k
30k + 60k
Rpp, = 30k||60k = 20 kQ

VeB, 30 =10V

Note that, /g, = Irg, + I, = Irp, assuming Ig, ~ Ig,. So, we can find Irg, as

follows
\% -V 10 - 0.6
IREl ~ BB BE1(ON) _ ~ 482 mA
Rg, + R,/ (B+1) 1k + 20k /21
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30V
Q=Q; ?
hee = he, = 20
Vee = 0.6V Rzg 60k Rc §2k§1

————O0V,

— i ——+
1kQ
R4 §3Ukn

Req %IKQ

T

|\|—

Consequently, Icg, =2 Irp, = 4.82mA and Rpc, = Rg, = 1k{2. Also, as
VB, = Vi, = 4.82V, we can find Ig, as

I — Ve, — VBE,(ON) _ 4.82-0.6
B2 Rp, T 1k
Thus, Ig, ~ Ig, and our assumption holds. Here assuming oo = 20/21 ~ 1, we obtain
Rpc, = Rc + Rg, = 3kQ.

As Rycqy = Rpc, = 1k and Ryey, = Rpce, = 3kS2, AC and DC load-lines coincide for
both transistors, i.e.,

= 4.22mA

vep, = Voo —ic, Racy
voE, = Voo — icy Racs
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Consequently, AC (and DC) load-line for the first transistor is shown below

i, (ma) 4 i (ma) 4
30-

4824 s om e

4.82

482 0 482v_ W)

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

VCE ) (maxy = MiN (Verg,, Ic@, Rac,) = min (25.18,4.82) = 4.82V.
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Similarly, AC (and DC) load-line for the second transistor is shown below

i, mA),
422
04
422 -
LY
] CE: )
12.66 0 12.66v_, (V)
2

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

VC Eo(maxy = MiN (VeEQys IcQyRacy) = min (17.34,12.66) = 12.66 V.
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b) Let us first find hje,, hie, and R;,

¥ 26m
o1 = hpe, —— =20 = (20)(5.39) = 1082
1eq fe1 ICQl 4.82m, ( )( )
26
hiey = (Rfey +1) —— =21 — — (21)(6.16) 2 129 Q

2
Icg, 4.22m
Ri, & Ril||R2|| [hie, + (hfe, + 1) RE, ] = 30k||60K|| [108 + (21) (1k)] = 10.3 k2

Later, let us calculate the no-load gain Ay, = vo/vi, = vo/v0, of the second stage

Vo _hfeg Reo = (20) (Zk) _ 189
Voy hicy + (hfe, +1) RE, 129 + (21) (1k) ’

A'U2 ==

Now, let us calculate the overall gain Ay, = vo, /vs of the first stage

A _ Va1 ( R;, ) (hfel + 1) Rp,
Va1 Vs Rs + Ril hiel + (hfel + 1) RE1

(winm) (5 anim) =00
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So, the overall voltage gain Ay is given by

Ays = Ay, X Ay, = (0.91) (1.89) = 1.72.

c) From VCE] (maw) and VC By (man) calculated in part (a), and from A,, and Ay,
calculated in part (b), we see that the limiting factor comes from the first stage. Because

vCEZ(max) 12.66
———— )| = (482 < —— ) = (4.82V <6.7TV
(vCEl(max) < AU2 ) ( 1.89 ) ( )
Consequently, . 189
Ug(max) = ——m) = == = 5.30V.

Avys, 0091
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Vv
Q1 = Qz
hFE = hfg =100 Rcz 1.3k
Ve = 0.6V Req §2.2m
o,
C.
4' Q;
R. s
‘V"&Al Il in
20002 Res §1.am
I =C
Q)

Example 6: For the figure above,

a) Draw AC and DC load lines for both transistors.
b) Calculate the overall voltage gain Ays = v, /vs.

¢) Find v4(max) Which produces maximum undistorted output voltage.

Homework 10: Solve the question given in Example 6.
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hre = 50 hw =-0.98
hie = 1.1kQ hjy = 21.6Q
hoo = 24 AN hop = 0.49p ANV
—Vee
? hre=2.5104 hy=2.59 104
hf: =5
Rc1§10k§1 hie=1.1kQ2
hec = 25p AIV
R 4(02 hee =1
'\/\j’\, }/c.u
5000 r~ L o
.
""@ Re gsm

o
Vee
Example 7: For the figure above,

a) Calculate the overall voltage gain Ays = v, /vs.

b) Find the output resistance R,.

Homework 11: Solve the question given in Example 7.
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Cascode Amplifier

The cascode configuration is a CE-CB combination, where the collector of the first 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 first
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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(B,=P,= 100)
Q,

Rp,
47KQ Ry -,
| I Cp=20F

Example 8: For the cascode amplifier above, find the input resistance R;, output
resistance R, and the voltage gain A, = v, /v;.
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Vee= 18V

6.8 kQ

[k

5.6kQ

P
(By=PB>= 100)
v C:)! . f o,
Ra,
47kQ | m I Co=204F

Solution: Let us perform DC analysis first and calculate Igg,

Ve, = VBE(ON)

I =
EQ1 RE
Rp,
Vec — Ve
Rp, tRp, tR (ON) L
~ —B1 Bg B3R .ignoring Ig, and Ip, as BRE > RB3
E
4.7k
_ 6.8k15.6k1 4.7k 18 - 0.7 _495-07
1k 1k
= 4.25mA
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ICE:ZUHF
As a = 100/101 ~1, IEQl = IC’Ql = IEQ2 = ICQQ- So, hije = hiel = h‘i€2 given by
0% 26m
hie = (hfe +1) — = (101) | ——— | 2 6182
ie = (hye+1) Izo (101) (4.25m)
So, the SSAC equivalent circuit is given below
i ip1 ic2
n B, (o Ez C2 N <
Io +
vi® Vi §R33 §Rgz §h|91 CDh!ﬂiM §hib2 Cl hfI:ZieZ RC Vo
- |_) E4 B.
| = < < L ’
R; R,
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i in1 ie2
+ B4 (o Ez C. - o

© . fuzein Owe g Ome f
i1l =L

R Ro
Thus, we can calculate R;, R, and A, as follows

R; = RB3||RB2||hi€1 = 4.7k||5.6k||618 =~ 498 2
R, = Rc = 1.2k

v=() 66
ley 2.3 (%3

1
= (=hspy Ro) (=hey) (h‘ ) chpy =1
ieq
1 .
_ _([100)(A2k) _ g,
0.618k
Homework 12: Show that the voltage gain Ay, = v,, /v; = —1 for the first stage of the

amplifier. Consequently, comment on the Miller effect.
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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.

C

0,

)

E

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.

C

B
Op

E
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c C
B
(1 B
Op
0,
E E

Consequently, current gain Sp and base-emitter turn-on voltage Vg, (on) are given as follows

Bp = B1B2 + B1 + B2 =~ B152

VBEp(ON) = 2VBE(ON)

Such that Ic = Bplp and Ig = (Bp + 1) I when both transistors are in the forward active
mode.

Homework 13: Show that above expressions for 8p and Vg, (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.

E

C

Notice that the feedback pair uses a pnp transistor driving an npn transistor, the two devices
acting effectively much like one pnp transistor as shown below. As with a Darlington
connection, the feedback pair also provides a very high current gain.

E

B I QF

C
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E E
B K
B 0,
C
C

Consequently, current gain S and emitter-base turn-on voltage Vg, (on) are given as follows

Br = B1P2 + B1 =~ B1P2

VBER(ON) = VBE(ON)

Such that Ic = BpIp and Ig = (Br + 1) I when both transistors are in the forward active
mode.

Homework 14: Show that above expressions for 8r and Vg, (on) are correct.
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