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Collection of Solved Feedback Amplifier Problems

This document contains a collection of solved feedback amplifier problems involving one or more active
devices. The solutions make use of a graphical tool for solving simultaneous equations that is called the
Mason Flow Graph (also called the Signal Flow Graph). When set up properly, the graph can be used to
obtain by inspection the gain of a feedback amplifier, its input resistance, and its output resistance without
solving simultaneous equations. Some background on how the equations are written and how the flow graph
is used to solve them can be found at

http://users.ece.gatech.edu/ “mleach/ece3050 /notes/feedback /fdbkamps.pdf

The gain of a feedback amplifier is usually written in the form A + (14 bA), where A is the gain with
feedback removed and b is the feedback factor. In order for this equation to apply to the four types of
feedback amplifiers, the input and output variables must be chosen correctly. For amplifiers that employ
series summing at the input (alson called voltage summing), the input variable must be a voltage. In this
case, the source is modeled as a Thévenin equivalent circuit. For amplifiers that employ shunt summing at
the input (also called current summing), the input variable must be a current. In this case, the source is
modeled as a Norton equivalent circuit. When the output sampling is in shunt with the load (also called
voltage sampling), the output variable must be a voltage. When the output sampling is in series with the
load (also called current sampling), the output variable must be a current. These conventions are followed
in the following examples.

The quantity Ab is called the loop gain. For the feedback to be negative, the algebraic sign of Ab must
be positive. If Ab is negative the feedback is positive and the amplifier is unstable. Thus if A is positive, b
must also be positive. If A is negative, b must be negative. The quantity (1 + Ab) is called the amount of
feedback. It is often expressed in dB with the relation 20log (1 + Ab).

For series summing at the input, the expression for the input resistance is of the form R;y x (1 + bA),
where Ry is the input resistance without feedback. For shunt summing at the input, the expression for
the input resistance is of the form Rry + (14 bA). For shunt sampling at the output, the expression for
the output resistance is of the form Rp + (1 4+ bA), where Ro is the output resistance without feedback. To
calculate this in the examples, a test current source is added in shunt with the load. For series sampling at
the output, the expression for the output resistance is of the form Ro x (1 4+ bA). To calculate this in the
examples, a test voltage source is added in series with the load.

Most texts neglect the feedforward gain through the feedback network in calculating the forward gain A.
When the flow graph is used for the analysis, this feedforward gain can easily be included in the analysis
without complicating the solution. This is done in all of the examples here.

The dc bias sources in the examples are not shown. It is assumed that the solutions for the dc voltages
and currents in the circuits are known. In addition, it is assumed that any dc coupling capacitors in the
circuits are ac short circuits for the small-signal analysis.

Series-Shunt Example 1

Figure 1(a) shows the ac signal circuit of a series-shunt feedback amplifier. The input variable is v; and the
output variable is vo. The input signal is applied to the gate of M; and the feedback signal is applied to the
source of M7. Fig. 1(b) shows the circuit with feedback removed. A test current source i; is added in shunt
with the output to calculate the output resistance Rg. The feedback at the source of M; is modeled by a
Thévenin equivalent circuit. The feedback factor or feedback ratio b is the coefficient of v, in this source, i.e.
b= Ri/(Ry + R3). The circuit values are g,,, = 0.001S, ry = g,,} = 1kQ, ro = 00, Ry = 1kQ, Ry = 10k,
R3 =9k, Ry = 1k, and Rs = 100 kS2.
The following equations can be written for the circuit with feedback removed:

1 Ry

— Vg = V1 — Vgs1 Vsl = 552 142 = —GmUVtg2
rs1 + R1||R3 Ry +Rs3

ta1 = Gm1vq G =



R2 ] RA L W
RA ] M2 [ idi I -
[, id1 L —
v EVE 1> RB L " _
Lo id2 RES R3
R5S id1y R3 < , i v2
AV v < .
= %m %m R1IIR3 R %M 1
R'] — — —
= = V2R R3

Figure 1: (a) Amplifier circuit. (b) Circuit with feedback removed.
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The voltage v, is the error voltage. The negative feedback tends to reduce v,, making |v,| — 0 as the
amount of feedback becomes infinite. When this is the case, setting v, = 0 yields the voltage gain vo/v; =
b=! = 1+ R3/R;. Although the equations can be solved algebraically, the signal-flow graph simplifies the
solution.

Figure 2 shows the signal-flow graph for the equations. The determinant of the graph is given by
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Figure 2: Signal-flow graph for the equations.

The voltage gain vy /vy is calculated with 4; = 0. Tt is given by

V2 _ Gmlx[_RQX(_ng)XRC+RD]
V1 A
1
———— % (R m2 X R, R
_ rs1+R1HR3X( 2 X gma X Fo + Rp)
- 1+71 X (Rg X X R +R)><7R1
rs1 + Ri||R3 27 Gm2 “ PP7 Ry + Ry



This is of the form

v_ 4
v 1+ Ab
where 1
A=—"_ % (R ma2 X R Rp) =4.83
ot R, < (2 g2 x o+ fip)
Ry
b=——=0.1
R+ Rs
Note that Ab is dimensionless. Numerical evaluation yields
(%) 4.83
—=—=326
v1  140.483

The output resistance Rp is calculated with v; = 0. It is given by

E_Rc_ RC

i A 1+ Ab

Rp = =613Q

Note that the feedback tends to decrease Rp. Because the gate current of M is zero, the input resistance
is R4 = Rs = 100k€.

Series-Shunt Example 2

A series-shunt feedback BJT amplifier is shown in Fig. 3(a). A test current source is added to the output
to solve for the output resistance. Solve for the voltage gain vy /v1, the input resistance R4, and the output
resistance Rp. Assume § = 100, v, = 10kQ, a« = 8/ (1 +8), gm = B/Tn, Te = Q/Gm, 70 = 00, T = 0,
Ry =1kQ, Ry =1k, Ry = 2kQ, Ry = 4k, and R5 = 10k2. The circuit with feedback removed is shown
in Fig. 3(b). The circuit seen looking out of the emitter of @ is replaced with a Thévenin equivalent circuit
made with respect to vo. A test current source i; is added to the output to solve for the output resistance.
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Figure 3: (a) Amplifier circuit. (b) Circuit with feedback removed.

For the circuit with feedback removed, we can write
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The equations can be solved algebraically or by a flow graph. The flow graph for the equations is shown
in Fig. 4. The determinant is

o = Qlie2 Vg = teaRg + 1t Ro + i1 Ry R, = Rs|| (Rs + R4) Ry

A = 17G1><[o<><—Rg><—G2><o¢><Ra+Rb]><77]{3
Rs + Ry
R
= 1+G X[aXx Ry Xx Gy Xxax R, + Rp] x ————
1 [a 2 2 X« b} Rs + Ry
= 9.09
Rb
1 va G1 o icl —R2 -G2 o Ra Ra "
v 1 ' i
iel + 1 vib2 ie2 ic2 v2
ib1
—-R3
R3+R4
Figure 4: Signal-flow graph for the equations.
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Notice that the product Ab is positive. This must be true for the feedback to be negative.
Numerical evaluation of the voltage gain yields
(%) A

= — =2.67
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The resistances R4 and Rp are given by
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Series-Shunt Example 3

A series-shunt feedback BJT amplifier is shown in Fig. 5(a). Solve for the voltage gain vs /vy, the input
resistance R4, and the output resistance Rp. For Ji, assume g,,; = 0.003 S, and r¢; = co. For @2, assume
By = 100, 770 = 2.5k, ag = B/ (14 B5), gma = Ba/Tr2, Tea = @2/gma, To2 = 00, T2 = 0. The circuit
elements are Ry = 1MQ. Ry = 10k, Rz = 1k, Ry = 20k, and Rs = 10kf2. The circuit with feedback
removed is shown in Fig. 5(b). The circuit seen looking out of the source of J; is replaced with a Thévenin
equivalent circuit made with respect to vy. A test current source i; is added in shunt with the output to
solve for the output resistance.
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Figure 5: (a) Amplifier circuit. (b) Circuit with feedback removed.

For the circuit with feedback removed, we can write
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The equations can be solved algebraically or by a flow graph. The flow graph for the equations is shown
in Fig. 6. The determinant is
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Figure 6: Signal-flow graph for the equations.
This is of the form
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Notice that the product Ab is positive. This must be true for the feedback to be negative.

Numerical evaluation of the voltage gain yields
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The resistances R4 and Rp are given by
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Series-Shunt Example 4

A series-shunt feedback BJT amplifier is shown in Fig. 7(a). A test current source is added to the output
to solve for the output resistance. Solve for the voltage gain vy /v1, the input resistance R4, and the output
rg = 00, rp = 0,
Ri =1k, Ry, = 10012, R3 = 9.9k, Ry = 10kS2, and R5 = 10k$2. The circuit with feedback removed is
shown in Fig. 8. The circuit seen looking out of the base of Q2 is a Thévenin equivalent circuit made with
respect to the voltage vs. A test current source i; is added in shunt with the output to solve for the output

resistance Rp. Assume 8 = 50, r, = 2.5kQ, a = /(1 +8), gm = B/rx, re = &/gm,

resistance.

The emitter eQuivalent circuit for calculating i.; and 4.9 is shown in Fig. 7(b). For this circuit and the

circuit with feedback removed, we can write
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Figure 7: (a) Amplifier circuit. (b) Emitter equivalent circuit for calculating i.; and 7es.
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Figure 8: Circuit with feedback removed.



The equations can be solved algebraically or by a flow graph. The flow graph for the equations is shown
in Fig. 9. The determinant is
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Figure 9: Flow graph for the equations.

The voltage gain is
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Notice that the product Ab is positive. This must be true for the feedback to be negative.
Numerical evaluation of the voltage gain yields
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The resistances R4 and Rp are given by

i\ Gio/B\ "
R4 = Rs|| (f) = Rs| <1T> = Rs|[A x (14 8) X (re1 +15)] = 8.032kQ

R w2 R,  R4|(R2+ R3)
B—__—_—

i A A =624.7Q



Shunt-Shunt Example 1

Figure 10(a) shows the ac signal circuit of a shunt-series feedback amplifier. The input variable is v; and
the output variable is vo. The input signal and the feedback signal are applied to the base of Q1. A test
current source i; is added in shunt with the output to calculate the output resistance Rp. For the analysis
to follow convention, the input source consisting of v; in series with R; must be converted into a Norton
equivalent. This circuit is the current iy = v1/R; in parallel with the resistor Ry. Fig. 10(b) shows the
circuit with feedback removed and the source replaced with the Norton equivalent. The feedback at the base
of @1 is modeled by a Norton equivalent circuit ve/Ry in parallel with the resistor R4. The feedback factor
or feedback ratio b is the negative of the coefficient of vy in this source, i.e. b = —RZl. The circuit values
are B; = 100, g1 = 0.05S, ry1 = 0, rip1 = B1/gm1 = 2kQ, 791 = 00, gma = 0.001S, 74 = g, 5 = 1kQ,
roo = 00, Ry = 1kQ, Ry = 1k, R3 = 10k, and Ry = 10k€.

(b)

Figure 10: (a) Amplifier circuit. (b) Circuit with feedback removed.

The following equations can be written for the circuit with feedback removed:

. . _ Vo .
b1 = iRy la =11 F R Ry = Ri|Rallrinr i1t = gmivm
. . RQ . . R3
Il = —fel ————— vy = tg Re + 1t Re + vp1 =——— R. = R3||R
dl 617’31 +R2 2 dl{lc tdilc b1R3+R4 c 3“ 4
The current i, is the error current. The negative feedback tends to reduce i,, making |i,| — 0 as the amount
of feedback becomes infinite. When this is the case, setting i, = 0 yields the current gain vo/i; = —Ry.

Although the equations can be solved algebraically, the signal-flow graph simplifies the solution. Figure
11 shows the flow graph for the equations. The determinant of the graph is given by
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The transresistance gain is calculated with 7; = 0. It is given by
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Figure 11: Signal-flow graph for the equations.

This is of the form

v2 A
i1 1+ Ab
where
A= Ry Rallrisn) % g1 X —2 x (Ry|Ry) + =2 | = ~77.81k0
1 41|174b1 ml A R2 3 4 Rg + R4 .
1
b=——=-10""S
R,y
Note that Ab is dimensionless and positive. Numerical evaluation yields
Vg —77.81 x 103
22 _ = —8.861 kS
i1 14 (=77.81 x 103) x (=10—%)
The voltage gain is given by .
vr_vroh v b gg
v oG v a1 Ry
The resistance R, is calculated with i; = 0. It is given by
Ro=tw B Rilulrm gy 470

71 A 1+ Ab

Note that the feedback tends to decrease R,. The resistance R4 is calculated as follows:
Ra=Ri+ (R;'—RyY) ™' = 1.077kQ
The resistance Rp is calculated with 4; = 0. It is given by

v2 _ Fe _ Rs|Ra

Ry =2 == 700 = 56940

Shunt-Shunt Example 2

A shunt-shunt feedback JFET amplifier is shown in Fig. 12(a). Solve for the voltage gain v /vy, the input
resistance R4, and the output resistance Rp. Assume g, = 0.005S, 7, = g;,! = 2009, ro = o0, Ry = 3k,
Ry =7kQ, Ry = 1kQ, Ry = 10kQ. The circuit with feedback removed is shown in Fig. 12(b) In this circuit,
the source is replaced by a Norton equivalent circuit consisting of a current i; = v1/R; in parallel with the
resistor R;. This is necessary for the feedback analysis to conform to convention for shunt-shunt feedback..
The circuit seen looking up into Ry is replaced with a Norton equivalent circuit made with respect to va. A
test current source i; is added in shunt with the output to solve for the output resistance.

10
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Figure 12: (a) Amplifier circuit. (b) Circuit with feedback removed.
For the circuit with feedback removed, we can write
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The equations can be solved algebraically or by a flow graph. The flow graph for the
in Fig. 13. The determinant is
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Figure 13: Signal-flow graph for the equations.
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The transresistance gain is

Ry
Ry x |Gy X —Re + ———
V2 _ b [ R2+R4]
i A
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Note that the product Ab is dimensionless and positive. The latter must be true for the feedback to be
negative. Numerical evaluation yields

V2 A
— = — = -3.22k
i1 A
The voltage gain is given by
V2 (%) il A 1
Lo E2x 2= x—=-1074
v, i1 x v, A . Ry
The resistances R,, R4, and Rp are given by
v Rb
R,=-2="-""=113kQ
i1 A
Ry=R; + 1 71—482kQ
A=1u R, I =4
(%) Rc
Rp=—==— =2.22kQ
PTh T A

Shunt-Shunt Example 3

A shunt-shunt feedback BJT amplifier is shown in Fig. 14. The input variable is the v; and the output
variable is the voltage vo. The feedback resistor is Ry. The summing at the input is shunt because the
input through R; and the feedback through Ry connect in shunt to the same node, i.e. the vy; node. The
output sampling is shunt because Ry connects to the output node. Solve for the voltage gain vy /v1, the input
resistance R4, and the output resistance Rp. Assume 8 = 100, v, = 2.5kQ, g = B/rz, a = 8/ (1 + 5),
Te = Q/Gm, To = 0, r, = 0, Vp = 25mV. The resistor values are By = 1kQ, Ry = 20k, R3 = 500€2,
Ry = 1kQ, and R5 = 5kQ.

The circuit with feedback removed is shown in Fig. 15. A test current source i; is added in shunt with
the output to solve for the output resistance Rp. In the circuit, the source is replaced by a Norton equivalent

circuit consisting of a current
U1

1] = —
Ry
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Figure 15: Circuit with feedback removed.

in parallel with the resistor R;. This is necessary for the feedback analysis to conform to convention for shunt
summing. The circuit seen looking into Ry from the collector of Q3 is replaced with a Thevenin equivalent
circuit made with respect with vp;.

For the circuit with feedback removed, we can write

.. . . )
e = 11 + R_2 vp1 = 1L Ry, = Ry||R2||rx el = GmUpl Up2 = —le1 e R. = Rsl|rx
2
. . ) ) Rs
Vp3 = —ica Ry Ry = Ry|rx 1e3 = gmUb3 vy = (—iez + i) Re + Vb1 75— Re = Ra||Rs
Ry + Rs

The equations can be solved algebraically or by a flow graph. The flow graph for the equations is shown
in Fig. 16. The determinant is

R 1

A = 1RbX(ngRcXngRdxngRe+W5&)>XR—2
Ry 1
= 14+ Ry X[ gm X Re X gm X Rg X gy X Re — ————— | X —
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354.7

13



R5
R2+R5

ict vb2 ic2 vb3 ic3 v2

1 Rb vb1 gm -Re gm —Rd gm —Re Re

Figure 16: Signal-flow graph for the equations.

The transresistance gain is
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T A
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This is of the form
b2 A
o 1+ Ab

where A and b are given by

A

Rs
—Ry X | gm X Re X g X Rg X g X Re — ———
b (g g 479 R2+R5)

R
= 7R1HR2HT7T X (gm X R3||Tﬂ' X gm X R4||Tﬂ' X gm X R2||R5 - R2T5]%5>

—7.073 M2

1
b= _— = —50.u8
Ry H

Notice that the product Ab is dimensionless and positive. The latter must be true for the feedback to be

negative.
Numerical evaluation of the transresistance gain yields
V2 A
— = — = -19.94kQ
i1 A
The resistances R, and R4 are
Vb1 Rc
R, =—=—=19450Q
11 A
R R+ ! Ly 1.002 k2
A = hy R I =
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The resistance Rp is

V2 Re
=—==—=1128Q
Rp i A 8

-1
V2 (%) Up1 A 1
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Shunt-Shunt Example 4

The voltage gain is

A shunt-shunt feedback BJT amplifier is shown in Fig. 17. The input variable is the v; and the output
variable is the voltage vy. The feedback resistor is Ro. The summing at the input is shunt because the
input through R; and the feedback through Rs connect in shunt to the same node, i.e. the ve; node. The
output sampling is shunt because Ry connects to the output node. Solve for the voltage gain vy /v1, the input
resistance R4, and the output resistance Rp. For @1 and @2, assume 8 = 100, . = 2.5kQ, g,, = 8/7x,
a=6/14p0),re=0a/gm, ro =00, T, =0, Vr =25mV. For Js, assume g,,3 = 0.001S and ro3 = co. The
resistor values are Ry = 1k(), Ry = 100k2, R3 =109, Ry = 30k2, and Rs = 10k).

R2 RB

YWY ie2 J

——o )

Q2 %PS

RA

l% R1 ict

vieAA—— Q1

vel

Figure 17: Amplifier circuit.

The circuit with feedback removed is shown in Fig. 18. A test current source i; is added in shunt with
the output to solve for the output resistance Rp. In the circuit, the source is replaced by a Norton equivalent

circuit consisting of a current
U1

in parallel with the resistor R,. This is necessary for the feedback analysis to conform to convention for shunt

summing. The circuit seen looking into Ry from the collector of Q3 is replaced with a Thévenin equivalent
circuit made with respect with v,1.

1

RB
ie2 J
Ra . v2
|$ vel Q1 ict R5 R2 it
i1 R1 R3 = vel™
— v2 ) — =
RD R2

Figure 18: Circuit with feedback removed.

15



For the circuit with feedback removed, we can write

. . V2 . . .
le =121 + N Ve1 = G LRy Ry = Ri||Ra||7e1 %el = GmiVel Vig3 = te1F3
2

. . ‘ 1 ,
143 = gm3Vtg3 Vep2 = —iq3 Ry teg = —G1vm2 Gl =————F—5 Tog = = + Te2
Té2 + Ry HR5 ¢ Ry

vz = (—de2 +it) Re + Vet R. = Ro||Rs

Rs
Ry + Rs

The equations can be solved algebraically or by a flow graph. The flow graph for the equations is shown
in Fig. 19. The determinant is

R 1
A = 1—RyX | gmi XR3XgmaoX —Ry X -G X —Re+——"—] X —
b <g 1 3 X gm2 4 1 + R2+R5) 7
= 14+ Ry x X Rz x X Ry x G ><R—i>><i
= b 9Im1 3 X gm2 4 1 c Ry + Rs Ry
= 113.0
R5
R2+R5
1 ie Rb gm1 R3 gm3 —R4 —G1 —Rc Rc
i1 it
vel ict vig3 id3 vib2 ie2 v2
1
R2
Figure 19: Signal-flow graph for the equations.
The transresistance gain is
Ry x X R x x —Ry x -G x—RJri
% B b 9mi1 3 X gm2 4 1 c Ry + Rs
i A
—Ry x X R3 % X Ry x G foL
B b Im1 3 X gm2 4 1 c Ry + R
- 1+R><< X Rz x X Ry x G ><R—$>xi
b 9Im1 3 X gm2 4 1 c Ry + Rs Ry
—Ry x X Rz x X Ry x G ><R—i
B b 9Im1 3 X gm2 4 1 c Ry + Rs
B Ry R, —1
14+ |—Rp X [ g1 X R3 X gma X R4 X G1 X R, — - X —
{ b <9 1 3 X gm2 4 1 Ry + Rs R2+R5>} Ry
This is of the form )
le2 A
V1 o 1+Ab
where A and b are given by
A——Rx( X R3 x xRxGxR—i)
b Im1 3 9m2 4 1 c R2+R5

R
X R2||R5 — 5 >

= *RlHRQHTel X (gml X RS X gm2 X R4 X 7 m

1
T€2+R2HR5
= —11.2MQ
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-1
b=— =—104S
Ry H
Notice that the product Ab is dimensionless and positive. The latter must be true for the feedback to be
negative.

Numerical evaluation of the transresistance gain yields

?—f — % — —99.11kQ)
The resistances R, and R4 are
R, = vlll = % = 0.2140
Ra=R: + (Ria —Ril)_l =1kQ
The resistance Rp is
Rp = j—f . % = 80490

The voltage gain is

-1
V2 V2 <1181> (

= — X —_— frnd
Vel 21 21

Series-Series Example 1

A 1
Z) X = -99.09

Figure 20(a) shows the ac signal circuit of a series-series feedback amplifier. The input variable is v; and the
output variable is igo. The input signal is applied to the gate of M; and the feedback signal is applied to
the source of Mj. Fig. 20(b) shows the circuit with feedback removed. A test voltage source v is added in
series with the output to calculate the output resistance Rp. The feedback at the source of M; is modeled
by a Thévenin equivalent circuit. The feedback factor or feedback ratio b is the coefficient of i4o in this
source, i.e. b = Rs. The circuit values are g,, = 0.001S, rs = g;,! = 1kQ, rg = 00, Ry = 50k, Ry = 10k,
R3 =1k, Ry =9k, and R5 = 1k.

vi
. Rb
RB R rR3 RB
) R3 - > |
| RZ% g, V2
R2 id2 A
- RA |
RA 7 N i M2
L TR~ - id2
v M1 a v LM s
R4
Ly .
R1 g SR R o

L RS | %
- %RS id1
id2 R5 L1

(a) - (b)

1

—AM
A
(6]

Figure 20: (a) Amplifier circuit. (b) Circuit with feedback removed.
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The following equations can be written for the circuit with feedback removed:

) 1 .
tq1 = Gmivg G =—— Vg = V1 — Ugs1 Vis1 = tqalis
rs1 + Rs
) 1 .
iq2 = GoUp Gpo = ——— Vp = UVt — Vg2 Vtg2 = —1q1 2
reo + R3

The voltage v, is the error voltage. The negative feedback tends to reduce v,, making |v,| — 0 as the
amount of feedback becomes infinite. When this is the case, setting v, = 0 yields the transconductance gain
iga/v1 = b1 = R5_1. Although the equations can be solved algebraically, the signal-flow graph simplifies the
solution.

Figure 21 shows the signal-flow graph for the equations. The determinant of the graph is given by

A=1- Gml X (—RQ) X (—1) X Gmg X R5 X (—1)

ai
1 va id1 vig?2 1 \{’ Gm2
v - id2
— 1 Gm1 —R2 -1 vb
vis1
R5
Figure 21: Flow graph for the equations.
The transconductance gain ig2 /vy is calculated with v; = 0. It is given by
’iCl_Q _ Gml X (—Rg) X (—1) X Gm2
U1 A
1 1
X R
_ rs1 + Rs ° rsi + Rs
1+ X Ro X X R,
Ts1 + Rs * 7 ra+ Rs °
This is of the form
la2 A
V1 1+ Ab
where ] 1
A=G -R D)X Gpa=——— xRy x ———=25x10"39
mlx( Q)X( )X m2 7“31+R5>< 2X7“52+R3 8
b= R; = 100002
Note that bA is dimensionless. Numerical evaluation yields
. -3
a2 _ 25 x 10 —7.124 x 107*S

vy 141000 x 2.5 x 10-3

The resistance Ry is calculated with v; = 0. It is given by

. -1 1
Ry = (Zd—Q) = <Gm2) :(1+bA) (1"52+R3):7kQ
(o A

Note that the feedback tends to increase Rp. The resistance Rp is calculated as follows:
Rp = (Ry — R3) ||R3 = 857.1Q2

Because the gate current of M is zero, the input resistance is R4 = R; = 50k{).
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Series-Series Example 2

A series-series feedback BJT amplifier is shown in Fig. 22. The input variable is the voltage v; and the
output variable is the voltage vo. The feedback is from i.o to the emitter of (J;. Because the feedback
does not connect to the input node, the input summing is series. The output sampling is series because the
feedback is proportional to the current that flows in series with the output rather than the output voltage.
Solve for the transconductance gain i.3/v1, the voltage gain v, /v1, the input resistance R4, and the output
resistance Rp. Assume 8 = 100, Ic; = 0.6 mA, Igo = 1mA, Iz =4mA, o = 8/ (1+ ), gm = Ic/Vr,
re = aVp/Io, ro = 00, 7, = 0, Vp =25mV, Ry = 1009, Ry = 9k, Rs = 5k, Ry = 60012, Rs = 6402,
and Rg = 100€). The circuit with feedback removed is shown in Fig. 23.

RZ; RS% R4§ jB

RA - - - v2

|9 icl ic2 ic3
n o Lo Lo
ib1

iel ie2 ie3

§R6

Figure 22: Amplifier circuit.

R1

AW
V)
a1

The circuit looking out of the emitter of ()1 is a Thévenin equivalent made with respect to the current
1e3. The output current is proportional to this current, i.e. i.3 = ai.3. Because rg = oo for @3, the feedback
does not affect the output resistance seen looking down through R4 because it is infinite. For a finite rg, a
test voltage source can be added in series with R4 to solve for this resistance. It would be found that a finite
ro for Q3 considerably complicates the circuit equations and the flow graph.

PZ% RB% R4§ :'B

v2
RL ict ic2 ic3
e L L
ib1
el ie2 ie3
R1I|(R5+R6) i
R5
o3 —RORT e R1 R6
R6 +R5+R1

Figure 23: Circuit with feedback removed.
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For the circuit with feedback removed, we can write
Rs Ry 1

Ve = V] — lpg———— te1 = G100 G, = Tl = QUi
e 1 e3 RG +R5 +R1 el 1Ve 1 ot +R1H (R5 n RG) cl el
. Z'cl . . 1 ’ R2
251 3 Vtb2 1c1 12 Le2 2Utb2 2 - Tea 1453 + 7e
1
lea = Qi Vep3 = —leo R, 1e3 = Gyvps — k1t G3 =
c2 e2 tb3 c2413 e3 3Utb3 1lel 3 7”:33 +R6|| (Rl +R5)
R R, . . .
k1 ! ¢ 1e3 = Qi3 vy = —ioly

- R+ Rs + Tég”R@ Rg + Tég

The equations can be solved algebraically or by a flow graph. The flow graph for the equations is shown
in Fig. 24. The determinant is

—Rg Ry
A = 1- — — —k -
{G1X[(Oé>< RQXGQXO[X RgXGg) 1}XR6+R5+R1}
Rs Ry
= 1+G Ry x G R, —k _
+ G1 X (X Ry X Gg X a X 1)XR6+R5+R1
= 2515
—k1
1 ve ict vtb2  ie2 ic2 vib3 ie3
v ’ ic3
G1 iel «a —-R2 G2 o —-R3 G3 o
1
ib1 g
—R6R1
R6+R5+R1

Figure 24: Signal-flow graph for the circuit.

The transconductance gain is

iﬁ o G1X(aX—RgXngaX—Rngg,—lﬁ)xa
(%1 n A
_ Gi X (aXx Ry xGaxax Ry xGz—ki)Xa
- ReRy
1 k)| x —teT
+[G1 x (a X Ry x G2 x a X R, 1)}XR6+R5+R1
B G1 X [(a X Ry x G2 X a X Ry x G3) — k1] X

Re Ry 1

1+[G Ry x G R, —k —_—
+[G1 X (X Rg x Gg x a % l)xa]XR6+R5+R1 5

This is of the form

Gz A
vp 1+ Ab
where A and b are given by
A = G x[(axRyxGyxaxRy3xGs)—k]xa
1 1 1
= X aX Ry x — x ax Rg x X o
re1 + Ra| (Rs + Re) {( 2T, 7 rly+ Rel| (Ry + Rs) )
Ry Rg ]
- X o
R1+R5+Té3”R6R6+Té3
= 20.83S
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Rg Ry 1
b= ——F—— x —=12.020Q
Re+Rs+ R «
Notice that the product Ab is dimensionless and positive. The latter must be true for the feedback to be
negative.
Numerical evaluation of the transconductance gain yields

ics A

— = — =0.083

U1 A

The voltage gain is given by
) A
2 _ 3 2 2 Ry =—497
V1 U1 2e3 A

The resistances R4 and Rp are given by

. -1 -1
RAz(Eg :=<9£ﬂg ::éigiélex(LHﬂxvd+RNU%+Rﬂ=ﬁ2%MQ
v A G1

Rp = R4 =600

Series-Series Example 3

A series-series feedback BJT amplifier is shown in Fig. 25(a). The input variable is the voltage v; and the
output variable is the voltage vo. The feedback is from i.o to i.o to the emitter of ()1. Because the feedback
does not connect to the input node, the input summing is series. Because the feedback does not sample
the output voltage, the sampling is series. That is, the feedback network samples the current in series with
the outpu. Solve for the transconductance gain i.2/v1, the voltage gain vy /v1, the input resistance R4, and
the output resistance Rp. Assume 8 = 100, r, = 2.5kQ, a = 8/ (1+ ), re = &/gm, 70 = 00, T = 0,
Vp =25mV, Ry =1001), Ry = 1kQ, R3 = 20k2, and Ry = 10k.

g v2 g v2
ie2 ie2
R3 R4<*] R3 R4‘%1
J Q2 RB . Q2 RB
ict = ict vi
b1 ic2 b1 ic2 q;—Rb
v Q1 v Q1 { L
r>’ iel R1 |%> el Rz e’
RA L AAA— RA
R1+R2 - =
%m
L ic2 R2

(a) = (b)

Figure 25: (a) Amplifier circuit. (b) Circuit with feedback removed.

The circuit with feedback removed is shown in Fig. 25(b). The circuit seen looking out of the emitter
of Q1 is replaced with a Thévenin equivalent circuit made with respect with i.o. The output current .o is
proportional to this current, i.e. i.o = aicp. A test voltage source vy is added in series with the output to
solve for the output resistance. The resistance seen by the test source is labeled Rj.

For the circuit with feedback removed, we can write

1 el

Ve = VU1 — iCQRQ iel = lee G1 = icl = Oéiel 'L'bl = —
Te + R1 + Ra B
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1 R3
= —ia R les = G — Gy= —— ! =
Vb2 L1413 2e2 2 (v — vip2) 2 r’e L+ Ry Te2 1+ 8

The equations can be solved algebraically or by a flow graph. The flow graph for the equations is shown
in Fig. 26. The determinant is

+7e 1e2 = Qlign

A = 1—-(Gy Xxax—Rgx—Gs xax—Ry)
= 1+G Xax Ry xGogxax Ry
1.181
ib1
A
1 ve el « B vib2 ie2 G2
v ¢ vt
G1 icl —R2 -G2
a
ic2
—R2

Figure 26: Signal-flow graph for the equations.

The transconductance gain is

iig Glan*R:;X*GQ
U1 A
(GlanRg,XGQ)

1+(G1XQXR3XG2)XO¢XR2

This is of the form .
le2 A

V1 14+ Ab

where A and b are given by
A = GlanRg,XGQ

1 1
= —— X aX R3 X ——
Te1 + R+ Ry “ 3 rlo+ Ry
= 0.9117mS

b= aRy =1.98k

Notice that the product Ab is dimensionless and positive. The latter must be true for the feedback to be
negative.
Numerical evaluation of the transconductance gain yields
fea A
— = — =0.325mS
(%1} A
The voltage gain is given by
j A
Bl B L Ry =-325
U1 U1 1e2 A
The resistances R4 and Rp are given by

. _1 1
fia = (Zvﬂ> - <G%“/ﬁ) =Ax (14 f)(re + R1 + Ry) = 602k
1

iex\ " (G "
Ry = <L2> — <_m2) =A X (Ry+ 7":32) = 28.68 k2
Vt A

Rp = (Ry — Ry) | Ry = 6.513kQ
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Series-Series Example 4

A series-series feedback BJT amplifier is shown in Fig. 27(a). The input variable is the voltage v; and the
output variable is the current i.o. The feedback is from i.o to 7.2 to the gate of J;. The input summing is
series because the feedback does not connect to the same node that the source connects. The output sampling
is series because the feedback is proportional to the output current i.o. Solve for the transconductance gain
ic2/v1, the voltage gain vy /v1, the input resistance R4, and the output resistance Rp. For Ji, assume that
gm1 = 0.0018, 71 = g} = 1000Q, and 79; = 0o. For Qa, assume By = 100, rro = 2.5kQ, an = B5/ (1 + Bs),
Te2 = Q2/Gm2, To2 = 00, Tz2 = 0, Vp = 25mV. The resistor values are Ry = 1kQ, Ry = 10kQ, R3 = 1k{,
Ry =10kQ, Rs = 1kQ, and Rg = 10kQ.

— V2

ic2 ﬁ
id1 I\\ id1 I\\

RA U1 R4 ue2_ RA U1 ie2

|9 id1 SR3 %RS L> id1 R3|I(R4+R5)%R5”(R3+R4>

R1 = - R iop —RORS
% % 2 B3I RA+RS

i (a) - = (b

A
N
AN
o
N
1l
N
v
N
AN

Figure 27: (a) Amplifier circuit. (b) Circuit with feedback removed.

The circuit with feedback removed is shown in Fig. 27(b). The circuit seen looking out of the emitter
of Q1 is replaced with a Thévenin equivalent circuit made with respect with i.5. The output current is
proportional to this current, i.e. 4.0 = anics. Because rgs = oo, the feedback does not affect the output
resistance seen looking down through Rg because it is infinite. For a finite rg2, a test voltage source can
be added in series with Rg to solve for this resistance. It would be found that a finite rgs considerably
complicates the circuit equations and the flow graph.

For the circuit with feedback removed, we can write

RsR3 _
R34+ Ry + Rs
_ 1 oo Ry

Tea + Rs| (R3 + Ry) T+ B,

The equations can be solved algebraically or by a flow graph. The flow graph for the equations is shown
in Fig. 28. The determinant is

1d1 = Gm1Ve Ve = G2 vy Vip2 = —iq1 2 tea = G1Us2

G1

+ Te2 1c2 = Q22

RsR3
A = 1—|(gn X —RaxG x ——=—=
(g ! 2 ! R3+R4+R5>
RsR3
=1 Ry x G _
+ gm1 X B2 X 1XR3+R4+R5

1.801
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-1 ve gmi —R2 G1 ie2 a2 )
v ic2

id1 vib2

R5R3
R3+R4+RS

Figure 28: Signal-flow graph for the equations.

The transconductance gain is

ieg . —1x Im1 X —RQ X G1 X g
V1 o A
. gmlngxGlxag
- RsR3
1+gm1 X Rox Gy X —————
m1 2 ! R34+ R4 + Rs
(gml X R x G1 X 042)

o RsR 1
1+(gm1><R2><G1><042) 5713

X ————— X
Rs+ R4+ Rs e %

This is of the form

iea A
vi 1+ Ab
where A and b are given by
A = gm1><R2><G1><a2

= X Ry X L X

SO L R R )

= 9.516mS

b fstts 1 _gi170

T Rs+Ri+ Ry
Notice that the product Ab is dimensionless and positive. The latter must be true for the feedback to be

negative.
Numerical evaluation of the transconductance gain yields
j A
X2 2 —5284mS
V1 A

The voltage gain is given by

i A
2l 2 L Re=-52.84
U1 V1 1¢c2 A

The resistances R4 and Rp are given by

. —1
i L A
Ra = Ry ( U1d1> = Ry (%) =R <;) = 06430

Rp = Rg =10k

Series-Series Example 5
A series-series feedback BJT amplifier is shown in Fig. 29. The input variable is the current i; and the

output variable is the current i.5. The feedback path is the path from i.o t0 e t0 ie3 to .3 to the emitter
of Q1. The input summing is series because the feedback does not connect to the input node. The output
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sampling is series because the feedback is proportional to the output current i.o and not the output voltage
vg. Solve for the current gain gain i.2/i1, the transresistance gain vy /i1, the input resistance R4, and the
output resistance Rp. Assume 8 = 100, v, = 2.5kQ, g, = B/, a = B/ (1 +B), re = a/gm, 10 = 00,
ry = 0, Vr = 25mV. The resistor values are R, = 1k{), R, = 10012, R3 = 10kQ2, R4 = 10012, R5 = 1k{,
and Rg = 10k().

= ie?2
% v2
R 25 |
RA , Qz i
icl =
gvM ib1 ic2
Q1
i1 RT g1
R3

Figure 29: Amplifier circuit.

The circuit with feedback removed is shown in Fig. 30. The source is replaced with a Thevenin equivalent
circuit consisting of a voltage

vy =11 Yy

in series with the resistor R;. This is necessary for the feedback analysis to conform to convention for
series summing at the input. The circuit seen looking out of the emitter of @) is replaced with a Thévenin
equivalent circuit made with respect with i.3. The latter is proportional to the output current .. The
relation is ) ) ) )

Gbe3 U3 fe3 | Ge2 R3

_— = — X — —_— = —_— [0

- - - — = a X X
le2  le3 L2 le2 Rz + Ry +re3

Note that 7.3 in this equation is the small-signal resistance seen looking into the emitter of Q)s.

= ie2
% v2
R6 R5é|
Ra e Q2 RB
IC vi
|+ R1 ib1 = ic2 LRb
v 1 Q1 =
vb1 e
iel ic3 ie3

Q3
R2 R4
R2 R3
ic3R2 —

Figure 30: Circuit with feedback removed.
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For the circuit with feedback removed, we can write

. . 1 R . . . )
Ve =01 — i3l ie1 = G1ve G = —7"'61 TR, Ter = 1 +15 +Te el = Qtlel i = —
1 Rs
= _-C R '6 = G — G = ! = e
Vg2 i1 R Te2 2 (Ve — vp2) 2 R Te2 = 7 15 +r
leg = QUL 103 =1 L 103 = QU
c2 — e2 e3 — tc2 Rg T R4 T Te c3 — e3
1 ve iel ict vib2 ie2 G2
vlie . > ' . o vt
G1 o 1| —R6 -G2
—R2 g o
ib1
ic3 ic2
o ied R3
R3+R4+re

Figure 31: Signal-flow graph for the equations.

The equations can be solved algebraically or by a flow graph. The flow graph for the equations is shown
in Fig. 31. The determinant is

R
A = 1-Gixax —Rgx —-Gyxax ————— xax R
1 X« 6 2 X« Ra+ Ry + 1 « 2
Rs
= 1+G  xaxRgxGyxaxXx ————— xax R
! 6 2 Rs+ Ry + e 2

7.335

The transconductance gain is

z’ig I xGyxax—Rgx—Gy
U1 N A
_ GlanRGXGQ
= o
1+G i XxaxRgx Gy xaxXx ——————— xax R
thixo 6 2 Rs+ Ry +7e @ 2
This is of the form .
ez A
vp 1+ Ab

where A and b are given by

A = GixaxRgxGs

1 1
= —_—_— R —_—_—
Lt Ry IR,
— 65.43mS
R
b=axXx ————— X ax Ry =96.82()
C Ret Ratr, 712

Notice that the product Ab is dimensionless and positive. The latter must be true for the feedback to be
negative.
Numerical evaluation of the transconductance gain yields
lea A

" = Z = 892mS
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The current gain is given by
i i v A
22w L= xR =892
11 (% 11 A

The transresistance gain is

) A
Rmzzzz.ﬁXP_QZ—XR1X*R5:*8.921(Q
(31 i1 G2 A

The resistances R, and R4

. 1 1
fla = (%) - (Gli/ﬂ) = A X [Ry + 77+ (1+ ) Ry] = 113.3k02
1

Ry = ? = (Ry — R1)||Ry = 991.20
1

-1
7}2_’[}2 Upb1 - A 1 _
Ub1_i1x<i1> _<AXR1)XRA_ 990

The resistances R, and Rp are

The voltage gain is

. -1 -1
Ry — (L?) _ <%> — A x (' + Rs) = 10.98kQ

Rp = (Ry — Rs) | Rs = 889.5Q)

Shunt-Series Example 1

Figure 32(a) shows the ac signal circuit of a shunt-series feedback amplifier. The input variable is v; and
the output variable is i40. The input signal and the feedback signal are applied to the source of M;. A test
voltage source v; is added in series with the output to calculate the output resistance Rp. For the analysis
to follow convention, the input source consisting of v; in series with R; must be converted into a Norton

equivalent. This circuit is the current
U1

il = R_

1

in parallel with the resistor R;. Fig. 32(b) shows the circuit with feedback removed and the source replaced

with the Norton equivalent. A test source v; is added in series with the output to calculate the resistance Ry.

The feedback at the source of M; is modeled by a Norton equivalent circuit ¢4o in parallel with the resistor

R,. The feedback is from the output current i4o to the source of M;. The circuit values are g, = 0.001S,
Ts :g,;ll = 1kQ, rog =00, Ry = 101(9, Ry = QOkQ, R3 = 1kQ, Ry = 11(9, and R = 1kQ.

The following equations can be written for the circuit with feedback removed:

Vs1 = iaRc ia = Z.1 + id2 Rc = R1HR4HT51 idl = —9m1Us1
. 1 .
ig2 = Gmavp G2 = ot s Vp = Vg — Vtg2 Vigo = —iq1 R
The current i, is the error current. The negative feedback tends to reduce i,, making |i,| — 0 as the amount
of feedback becomes infinite. When this is the case, setting i, = 0 yields the current gain i49/i; = —1.

Although the equations can be solved algebraically, the signal-flow graph simplifies the solution. Fig. 33
shows the flow graph for the equations. The determinant of the graph is given by

A=1—R. X (=gm1) X (—R2) X (=1) X G2 x 1

The current gain is calculated with v; = 0. It is given by

@ o Rc X (_gml) X (_RQ) X (_1) X Gm2
i A
RallRallror X gt X R x ——
_ 1[4 [|Ts1 X Gm1 2 o2+ B3
1
1+chgm1XR2x7’52+R3X1
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Rb
_\l/
RB RZ% RB

) =22 =
id1 id2 id1 id2
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Figure 32: (a) Amplifier circuit. (b) Circuit with feedback removed.
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Figure 33: Flow graph for the equations.
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This is of the form

g2 A
i1 1+ Ab
where
1
A= Rc X (_gml) X (—RQ) X (—1) X Gmg = — (R1|‘R4H’I“31) X gm1 X RQ X — = —0.3333
rs2 + R
b=-1
Note that Ab is dimensionless. Numerical evaluation yields
id2 2.5 x 1073
202 _ = —0.7692
i1 1+ 1000 x 2.5 x 10—3
The voltage gain is given by
. . . 1
D2z Mo T2 2 (—Rs) = 0.7692
U1 1 U1 242 1 Ry
The resistance R, is calculated with v, = 0. It is given by
R, =21 = % = Fa | Raliran — = 76920
“ 14+1x Re X gm1 X Ra X

rso + R3

Note that the feedback tends to decrease R,. The resistance R4 is calculated as follows:
Ra=Ri+ (R;'—RyY) ™' = 1.083k0

The resistance Ry is calculated with i3 = 0. It is given by

. —1 -1

Gm

R, — (l;}w) _ (TQ) — (1 + Ab) (rss + Rs) = 8.667TkQ
t

Note that the feedback tends to increase Rp. The resistance Rp is calculated as follows:

RB = (Rb - Rd) HR3 = 884.62

Shunt-Series Example 2

A shunt-series feedback BJT amplifier is shown in Fig. 34(a). The input variable is the voltage v; and the
output variable is the current i.5. The feedback is from .5 to i.o to the source of M;. The input summing
is shunt because the feedback connects to the same node that the source connects. The output sampling is
series because the feedback is proportional to the output current i.5. Solve for the voltage gain vy /vy, the
input resistance R4, and the output resistance Rp. For M;, assume that g,,1 = 0.001S, ry = g;ﬁ = 1000 €,
and rg; = 0o. For Qq, assume [, = 100, 12 = 2.5kQ, s = B/ (14 B5), Tea = @2/ gma, Toz = 00, Tz2 = 0,
Vr = 25mV. The resistor values are Ry = 10k, Ry = 100k2, R3 = 100kS2, Ry = 10k2, and Rs = 1kf).
The circuit with feedback removed is shown in Fig. 34(b). The source is replaced with a Norton equivalent

circuit. The current ¢; is given by
U1

TR

The circuit seen looking into Ry from the vs; node is replaced with a Norton equivalent circuit made with
respect with i.o. The output current is proportional to this current, i.e. 7.0 = awieo. A test voltage source
v, is added in series with .o to calculate the resistance R.

For the circuit with feedback removed, we can write

11

Ry

- R. = R1|| (Ra + Ry) || Id1 = gm1Vs Vip2 = tq1 R,
Ry + Ry 2 1||( 2 4)|| 1 dl = gm1VUs1 th2 d1413

Us1 = iaRc lq =11
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Figure 34: (a) Shunt-series amplifier. (b) Amplifier with feedback removed.

. (0 1 ’ R3 ’ . .
tea = G1Us2 — —- 1= ——5" Teo = + T2 Ri=Rs+1, o2 = Q2len
Ry rlo + Rs € 1+ 5, €

The equations can be solved algebraically or by a flow graph. The flow graph for the equations is shown
in Fig. 35. The determinant is

A = 1—<1><RC><gm1><R3><G1><a2><_7R4)

Ro+ Ry
= 14+ R. X X R3 x G1 X « ><i
- c 9m1 3 1 2 R2 +R4
= 5.025
-
1 ia vs1 id1 vib2 ie2 Rd
i1 vi
Re gm1 R3 G1
o
ic2
—R4
R2+R4

Figure 35: Signal-flow graph for the equations.

The current gain is

7;6_2 _ chg’rn1XRSXGl
i A
B RcXgm1XR3XG1
o R
1+chg77l1XR3XG1Xa2X&T4R1
1
Ri|| (R R s m R _
B ( 1| (R2 4+ Ry) ||7s1 X gma X SXT22+R4)
- 1+<R|(R + Ry [[ren % XRX#)xa « T
1 2 4 51 X gm1 3 r’€2+R4 2 Ry + Ry
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This is of the form

feo A
i1 1+ Ab
where A and b are given by
A = RcXgm x R3xGy
1
= Ri||(R2+ R X X R3 X ———
1l (B2 + Ra) |51 X gm1 3><T22+R4
= 44.75
Ry
b=as x ——— =10.09

> Ry+ Ry
Notice that the product Ab is dimensionless and positive. The latter must be true for the feedback to be
negative.

Numerical evaluation of the current gain yields

leg A

— =—=28.90

11 A
The resistances R, and R4 are

R, =22 e 17939
“Tdr A '

Ra=Ri+ (R;' —Ry') ™ =10.13kQ

The resistance R, and Rp are

—io\ (1 1\
Ry=(—2) =(==] =AR;=10.12kQ
= () =(am) e

RB = (Rb - R5) HR5 =901.3Q
The voltage gain is given by

Vo ig U2 ’L'l A 1
Z=Ex Zx—=—="xRyx—=289.0
U1 4] 1e2 U1 A Ry

Shunt-Series Example 3

A shunt-series feedback BJT amplifier is shown in Fig. 36(a). The input variable is the voltage v; and
the output variable is the current i.o. The feedback is from 4.5 to 7.0 to i.3 to the emitter of ;. The
input summing is shunt because the feedback connects to the same node that the source connects. The
output sampling is series because the feedback is proportional to the output current i.o. Solve for the
voltage gain v /v1, the input resistance R4, and the output resistance Rp. Assume § = 100, r, = 2.5k{2,
a=p6/1408),re =a/gm, ro =00, rp, =0, Vp = 25mV. The resistor values are Ry = Rz = 1k and
Ry = Ry = Rs = 10kQ.

The circuit with feedback removed is shown in Fig. 36(b). The source is replaced with a Norton equivalent

circuit consisting of the current
U1

11 = R1
in parallel with the resistor R;. The feedback is modeled by a Norton equivalent circuit consisting of the
current i.3. Because rg3 = 0o, the output resistance of this source is an open circuit. The output current
is proportional to this current. Because rgo = oo, the feedback does not affect the output resistance seen
looking down through Rs because it is infinite. For a finite rgs, a test voltage source can be added in series
with Rs to solve for this resistance. It would be found that a finite rg2 considerably complicates the circuit
equations and the flow graph.
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Figure 36: (a) Amplifier circuit. (b) Circuit with feedback removed.

For the circuit with feedback removed, we can write

. . . . . . . . ie2
ta =11 — %3 Vel = 1o Ry = Ry||Ra||re1 lel = —Gm1Vel tea = —folc1 leg = —

1 , Ry
=575 Ta=114
Tes + R3 1 + 53
The equations can be solved algebraically or by a flow graph. The flow graph for the equations is shown
in Fig. 37. The determinant is

Vi3 = leally te3 = G1Up3 G1 +Te3 1e3 = Q3%e3

1
A = 1—(be—gm1><—61><—><R4><G1><a3><—1)
@2

1
= 14+ Ry Xgm1 X B x — xRy xG1 Xag
Qo

= &858.7
1 ia vel ic ic2
i1 >
Rb —gm1 -62
1 (1_2
o3 G1 R4
ic3 ie3 vib3 ie2

Figure 37: Signal-flow graph for the equations.
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The transconductance gain is
le2 1 X Rp X —gm1 X —f4
11 A
Rb X gm1 X 52

1
1+Rb><gm1><62><a—><R4><G1><a3
2
(begm1><52>
1
1+(Rb><gm1><62)><(a—xR4xG1xa3)
2

This is of the form )
bz A

i1 1+ Ab

where A and b are given by

A = Rb X gm1 X 62
= R1HR2|\T@1 X gm1 X By

= 96.39
b 1><R x G X 1><R X —— X 8.899
—_ g = — a3 = 0.
Qa9 4 ! 3 (0%)) 4 7"23 + R3 3
Notice that the product Ab is dimensionless and positive. The latter must be true for the feedback to be
negative.
Numerical evaluation of the transconductance gain yields
iea A
— = — =0.112
i1 A
The voltage gain is given by
] e 1 A
_n e 2 L Ry =—1.122

v v 0 G R A
The resistances R,, R4, and Rp are given by

R, = % —0028Q Ra=Ri+(R;'—R{")" =1kQ  Rp=Rs = 10kQ

Shunt-Series Example 4

Figure 38(a) shows the ac signal circuit of a shunt-series feedback amplifier. The input variable is v; and
the output variable is i45. The input signal and the feedback signal are applied to the gate of M;. For the
analysis to follow convention, the input source consisting of v; in series with R; must be converted into a
Norton equivalent. The feedback is from the output current igo to the source of Ms and to the gate of Mj.
The circuit values are g, = 0.001S, 7, = g} = 1k, ryg = o0, Ry = 1kQ, Ry = 100k}, Ry = 10k,
R4 == 1kQ, R5 = 1kQ, and RG = 1009.

The circuit with feedback removed is shown in Fig. 38(b). The source is replaced with a Norton equivalent

circuit consisting of the current
U1

11 = R1
in parallel with the resistor R;. The feedback is modeled by a Norton equivalent circuit consisting of the
current k1i49. The output current is proportional to this current. Because rgs = oo, the feedback does not
affect the output resistance seen looking up from signal ground into the lower terminal of R3 because it is
infinite. For a finite 72, a test voltage source can be added in series with R3 to solve for this resistance. It
would be found that a finite rgo considerably complicates the circuit equations and the flow graph.
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Figure 38: (a) Amplifier circuit. (b) Circuit with feedback removed.

The following equations can be written for the circuit with feedback removed:

Rs

iq =11 + k1lg2 k1 = Bt R Vg1 = iR R. = Ri|| Ry Ry = R5 + Rs
1d1 = Gm1Vg1 g2 = G1 (Vg2 — Ves2) Viga = —iq1 2 Vis2 = Kavg
R 1
ko = ————— Gl=——— Riso = R4 + R5||R,
2 RS + R() ! Ts2 + RtsQ ts2 4 5” 6

The current i, is the error current. The negative feedback tends to reduce i,, making |i,| — 0 as the amount
of feedback becomes infinite. When this is the case, setting i, = 0 yields the current gain i40/i; = —1/ks.

Although the equations can be solved algebraically, the signal-flow graph simplifies the solution. Fig. 39
shows the flow graph for the equations. The determinant of the graph is given by

A = 1—(R0Xgm1X—R2XG1Xk‘1)
= 1+Rc><gm1XR2XG1Xk1

k1
Re vgl id1 vtg2
i1 id2
1 ia gm1 -R2 G1
k2 _G1
vis2

Figure 39: Signal-flow graph for the equations.
The current gain is given by
ta2 _ Re X gmi X —Ry x Gy
i1 A
R, x X Ry X !
c 9mi1 2 o +R4 +R5||R()

1
1 — Rc m R _k
+{ ( X gm1 X 2erz+R4+R5IIR6)]X< !

d2 A

11 1+ Ab

This is of the form
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where
1

Ts2 +R4+R5HR6
b= -k =—-0.909

A:—(chgmlngx >:—25.02

Note that Ab is dimensionless. Numerical evaluation yields

142 —25.02
a2 = —1.054
i1 1+ (—25.02) x (—0.909)
The voltage gain is given by
Ezzfﬁxl—lx?}—Q:Zfﬁxix—Rgz—lo.M
V1 (31 V1 142 11 Ry
The resistance R, is
Vs1 Rc R1|| (R5 + R@)
Ri=—=—=—"——""2=22030Q
i A A

Note that the feedback tends to decrease R,. The resistance R4 is
Ra=Ri+ (R;'—RyY) ™' = 1.023k0

The resistance Rp is
Rp = R3 = 10kQ

This is not a function of the feedback because 792 has been assumed to be infinite.

Shunt-Series Example 5

Figure 40(a) shows the ac signal circuit of a shunt-series feedback amplifier. The input variable is v; and
the output variable is ¢42. The input signal and the feedback signal are applied to the base ;. For the
analysis to follow convention, the input source consisting of v; in series with R; must be converted into a
Norton equivalent. The feedback is from the output current i.o to the current i.5 to the current i.3 to the
current i.3. The resistor values are Ry = 1k2, Ry = 10k(2, R3 = 10k2, and R4 = 10k. Assume 8 = 100,
re =25kQ, a=8/(1+p), re =a/gm, 70 =00, 1, =0, Vpr = 25mV.

ic2 ic2

RA
|9 R1 vb1
v v

ic3

Figure 40: (a) Amplifier circuit. (b) Circuit with the the source replaced with a Norton equivalent.

The circuit with feedback removed is shown in Fig. 40(b). The source is replaced with a Norton equivalent

circuit consisting of the current
U1

R
in parallel with the resistor R;. The feedback is modeled by a Norton equivalent circuit consisting of the

current i.3. The output current is proportional to this current. Because rg; = 0o, the feedback does not
affect the output resistance seen looking up from signal ground into the lower terminal of R4 because it is

1
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infinite. For a finite rgq, a test voltage source can be added in series with R4 to solve for this resistance. It
would be found that a finite rgo considerably complicates the circuit equations and the flow graph.
The following equations can be written for the circuit with feedback removed:

g = 11 + i3 vp1 = G Ry Ry = Ry||rm el = Gm1Up1 Vgpo = —le1 3 ez = G2

G1 = —1 7"’ = —R3
o+ Ry + Te3 27 148,

The current i, is the error current. The negative feedback tends to reduce 4., making |i,| — 0 as the amount
of feedback becomes infinite. When this is the case, setting i, = 0 yields the current gain i40/i;1 = —1/ky.

Although the equations can be solved algebraically, the signal-flow graph simplifies the solution. Fig. 41
shows the flow graph for the equations. The determinant of the graph is given by

+ Te2 1c2 = Q21c2 1e3 = 1c2 1c3 = Q313

A = 1—(RyXgm1 X —R3xGy x1xazxl)
= 1+begm1XR3XG1XOé3
= 28.88
1 ia vb1 ict vib2 ie2
i1 ic2
1 Rb gm —-R3 G1 1 a2
ic3 o3 ie3

Figure 41: Signal-flow graph for the equations.

The current gain is given by
idg IXRngmlx—R3XG1Xa2
i1 A
- (Rb X Gm1 X Rz X G x 042)

1+[_(Rb X gmi1 XR3 XG1 XOQ)] X (_%)
2

This is of the form )
a2 A

11 1+ Ab

where
A=— (Rb X gmi1 X Rg X Gl X CkQ) = —27.88

Note that Ab is dimensionless and the product is positive. The latter is a result of the feedback being
negative. Numerical evaluation yields

142 —27.88
— = = —0.965
i 1+ (—27.88) x (—1)
The voltage gain is given by
. . . 1
L2 _t2 o2 _ M2 o R, —=9.654
V1 (31 V1 142 31 Ry
The resistance R, is
VUs1 Ry R1||7"7r1
i A A
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Note that the feedback tends to decrease R,. The resistance Ry is
Ra=Ri+(R;'—RyY) ™ =1.025kQ

The resistance Rp is
Rp = Ry = 10kQ

This is not a function of the feedback because rg2 has been assumed to be infinite.
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