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A KVL equation around the B-E loop produces

NAAYL L !
Fom = (rzﬂ)( 5 ) +Ve+ (m’ﬁ +2g,, P,)[ROM(E)] (11.115(a))

. |Rs 1+ 8 R, )
Von = Vil - +1+2( = )(l+sRoCo } (11.115(b))

Solving for ¥, and substituting the result into Equation (11.114) vields the
common-mode gain, which is
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Equation (11.116{b)) shows that there is a zero in the common-mode gain.
To explain, capacitor C, is in parallel with R,, and it acts as a bypass capacitor.
At very low frequency, C, is effectively an open circuit and the common-mode
signal “'sees” R,. As the frequency increases, the impedance of the capacitor
decreases and R, is effectively bypassed; hence, the zero in Equation
{(11.116(b)). The frequency analysis of an emitter bypass capacitor also showed
the presence of a zero in the voltage gain expression.

The common-mode gain frequency response 1s shown in Figure 11.51. The
frequency of the zero is
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Figure $1.51 Frequency rasponse of common-mode gain

Since the oulput resistance R, of a constant-current source is normally large, a
small capacitance C, can result in a small f;. For frequencies greater than [,
the common-mode gain increases at the rate of 6 dBjoctave.

Equation (11.116(b)) also shows that there is a pole associated with the
common-mode gain. Rearranging the terms in that equation, we see that the
frequency of the pole is

™
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5 “—‘m (11.118)
where
Rg
R,.= RD(I+_;: (11.119)
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The denominator of Equation {11.119} is very large, because of the term
(1 4 B)R,. This implies that R, is small, which means that the frequency f,
of the pole is very large.

The differentiai-mode gain i5 shown in Figure 11.52. The frequency
response of the common-mode rejection ratio is found by combining Figures
11.51 and 11.52, and is shown in Figure 11.53.
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Figura11.52 Frequency response of differential-mode gain
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Figura 11.53 Frequency response of common-mode rejection ratio

Example 11.20 Objective: Determine the zero and pole frequencies in the
conunon-mode gain,

Consider a diff-amp biased with a constant-current source. The output resistance is
R, = 10 M2 and the output capacitance is C, = 1 pF. Assume the circuit and transistor
parameters are Rz = 0.5k, r, = 10kL2, and f = 100

Solutton; In the common-mode gain, the frequency of the zero is

| 1
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Also in the commen-mode gain, the frequency of the pole is
Sr = 1/2nR,,C,)

where
Ra(l + &) (10 x 10‘“)(| +@
R, = 'y - 10
TR AR T 05 2101010 x 10°)
Fx n 10 10 % 10°
or
R, = 51980

The frequency of the pole is therefore

1
= (51981 = 1071 = 306 GH:

Comment: The frequency of the zero in the common-mode gain is fairly low, while the
frequency of the pole is extremely large. The relatively low frequency of the zero justifies
neglecting the effect of €, and C,. The CMRR frequency response is shown in Figure
11.53, where 7. is the zero ftequency of the common-mode gain and fy; is the upper 3dB
frequency of the differential-mode gain.

703

11.8.3  With Emitter-Degeneration Resistors

Figure 11.54 shows a bipolar diff-amp with two resistances Rg connected in the
emitter portion of the circuit. One effect of including an emitter resistor is (o
reduce the voltage gain, so the presendt of these resistors is termed emitter
degeneration.

n Chapter 7, we found that an emitter-follower circuit, which includes an
emitter resistance. is a wide-bandwidth amplifier. Therefore, one effect of

Flgure 11.5¢ BJT ditaential ampiifier with emitier-degenarstion resisiors
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resistors R is an increase in the bandwidth of the differential amplifier. We
rely on a computer simulation to evaluate emitter degeneration effects.

Figure 11.55 shows the frequency response of a one-sided differential-
mode gain, obtained from a PSpice analysis for four Rg resistance values.
The diff-amp is biased at [y = 0.5mA and the R, resistors are R = 30k§2.
The transistor capacitances are C, = 34.6 pF and C, = 4.3pF. As the emitter
degeneration increases, the differential-mode voltage gain decreases, but the
bandwidth increases, as previously indicated. The figure-of-merit for amph-
fiers, the gain-bandwidth product, is approximately a constant for the results
shown in Figure 11.55,
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Figure 11,55 PSpice results for frequency response of difl-amp with emitter-degenaration

11.8.4  With Active Load

Figure 11.56 shows a bipolar diff-amp with an active load and a single input at
v,. The base and collector junctions of (0, are connected together. and a oue-
sided output is taken at vp;.

V=

Figure 11.56 BT dift-amp with active nad and slngle-sided input signal
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With the connection of (5, the equivalent [oad resistance in the collector of
@, is on the order of r /(1 + $). This small resistance minimizes the Miller
multiplication factor in Q. Also, with the base of ¢ at ground potential, one
side of C,,; is grounded, and the Miller multiplication in Q; is zero. Therefore,
we expect the bandwidth of the diff-amp with an active load to be relatively
wide. At high frequencies, however, the effective impedance in the collector of
0, also includes the input capacitances of ¢; and Q,. These additional capac-
itances aiso affect the frequency response of the diff-amp, potentially narrow-
ing the bandwidth.

Again, we rely on a computer analysis to determine the frequency char-
acteristics of the diff-amp with an active load. Figure 11.57 shows the results of
the computer simulation. The diff-amp is biased at fp = 0.5mA, and the Early
voltage of each transistor is assumed to be 80 Y. The transistor capacitances are
C, = 34.6pF for each transistor, C, = 3.8pF in @, and @;, and C,, =7pF
and 5.5pF in 5 and @4, respectively.
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Figure 11.57 PSpice results for frequency response of diff-amp with active load and single-
sidad input signal

The low-frequency voltage gain is 1560 and the upper 3dB frequency is
64 kHz. The large gain is as expected for an active load amplifier, but the 3dB
frequency is lower than expected. However, the gain-bandwidth product for
the active load diff-amp is approximately four times that of the diff-amp shown
in Figure [1.54. The increased gain—bandwidth product implies a reduced
Miller multiplication factor in the active load diff-amp, as predicted.

05

119 SUMMARY

» The ideal differential amplifier amplifies only the difference betwzen two input
signals,

® The differential-mode input voltage is defined as the difference between the two input
signals and the common-mode input voltage is defined as the average of the two input
signals.

® When a differential input voltage is applied, one transistor of the differential pair
iurns on more than the second transistor of the differential pair 50 that the currents
become unbalanced, producing a signel output voltage.
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* A common-mode output signal is generated because of a finite output resistance of
the current source,

* The common-mode rejection ratio, CMRR, is defined in terms of decibels as
CMRRyp = 20log,y A4/ Aol where 4y and 4., are the differential-mode voltage
gain and common-mode voltage gain, respectively.

¢ Differential amplifiers are usvally designed with active leads to increase the
differential-mode voltage gain.

¢ BiCMOS circuits may be designed to incorporate the best paratneiers and character-
istics of BITs and MOSFETs in the same circuit.

¢ A BIT Darlington pair is typically used as a second stage to a BJT diff-amp. The
input impedance is large, which tends to minimize loading effects on the diff-amp,
and the effective current zain of the pair is the product of the individual gains.

CHECKPOINT

After studying this chapter, the reader should have the ability to:

¢ Describe the mechanism by which a differential-mode signal and common-mode
signa] are produced in a BIT diff-amp. (Section 11.2)

¢ Describe the dc transfer characteristics of a BJT diff-amp. (Section 11.2)
¢ Define common-mede rejection ratio. (Section 11.2)

v Describe the mechanism by which a differential-mode signal and common-mode
signal are produced in a MOSFET diff-amp. (Section 11.3)

v’ Describe the dc transfer characteristics of a MOSFET diff-amp. (Section 11.3)

¢ Design a MOSFET diff-amp with an active load to yisld a specified differential-
mode voltage gain. (Section [1.4)

' Analyze BICMOS circuits. (Section 11.5)
v’ Analyze a simplified BJT operational amplifier circuit. (Section 11.7)

REVIEW QUESTIONS
1. Define differential-mode and common-mode input voliages.
2. Skeich the de transfer characteristics of a BIT differential amplifier.
3. From the dc transfer characteristics, qualitatively define the linear region of opera-

tion for a differential amplifier.

4. What is meant by matched wansistors?

5. Explain how a differentaal-mode output signal is generated.

6. Explain how a common-mode output signal is generated.

7. Define the common-mode rejection ratio, CMRR. What is the ideal value?

8. What design criteria will yield a latge value of CMRR in an emitter-coupled pair?

9. Sketch the dilferential-mvode and common-mode half-circuit models for an emitter-
coupled diff-amp.

i0. Define differential-mode and common-mode input resistances.

11. Sketch the de transfer characteristics of a MOSFET differential amplifier.

12. Sketch and describe the advantages of 2 MOSFET cascode current souree used
with a MOSFET differential amphfier.

13. Sketch a simple MOSFET differential amplifier with an aclive load.
14. Explain the advantages of an active load.

15. Sketch and describe the advantages of a MOSFET cascode active load with a
MOSFET differential pair. :



Chapter 11 Differenval and Multisiage Amplifiers

16. Discuss one advantage of a BiICMOS circuit.

[7. Describe the effect of connecting a second stage {0 the sutput of the diff-amp on
the dilferential-mode voltags gain of the first stage.

18. Explain the frequency response of the differential-mode voltage gain.
19. Sketch a BJT Darlington pair circuit and explain the advantages.
20, Describe the three stages of a simple BIT operational amplifier.

PROBLEMS
Seclion11.2  Basic BJT Differential Pair

RD31.1 Consider the differential amplifier shown in Figure P11.1, with transistor
parameters: B= 200, Vgelony=0.7V, and V,=00. (3) Redesign the circuit such
that the Q-point values are foy = I =2.0mA and Vo, =8V when vy = =0.
(b} Draw the dc load line and plot the Q-point for transistor (. (c) What are the
maximum and minimum values of the common-maode input voltage?

+16YV

Figure P11.1 Flgurs P11.2

D11.2 The diff-amp configuration shown in Figure P11.2 is biased at £3 V. The max-
imum power dissipation in the entire circuit is to be no more than 1.2mW when
v = vy = (. The available transistors have parameters: §= 120, ¥p(on) = 0.7V, and
V, = oo. Design the circuit 10 produce the maximum possible differential-mode voltage
gain, but such that the common-mode input voltage can be within the range
—1 < ¥epe < 1V and the transistors are still biased in the forward-active region. What
is the value of 4,7 What are the current and resistor values?

1.3 The differential amplifier in Figure P11.3 is biased with a three-transistor current
source, The transistor parameters are: 8= 100, Vgglon) =07V, and ¥V, =c0.
(a) Determine Iy, Icz, Tcas Viepas and Fegy. (b) Determine a new value of &; such
that ¥ cgs = 2.5V. What are the values of iy, Iy, 1, and Ry?

114 Consider the cirevit in Figure P14, with transistor parameters: = 100,
Vgeion) = 0.7V, and ¥, = 0. (8) For vy = w =0, find Iy, Iz, Iz Vg, and Vep.
(b} Determine the maximum and minimum values of the common-mode input voltage.
() Calculate A, for a one-sided output at the collector of 0.
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Flgure P11.3 Figursa P114

1.5  Consider the differential amplifier in Figure P11.5. Neglect base currents, assnme
¥, = oo for all transistors, and let lp = 2mA, The emitter currents can be written as

¥ar V5 and Freat¥r

‘ffl EISIE .Irﬂ =Is;£’

ta} ¥ n=wm=0 and Iy =Jp =1x10"A, find (v, —v,z) whem (i) R
R =8kQ, and (i) Ry =8kQ, Rea=T79kQ (b) Repeat part (a) if I
1x10°%Aand I = L1 x 1071 A

Flgure P11.5

11.6 For the diff-amp in Figure 11.2, determine the value of y; = v, — v, that
produces iy = 0.904,.

*RD11.7  The diff-amp for the experirnental system described in Example 11.4 needs to
be redesigned. The range of the outpul voltage has increased to —2 < Fp < 2V while
the differential-mode voltage gain is still 44 = 100. The common-mode input voltage
has increased to vy = 3.5V, The valuz of CMRR nesds to be increased to 30dB.
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*11.8 The transistor parameters for the circuit in Figure P11.§ are: 8 = 100, Vge(on)
=0.7V,and ¥y = 0. (a) Determine Rp such that Iz = 150pA. (b) Find 4, 4., 2nd
CMRRy for a one-sided outpui at vg. {c) Determine the differential- and common-
mode input resistances,

+1V V-=-15V

FlgureP11.8 FigureP11.10

*11.8 The transistor parametees for the arcuit in Figure P11.8§ are: § = 120, Fg(on)
=07V, and V', = 0o, (a) Determine Rg such that f; =0.25mA. (b} Assume the Ry
resistance connected to the base of 2, is zero while the Ry resistance connected to the
base of @, temains at 0.5 k<2, (i} Determine the differential-mode voltage gain for a one-
sided oulpul at vpy. (iiy Determine the common-mode voltage gain for a one-sided
output at vz,

*RD11.10  For the transistors in the circuit in Figure P11.10, the parameters are f <
100 and Vgelon) = 0.7V, The Early voltage is ¥, = oc for @) and 35, and is ¥, = 50V
for ¢4 and Q4. {a) Redesign resistor values such that [, = 430pA and Vg =
Vepr = 10Y. (b) Find A4, 4., and CMRRyp for a one-sided output at vgs.
{c) Deterrnine the differential- and common-mode input resistances.

D11.11  Consider the diff-amp in Figure 11.2. Base currents are negligible and V, = 00
for each transistor. The supply voltages are V' = 10V and F~ = -10V, and the max-
imum cutrent source available is f; = 2mA. Design the circuit such that a differential-
mode output voltage of v, = veg — vey = 2V is produced when a differential-mode
input voltage of vy =v;, — v = 15mV is applied. What s the maximum possible
common-mode input voltage for this circuit?

*11.42 Consider the circuit in Figure P11.12. Assume the Early voltage of Q; and 2 is
¥, = o0, and assume the current source J; is ideal. Derive the expressions for the one-
sided differential-mode gain 4, = v, /vy and A, = v/vy, and for the two-sided
differential- mede gain Ay = (¥,2 — v )/va.

11.13 The Early voltage of transistors ) and {; in the circuit in Figure P11.13 is
V4 = oo. Assiming an ideal current source fp, derive the expression for the differential-
mode gain Az = v, /vy,
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Figure P11.12 Flgure P11.13

*11.94 Consider the small-signal equivalent circuit of the differential-pair configura-
tion shown in Figure 11.8. Denive the expressions for the differential- and common-
mode voltage gains if the output is a two-sided output defined as V, = V., = ¥.

*D11.15 Consider a BIT diff-amp with the configuration in Figure P11.15. The signal
saurces have monzero source resistances as shown., The tfansistor parameters are:
=150, Vge(en) = 0.7V, and ¥, = oo. The range of the common-mode input voltage
is to be =3 < vey <3V and the CMRR is to be 75dB. (a} Design the diff-amp to
produce the maximum possible differential-mode voltage gain. (b} Design the current
source to produce the desired bias current and CMRR.

V-=_10V

Figure P11.15

1118 A dilf-amp has a differential-mode voltage gain of 180 and aCMRR of 85dB. A
differential-mode input signal of vy =2sinatmV is applied, along with a common-
mode voltage of V,, = 2sinwt V. Determine the ideal output voltage and the actual
output voltage.
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*1.17 ‘The bridge circuit in Figure P11.17 is a temperature transducer jn which the
resistor R, is a thermistor (a resistor whose resistance varies with temperature). The
value of & varies over the range of —0.01 <35 <0.0( as temperature vaties over a
particufar range. Assume the vajue of R = 10k&. The bridge circuit is to be connectzd
to the diff-amp in Figure 11.2. The transistor parameters are: 8 = 120, Vgelon) = 0.7V,
and ¥V, =oc0 The circuit parameters are: Tp =0.5mA. R, =3k}, and dc bias
voltages = +35 V. Terminal A of the bridge circuit is connected to the base of O and
terminal B is connected to the base of .. Determing the range of output voliage v, as é
changes. [Hint: Make a Thevenin equivalent circuit at terminaks A and B of the bridge
circuit.|

11,13 A diff-amp is biased with a constant-current source Iy = (.4 mA, for which
the output resistance 18 R, = | M$t. The bipolar transistor parameters are 8 = 180

and ¥V, = 125V. Determine: (a) the differential-mode input resistance, and (b) the
common-made input resistance.

D11.19 The transistor parameters for the circuit shown in Figure PL1.19 are: g = 180,
Veeton} =07V at 1mA. and ¥, = 100V, (a) Determine R, and R; such that
ly=1mA and I;=100pA. (b) Determine the common-mode input resistance.
{c} For R = 50k&, determine the common-mode voltage gain.

+H0V

1

Flgure P11.17

-lov

Figure P11.1% Figure P11.20

D11.20 Figure P11.20 shows a two-stage cascade diff-amp with resistive loads. Fower
supply voltages of £10V are available. Assume transistor parameters of: = (00,
Vgsion) = 0.7V, and V', = co. Design the circuit such that the two-sided differential-
mode voltage gain is Ay = (Vo — Vay)f{? — 2} = 20 for (he first stage, and that the
one-sided differential-mode voltage gain is A = v/ (vz — vy) = 30 for the second
stage. The citcuit is (o be designed such that the maximum differential-mode voltage
swing is obtained in each stage.
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Section11.3  Basic FET Differential Pair

#1.21  For the differential amplifier in Figure P11.2]1 the patameters are R = 50kQ
and Rp =24k The transistor parameters are; X, =025mA/V:, A =0, and
Fry = 2 V. (a) Determine 7|, Zp, Ip;. Vpsi, and ¥pgy when v = vy = 0. (b) Draw the
dc load line and plot the Q-point for transistor M, (¢) What are the maximum and
minimum valwes of the common-mode input voltage?

AD11.22 The transistor parameters in the differential amplifier in Figure P11.21 are:
Ky = Kug = 100RA/Y?Y, Koy = Ky =200 0A/VE A =3y = 0,k = A =001 V! and
Fry = 1.2V (all transistors). {a) Design the circuit such that Vpg, = Vps = 12V and
Ip) = dpy = 120pA when v =v; =54V, What are the values of fp and 1?
(b} Calkulate the change in [y if v = =10.

11.23 The transistor parameters for the differential amplifier in Figure P11.23 are:
K, =04mA/V, A =0, and Vpy=2V. () Find R, and §p such that fy =Ip =
0.5mA and vgy = 7V when v; = »; = 0. (b) Draw the de load line, and plot the Q-
point for transistor M. (¢) What are the maximum and minimum common-mode input
voltages?

11.28 Consider the differentaal amplifier in Figure P11.24. Assume A =0 and Vyy =
0.8V for all transistors, and let fp = 1 mA. The drain currents can be written as

I = Ku(Vgs, = Vin) and Iy = Ka(Vose — VinY

@ If vy=v,=0 and K, = K,;; =04 mA/V:, find (v, —vy) when () Rp =
Rpy =6k, and (i} Rp =6 k2, Rpp = $.9k2Q. (b) Repeat part (a) if K,y = 0.4mA/
v?and K,; = 044mA/ V2,

¥=HY

V-==10V

Figure P11.21

Figure P11.23 Figure P11.24

11.25 The transistor parameters for the diff-amp shown n Figure 11.19 are:
Ky = 0.1mA/V2, L =0, and ¥ry = | V. The bias current is fp = 0.25mA. (a) Deter-
mine the value of v, = 15 — v that produces in; = 0.90/p. (b) At what value of v,
does iﬂl = JQ"

*D11.26 The Hall effect experimental arrangement was described in Example 114,
The required diff-amp is to be designed in the circuit configuration in Figure P11.24.
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The transistor parameters are ¥Vpy =08V, ki = 80pA/V?, 2y =3, =0, and Ay =
xe = 0.01 V-1 If the CMRR requirement cannot be met, 2 more sophisticated current
source may have to be designed.

*#1.27 Consider the diff-amp in Figure P11.27. The transistor parameters are: K, =
Ky = S0pA/VE, Ay = 4y = 002V, and Vyy) = Vryy = 1V. (a) Determine £5, Ip.
Ip, and vy for v = vs = 0. (b) Using the small-signal equivalent circuit, determine
the differential-mode voliage gain™ Ay = v,/vs, the common-mode voltage gain
A gn = Vi2/Vom, and the CMRR 5.

11.28 Consider the circuit shown in Figure P|1.28, Assume that A = 0 for M, and M,.
Also assume an ideal current source Jo. Derive the expression for the one-sided differ-
ential mode gains Ay = v, /vy and Ap = v,a/v,, and the two-sided differential-mode
gain Ay = (v, — vy )/ v, :

1128 Assume ) =X, =0 lor the teansistors M, and M; in the circuil in Figure
P11.29. Assuming an ideal current source I, derive the expression for the differential-
mode gain Ay = v, /v4.

*RD11.30 Consider the diff-amp in Figure 11.19. Assume A =0 and Fry =1V for
each transistor. The supply voltagesare V™ = 10V and ¥~ = =10V, and the maximum
current source available is Jop = 0.5mA. Redesign the circuit such that a differential-
mode output voltage of v, = 2V is produced when a differential-mode input voliage of
vg=v; — v = 200mVY is applied. What is the maxitnum possible common-mode input
voltage that can be applied to this circuit?

Figure P11.27 Figure P11.28

11.3t  Consider the small-signal equivalent circuit in Figure 15.23. Assume the autput
is a two-sided output defined as F, = Vyy — V), where ¥y and F;; are the signal
voltages at the drains of M and M, respectively. Derive expressions for the differential-
and common-mode voltage gains.

*D11.32 Consider a MOSFET diff-amp with the configuration in Figure F11.23. The
transistor parameters are Fyy =1V, &, = BUMA;VI, {(W/L), =(WfL)y <= 10, and
b =0. Let Iy =0.2mA. The range of the common-mode input voltage is -3 <
voar =3V and the CMRR is to be 45dB. (a) Design the diff-amp to produce the
maximum possible differential-mods voltage gain. (b) Design an all-MOSFET current

Figure P11.29
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source to produce the desired bias current and CMRR. (The nunimum ¥ /L ratio of
any transistor is to be 0.8.)

11.33 Consider the bridge circuil and diff-amp described in Problem 10.17. The BJT
pair is 1o be replaced with a MOSFET pair whose paramelers are Fpy =05V,
K, = 0.25mA/V", and A = 0. Determine the range of output voltage vy» as § changes.
Explain the advantages and disadvaniages of this circuit configuration compared 1o that
in Problem 11.17.

*D11.34  Figure P11.34 shows a two-stage cascade diff-amp with resistive loads. Power
supply voltages of +10V are available. Assume trangistor parameters of Fry =1V,
k! = 60 pA/V?, and A = 0. Design the circuit such that the two-sided differential-mode
voltage gain is Ay = (v,2 — vs1 )f{v — vz} = 20 for the first stage, and that the one-sided
differential-mode voltage gain is A4 = v,3/(v,; — va) = 30 for the second stage. The
circuit is to be designed such that the maximum differential-mode voltage swing is
obtained in each stage.

+10V
R,
Yol
"10'—‘ -""; o
$ ) o
-0V

FigureP11.34

*11.3§ Figure P11.35 shows a matched JFET differential pair biased with a current
source Fp. (a) Starting with

show that

. 2
m_1 (_‘_L fvﬁ)_(ﬁﬂ)
fp =3 \_?-VP)VJ 2( Iy fe

_"g_ 2
)
and
oy 1 (_'_), z(ie.sa) . (fﬁs_)’ "_d)’
b 2 \=2Fp) Y\ [, YA
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(b) Show that the I; bias current is swilched entirely to one transistor or the other when

I,
vl = |Vr|1fff;

(c) Show that the maximum forward transconductance is given by

= (_L) Mg Ioss
i';i] = V.F 2

11.36 A JFET differential amplifier is shown in Figure P11.36. The transistor pa-
rameters are: Fp=—dV, Ipeo=1lmA, and A =0. (a) Find Ry and [ such that
Ipp= Ipy=05mA and v, =7V when vy =v; =0. (b) Calculate the maximum
forward transconductance. {c) Determine the one-sided differcntial-mode voltage
gain Ay = v, jvy.

*11.37 Consider the JFET diff-amp shown in Figure Pi1.37. The transistor pa-
rameters are: fpgs = 0.8mA, A=0.02V"' and Vp= -2V, (a) Determine /5, iy,
Iz, and vy for v; = » =0, (b) Using the small-signal equivalent circuit, determine
the differential-mode voltage gain Ay = v,3/v4, the common-mode voltage gain A, =
Yol Vears and the CMRRyp.

dipy

g;{ma:c) = tde

Lr1] VG

L Vo=2=10V

Figure P11.35 Figure P11.36

*11.38 Consider the circuit in Figure P11.38. Assume that A = 0 for the transistors,
and assume an ideal current source fy. Derive the expressions for the one-sided differ-
ential-mode gains Ay = v, /¥y abd 4z = vy /vy, and for the two-sided differential-
mode gain Ay = (v ~ va /¥

Section1t.4  Diflerential Ampiitier with Active Load

*11.39 Consider the diff-atnp with active load in Figure PI1.39. The Eaily volages are
V=120V for Q) and @, and V,p =80V for 0, and Q.. (3) Determine the open-
circuit differential-mode voltage gain, (b) Compare this value to the gain obitained when
R = 0. (¢) Determine the output resistance R, for parts (a) and (b).

V-==5V

Flgure P11.37

bk
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Figure P11.38

Vi= DV

V= -I'U v V-

Flgure $11.29 Figure P11.40

11.40 The difl-amp in Figare P11.40 has a three-iransistor active load circuit and a
Darlington pair configuratien connecied to the output. Determine the bias current fp
it terms of fp such that the diff-amp dc corrents are balanced.

11.41  For the diff-amp it Figure 11.30, the parameters are: V' = 10V, ¥~ = —10V,
and I, =0.8mA. The iransistor parameters are: §=150, V, =V, =150V, and
Via=Vu=100V. (a) Determine the open-circuit differential-mode voltage gain.
(b} Find the load resistance R; that will reduce the differential-mode voltage gain to
one-half the open-circuit value.

1142 Consider the circuit in Figure P11.42, in which the input transistors to the diff-
amp are Darlington pairs. Assume transistor parameters of S(apn) = 120, A(pap) = 80,
V {npn) = 100V, and V,(pop) = B0Y. Lzt the power supply voltages be 210V and Jet
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Iy = 1 mA. {(a) Determine the output resistance R,. (b) Calculate the differential-mode
voltage gain. (c) Find the differentizi-mode input resistance Ry,

*D1143 Design a differential amplifier as shown in Figure 11.28 incorporating 2 basic
iwo-transistor current source to establish Jp. The bias voltages are ¥ = 15V and
I~ = —|5V, the transistor parameters are # = 180 and ¥, = 100V, and the maximum
forward transconductance is to be 8mA/V. (a) Show the complete circuit, with all
component vaiues. {b) What are the values of open-circuit differential-mode voitage
gain, differsntial-mode input resistance, and oufput resistance? (¢) Determine the
common-mode input voltage range and the common-mode input resistance.

11.44 . The differential amplifier shown in Figure P11.44 has a pair of pap bipolars ag
input devices and a pair of npn bipolars connected as an active load. The circuit bias is
Ip = 0.2mA, and the transistor parameters are §= 100 and I, = 100V. (a) Determine
Ip such that the dc currents in the diffsamp are balanced. (b) Find the open-circuit
differential-mode voltage gain. (¢) Determine the differential-mode voltage gain if a load
resistance R; = 250k$2 is connected to the output.
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*11.45 Reconsider the circuit in Figure P11.44 excep that 1 k2 resistors ate inserted at
the emitters of the active load transistors {4 and (4 as in the circult in Figure P11.39.
Assume the same transistor parameters as in Problem 11.44. (a) Delerming the output
resistance looking into the output of the diff-amp circuit. (b) Find the open-circuit
differentiaitnode voltage gain.

*D11.45 For the transistors in the diff-amp circuit in Figure 1130 the parameters are:
F=150, V=V =125V, and ¥;3 = V. = 80V, The supply voltages are F™ =
10V and ¥~ =—10V, and the maximum curreat source available is Iy =2mA. A
lpad resistance of Ry = 200k£2 is connected to the oulput. {a) Design the circult such
that the differential-mode veltage gaim is 1000, (b) If ¥pe(on) = 0.6V, what is the
maximum possible common-mode input voltage that can be applied 10 the circuit?

D11.47 Design a BJT diffsamp with an active load similar to the configuration in
Figure P11.42 except that the input devices are to be pnp transistors and the active
load will have npn transistors. Using the same parameters as in Problem [1.42, deter-
mine the small-signal differential-mode voltage gain.

11.48 The differential amplifier in Figure P11.48 has a pair of PMOS transistors as
input devices and a pair of NMOS transistors connected as an active load. The circuit is
biased with {5 =0.2mA, and the transistor parameters are: K, = K, = 0. mA/V,
=001V i, = 0015V, Fry = 1V, and Frp= -1V, () Determine the quies-
cent drain-to-source voltage in each fransistor. {b) Find the open-circuit differential-
mode voltage gain. (¢} What is the output resistance?

1149 For the differential amplifier in Figure 11.32, the parameters are: ¥ =3V,
V- =-5Y, and g =015mA. The PMOS parameters are! K, = 100pA/V?, 3, =
0.02V™', and ¥yp=—0.8Y. The NMOS parameters are: K, = [20pA/V?, 3, =
0.015V~', and Fyy = +0.8 V. Determine the differential-mode voltage gain A, = v,/v,.

*#1.50 Consider the diff-amp in Figure P11.50. The PMOS parameters are: K, =
30 pA/VZ, A, =002V, ¥rp= -2V. The NMOS parameters are: &, = 80uA/V2,
A, = 0015V, Von = +2V. {a) Determine the open-circuit differential-mode voltage

TRIRATSY V=10V
Figurs P11.80 Figura P11.50
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gain. ¢b)y Compare this value to the gain obtained when R = 9. {¢) Whal is the output
resistance of the diff-amp for parts (a) and (b)?

D11.51  Reconsider the diff-amp specifications listed in Problem 11.26. () Design an
all-CMOS diff-amp with the configuration in Figure 11.32 to meet the specifications.
Assume NMOS parameters of Vry =03V, & = 80pA/V and A, =0.02V™" and
PMOS parameters of ¥rp=~08Y, ik, = 35pA/V, and 1, = 0025V (b) Deter-
mine the common-mode voltage gan using a computer simulation.

D11.52 Design an ali-CMOS diff-amp, including the current source circuit, with the
configuration in Figure 11.32 1o have a differential-mode voltage gain of Ay = 80 The
circuil is to be biased at £3 V and the total power dissipated in the circuit is 10 be no
more than 0.5mW. The available transistors have parameters of Vyy =04V, k) =
BORA/YE, Ay = 0015V, Fpp = ~04V, k, = 40uA/ V¥, and X, =002V, Verify
the differentiai-mode voltage gain of the design with a computer simulation. Also,
delermine the common-mode gain with a computer simulation,

AD11.53 Redesign the cascode active load CMOS diff-amp in Figure 11.36 to achieve
a differential-mode voltage gain of 4, = 400. Assume k), = 80 yA/V: and k, = 40pA/
V? and use other iransistor parameters described in Example 11.15.

*11.54 Consider the fully cascoded diff-amy in Figure 11.37. Assume /g = BOpA and
transistor parameters of: Pry =08V, &k, = 60 PASVE, 3, =0015V7 Frp =08 Y,
k, =125 pA/V?, and A, =0.02 V=L, The transistor width-to-length ratios are W /L =
60/4 for transistors M=, W/L=40/4 for transistors Ms—M¢, and W/l =4a/a
for (ransistors M>—My. (a) Determine the output resistance of the diff-amp.
(bj Calculate the differential-mode wvoltage gain of the diff-amp. (¢) Find the
commoun-mode voltage gain of the diff-amp using a computer simulation,

Section11.5  BICMOS Circulls

11.55 The Darlinglon pair circuit in Figure 11.45 has new bias current levels of
tpias) = 0.25mA and fyase = | mA. The transistor parameters are: K, = 0.2 mA/V',
Vey = L¥. and L =0 lor My; and =120, Feeion) =07V, and I, = oo for ¢,
Determmine the smali-signal parameters for each transistor. and find the composile
iransconductance.

11,56 Consider the BICMOS diff-amp in Figure [1.44, biased a1 4, = 0.4 mA. The
{ransislor parameters for M, and M, are K, =02mA/V, Vry =1V, and & =
0.0LY™" The paramelers for @ and @, are: B= 130, Viglon)=0.7V, and
¥, = 80V, (a) Determine the differential-mode voitage gam. (b) [ the outpui resistance
of the current source is R, = 300k, determine the common-mode voltage gain using a
computer simidation analysis.

*11,57 The BiICMOS circuit in Figure P11.57 15 equivalent to a pnp ipelar (ransistor
with un infinite nput impedance. The bias curcent is /7 = $0pA. The transistor pa-
cameters arc: K, = lmA/VE, Vip= -1V, and =0 for M; and B= 100,
Vardon)= 0.7V, and ¥, = oo for @y. (a) Sketch the smali-signal equivalent circun.
{(b) Determine the small-signal parameters for each tramsistor. (c) Determine the
smallsignal voltage gain 4, = v, /v,

*11.58 Consider the BICMOS circuit in Figure P11.57. The bias current is fp =
l.2mA, and the transistor parameters are the same as described in Problem 11.57.
(&} Determine the small-signal transistor parameters. {b) Find the output impedance &,.

*11.59 The bias current /g is 25pA in each circuit in Figure P11.59. The BIT param-
eters are § =100 and ¥, =50V, and the MOSFET patameters are Fpy =08V,
K, = 0.25mA/V", and A = 0.02V™. Assume the two amplifying transistors M, and

e
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TE‘” 8k
=
Figure P11.57 Figure P11.59

(, are biased in the saturation region and forward-active region, respectively. Detes-
mine the small-signal voltage gain 4, = v, /v, and the output resistance R, for each
cireuit.

11.80  For the citcuil shown in Figure P11.60, determine the small-signal voltage gain,
A, = v,/v,. Assume transistor parameters of Fry = 1V, K, =0.2 mA,Nz, znd A = Qfor
Mand f=80and ¥, = a0 for Q).

+10¥

-1V
Figurs P11.60

Section11.6  Gain Stage and Simple Output Stage

11,861 Consider the circuit in Figure P11.61. The output stage is a Darlington pair
emitter-follower configuration. Assume § = 100 for all transistors, and et ¥, = 100V
for Oy and {y,. Determine the output resistance R,
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Figure P11.61 Figurs P11.62

*11482 For the circuit in Figure P11.62, the transistor parameters are = 100 and
V.« = oo, The bias currents in the transistors are indicated on the figure. Determine the
mput resistance R, the output resistance R, and the small-signal voltage gain A, =
Vo f Vi

11.83 Consider the circuit in Figare P11.63. The bias currants /| and £, are such that a
2610 dc output vollags is established. The transistor parameters are: K, = 0.2mA/V?,
K, = 0.5mA/V?, Vip=-08Y, Vry = +08Y, and A, = 4, = 0.01 V"' Determine the
small-signal voltage gain A, = v,/v,, and the output resistance R,.

11,84 The circuit shown in Figure P11.64 has bias carrents [} = 0.1mA and b =
0.5mA. The transistor parameters are: K, = 100pA/V?, K, = 250pA/V2, Vpy =1V,
Ve = —1V,and A, = A, = 0.0t V"', (a) Determine the resistor values R, and R, such
that the dc value of the output voltage is zero. (b) Find the small-signal voltage gain
4, = v, /v, and the output resistance R,.
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Section11.7  Simplitied Op-Amyp Circuils

"11.65 Consider the multistage bipolar circwit in Figure P11.65. in which base currents
are neghigible. Assume the wransistor parameters are: 8 = 100, ¥gelon) = 0.7V, and
17y = o0, The putput resistance of the constant-current source is R, = 100 k€2 (a) For
vp = v1 = 0. design the cireuit such that: v =2V, v = IV v, =0 Jegy = 0.5mA,
and frgq =3 mA. (b Determine the differcncial-maede volrage gains 4, = v,2/v, and
Ay =7, vy (€) Determine the commen-mode voltage gains 4., = v2/V ani!
Aoy = Vol Vo a0l the overall CMRR g

‘D11.66  The circuit in Figure P11.66 has two bipolar differential amplifiers in cascade,
biased with ideal current sources [ and /5, Assume the transistor parameters are 8 =
180 and ¥4 = oo (a) Design the circunt such that v, = v,; = 2V and vyy = 6V when
v, = v = 0. (b} Determine the dilferential-mode voltage gains 4, = (v, — v 2}y and
Ag=rvafvy

|
¢ leoe
oy
;--—OI".‘
B vy
Rey >
Rya
fy=tsma |
V=S¥
Voo -5V
V- 10V Vo= 10V
Flgure P11.65 FigureP11.66

*11.67 Tne transistor parameters lor the circuit in Figore P11.67 are; 8 = 200,
Fyp(on} =07V, and V4 = ROV, |a) Determine the differential-mode voltage gain 4, =
v,/ vy and the common-mode voltage gain A4, =v,3/v.,. (b) Determine the outpul
voltage v,y if v = 2083 sincor V and » = 1 985 sinwr' V. Compare this output te the
ideal output that would be obtained if 4., =90. ic) Find the differential-mede and
common-mode inpol resislances.

*11.68 For the transistors in the circuit in Figure P11.68, the parameters are:
K, =02mA/VE Py =2V, and 2 =002V™' (2) Determine the differential-mode
voltage gain A; = v,3/v, and the common-mode voltage gain A, = v.3/ Ve
(b) Determine the output vohage v, il v = 215sinerV and v; = 1 85sinen'V.
Compare this output to the ideal output that would be obtained if 4, =0

Secltion 11.8  Difl-Amp Frequency Response

11.68 Consider the differential amplitier in Figure 11.49(a), with parameters: fp =
ImA, R~=!10kQ and Rz=0.5k2 The transistor parameters are: f= 00,
Veglom) = 0.7V, V, =00, C, = 8pF, and C, = 2pF. Determine the low-frequency
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dilferential-mode gain and the upper 3dB frequency, Whal is the eguivaknt Milier
cupacitance of each lransistor?

11.70 The differcntial amplifier in Figore 11.501a) has the same circuit and transistor
paramcters 25 in Problem 11.69. The equivalent impedance parameters of the current
source are B, = 5M® and C, = 0.8pF. (a) Determine the frequency of the zero in the
common-made gain. (b Pt CMRRp versus (requency, showing the frequencics f.
and £y

1171 A BIJT difl-amp is biased with a current source J, =2mA. and the areut
patameters are & = 10k and Ry = L k. The transistor paramaters arc: g = 120,
fr = B00MHz, and C, =1pF. {a) Determine the upper 3dB frequency of the
differential-mode gain. (b)Y If the cument source impedance paramefers are R, =
I0MQ und C, = ! pF, find the frequency of the zero in the common-mode gain.

11.72 Consider the diff-amp in Figure 11.54. The circuit and transistor paramelers are
the same a5 in Problem 11.69. For a one-sided output at v, determine the differential-
mode guin for: (al Ry = 1002, and (b) Ry = 2300,

AT rroRmR e e e TSI ITE TES SRR R P LR DR A S R E s ST LS ehbe b AR ik B bt e it i

1173 For the transistors in the ciccuil in Figure PE1,73, the parameters are: 8 = t00,
Is=1x 07" A and ¥, = 100 V. From a PSpice analysis, determine: (a} the quiescent
currents /. Iy, fey. and ¢z, and (b) the differential- and common-mode gains for
(i) R, = 10MQ, and (i) R, = 200 k2.

11.78 Consider the circuit in Figure P11.74. The transistor parameters are: F oy = 2V
(all NMOS devices), Vyp = =2V (all PMOS devices), Kys = Kng = SORA/V, Kyp =
Ky = 200uA/V°. Ky = Kpp = K3 = K = 100pA/ V" and & = 001 V! (alt devices).
From a computer analysis, determine: (a) the quiescent currents £; and fp, and {b) the
differential- and common-mode gains for (i) R; = 10MQ and (ii) Ry = 400k12.
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Figure P11.73 Figure P11.74

11.75  For the circuit in Figure £1.46 the parameters are: V¥ =10V, I~ =-10V,
R =19kt Ry =Ry =02k, and Ry=10kf2. The transistor parameters are:
B=100,fs=2x 10" A, and ¥, = 100 V. (a) From a computer analysis, determine
the quiescent currents i, g, fc1. T2, £55. £o, and I, () Also from a computer analy-
sis, determuine the input resistance R;, output resistance R,, and voltage gain 4, =
v,/v.3. () Compare these results to those obtained in Examples 11.16 and 11.17.

11,76 Consider the circuit in Figure P11.67, with circuit and transistor parameters
described in Problem 11.67. Let [s =2 x 107 A. From a computer analysis, deter-
mine: (a) the differential-mode voltage gain, (b) the common-mode voltage gain,
(c) the input differential-mode resistance, and (d) the input comman-mode resistance.

11.77 Consider the diff-amp described in Problems 11.6%and 11.70. Using a computer
analysis, determine the CMR R 4p versus frequency characteristic.

fre awnn g B e

DESIGN PROBLEMS

[Note: Each design is to be correlated with a computer simulation analysis.}

*D11.78 Design a basic BJT diff-amp with an active load, to provide an open-circuit
differential-mode gain of |44 = 2000 and a common-mode rejection ratie of
CMRR4 = 80dB. Specify the bias curreats, minimum Early voliage, and minimum
output impedance of the cusrent source. Design the current source to achieve the
specified output impedance.

‘011,79 Design a basic MOSFET diff-amp with an active load, to provide an open-
circuit differential-mode gain of |44 = 200 and a common-mode rejection ratio of
CMRRgp = 70dB. Specify the bias currents, conduction parameter values, minimum
A values, and minimum output impedance of the current source. Design the current
source to achieve the specified output impedance specification.
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Figure P11.82

*D11.80 Consider the BICMOS diff-amp in Figure 11.44. Design the circuit to provide
a differential-mode gain of {A;} =500 and a2 common-mode rejection ratio of
CMRR; = 70dB. Specify the bias currents, MOSFET conduction parameter values,
minimum bipolar Early voltage, MOSFET A values, and minimum output resistance of
the current source. Design the current source to achieve this specified output resistance,

*D11.81  Consider the bipolar op-amp configuration in Figurs 11.48. The bias voltages
are 10V, as shown, the current [r; is to be /g, = ImA, and the maximum dc power
dissipation in the circuit is to be 120mW. The output voltage is to be v, =0 for
1 = v, =0. Design the circuit, nsing reasonable resistance and current values. What
is the overall differential-mode voltage gain?

*D11.82 The transistor parameters for the ciccuit in Figure P11.82 are: K, =
0.2mA/V2, ¥7y =08V, and X = 0. The output resistance of the constant-current
source is R, = 100kQ. (a) For » = », =0, design the circuit such that: v,; =2V,
Vo3 =3V, v, =0, Ipgy =025mA, and 7pp = 2mA. {b) Determine the differsnial-
mode gains Ay = v,/v; and Ay =v,/vy. {¢) Determine the common-mode voltage
gains A = vy /Vem a0d A = ¥,/ Vo, and the overall CMRR 5.
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Feedback and Stability

12.0 PREVIEW

Previouslty, we found that the small-signal voltage gain and other character-
istics of discrete BJT and MOSFET transistor circuit amplifiers are functions
of the bipolar current gain and the MOSFET conduction parameter. In gen-
eral, these transistor parameters vary with temperature and they have a range
of values lor a given type of tramsistor group, because of processing and
material property tolerances. This means that the (-point, voltage gain, and
other circuit properties can vary from one circuit to another, and can be func-
tions of temperature.

Transistor circuit characteristics can be made essentially independent of
the individual transistor parameters by using feedback. The feedback process
takes a portion of the output signal and returns it (o the input to become part
of the input excilation. We previously encountered feedback in our study of
ideal op-amps and op-amp circuits. For example, resistors are connecled
between the output and input terminals of an ideal op-amp Lo form a feedback
network, The voltage gain of these ideal circuits is a function only of the ratio
of resistors and not of any individual transistor parameters. In this chapter, we
formally study feedback and feedback circuits.

We begin the chapter by presenting general feedback theory and determin-
ing general properties of feedback circuits. We then analyze the four basic ideal
feedback configurations. For each type of feedback topology, the autput-to-
input signal transfer function is determined and the expressions for input and
output resistances are derived. We analyze various op-amp and discrete tran-
sistor circuits representing each of the four basic feedback configurations, and
compare the transfer [unctions, input resistance, and output resistances 1o the
ideal theory. Principal goals of this chapter are to understand the character-
istics ef the various types of feedback configurations to be able to determine
the type of feedback circuit required for a specific design application and fo
design a stable feedback amplifier.

12,1 INTRODUCTION TO FEEDBACK

Feedback is used in virtually all amplifier systems. Harold Black, an electronics
engineer with the Western Electric Company, invented the feedback amplifier
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in 1928 while searching for methods to stabilize the gain of amplifiers for use in
telephone repeaters. In a feedback system, a signal that 1s proportional to the
output is fed back to the input and combined with the input signal to produce a
desired system response. As we will see, external feedback 15 used deliberately
to achieve particular system bengfits, However, feedback may be unintentional
and an undesired system response may be produced.

We have already seen examples of feedback in previous chapters, although
the term feedback may not have been used. For example, in Chapters 3 and 5
we introduced resistors at the emitter of BJT common-emitter circuits and at
the source of MOSFET common-source circuits to stabilize the Q-point
against variations in transistor parameters. This technique introduces negarive
feedback in the circuit. An increase in collector or drain current produces an
increase in the voltage across these resistors which produces a decrease in the
base-emitter or gate-source voltage. The decrease in these device voltages tends
to reduce or oppose the change in collector or drain current. Opposition to
change is suggested by use of the term negative feedback.

Feedback can be cither negative or positive. In negative feedback, a por-
tion of the output signal is subtracted from the input signal; in positive feed-
back, a portion of the output signal is added to the input signal. Negative
feedback, for example, tends to maintain a constant value of amplifier
voltage gain against variations in transistor parameters, supply voltages,
and temperature. Positive feedback is used in the design of oscillators and
in a number of other applications. In this chapter, we will concentrate on
negative feedback.

121.1  Advantages and Disadvantages of Negative Feedback

Before we actually get into the analysis and design of feedback circuits, we will
list some of the advantages and disadvantages of negative feedback. Although
these characteristics and properties of negative feedback are not obvious at this
point, they are listed here so that the reader can anticipate these results during
the derivations and analysis,

Advantages

1. Gain sensitivity, Variations in the circuit transfer function (gain) as a
result of changes in transistor parameters are reduced by feedback.
This reduction in sensitivity is one of the mosl aitractive features of
negative feedback,

2. Bandwidrh extensiorn. The bandwidth of a circuit that incorporates negative
feedback is larger than that of the basic amplifier.

3. Noise sensitivity. Negative feedback may increase the signal-to-noise ratio
if poise is generated within the feedback loop.

4. Reduction of nonlinear distortion. Since transistors have nonlinear charac-
teristics, distortion may appear in the output signals, especially at large
signal levels. Negative feedback reduces this distortion.

5. Control of impedance levels. The input and output impedances can be
increased or decreased with the proper type of negative fecdback circuit.
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Disadvantages

1. Circuit gain. The overall amphifier gain, with negative feedback, is reduced
compared to the basic amplifier used in the circuit.

2. Seability. There is a possibility that the feedback circuit may become
unstable {oscillate) at high frequencies.

These advantages and disadvantages will be further discussed as we develop the
leedback theory.

In the course of owr discussion, we will analyze several feedback circuits, in
both discrete and op-amp circuit configurations. First, however, we will con-
sider the ideal feedback theory and derive the general characteristics of feed-
back amplifiers. In this section, we discuss the ideal signal gain, gain sensitivity,
bandwidth extension, noise sensitivity, and reduction of nonlinear distortion of
a generalized feedback ampilifier.

121.2 Use of Computer Simulation

Conventional methods of analysis that have been used in the previous chapters
apply directly to feedback circuits, That is, the same d¢ analysis techniques and
the same small-signal transistor equivalent circuits apply directly to feedback
ctrewits in this chapter. However, in the analysis of feedback circutts, several
simultaneous equations can be obtained, the time involved may be guite long
and the probability of introducing errors may become almost certain.
Therefore, computer simulation of feedback circnits may prove to be very
usefud and is used Fairly often throughout this chapter. As always, a word of
warning is in order concerning computer simulation. Computer simulation
does not replace basic understanding. It 1s important for the reader to under-
stand the concepts and characteristics of the basic types of feedback circuits.
Computer simulation is used only as a tool for obtaining specific results.

12.2 BASIC FEEDBACK CONCEPTS

Figure 12,1 shows the basic configuration of a feedback ampilifier. In the dia-
gram, the various signals S can be either currents or voltages. The circuit
contains a basic amplifier with an open-loop gain A and a feedback ciremt
that samples the output signal and produces a feedback signal Sg. The feed-
back signal is subtracted from the input source signal, which produces an error
signal §,. The error signal is the input 1o the basic amplifier and is the signal
that is amplified to produce the output signal. The subtraction property pro-
duces the negative feedback.

B

Figure 12.1 Basic configuration of a feedback amplifier

729
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[mplicit in the diagram in Figure 12.1 is the assumption that the input
signal 1s transmitted through the amplifier only, none through the feedback
network, and that the output signal is transmitted back through the feedback
network only, none through the amplifier. Also, there are no loading effects in
the ideal feedback system. The feedback network does not load down the
ocutput of the basic amplifier, and the basic amplifier and feedback network
do not produce a loading effect on the input signal source. In actual feedback
circuits, these assumptions and conditions are not entirely accurate. We will see
later how nonideal conditions change the charactenstics ol actual feedback
circuits with respect to those of the ideal feedback network.

12.2.1  Ideal Closed-Loop Signal Gain

From Figure 12.1, the output signal is

S, = AS. (12.1}
where A i3 the amplification factor, and the feedback signal is

Sp =88, (12.2)

where 8 in this case is the feedback transfer function.' At the summing node. we
have

S, =35 -5 (12.3)
where S; is the input signal. Equation (12.1) then becomes
8, = AS;— BS,} = A5, — BAS, (12.4)

Equation (12.4) can be rearranged to yield the closed-loop transfer function, or
gain, which is
S, A

A =F=— 11.5)

bS8 (H4B4) (

As mentioned. signals S, 5,. 8. and S, can be either currents or voltages;
however, they do not need to be all voltages or all currents in a given feedback
amplifier. In other words, ihere may be a combination of current and vohiage
signals in the same circuit.

Equation (12.5) can be written

oA A
T+ 1+ T

where T = 84 is the loop gain. For negative feedback, we assume T to be a
positive real factor. We will see later that the loop gain can become a complex
function of freguency. bui for the moment. we will assume that T is positive for
negative feedback. We will also see that in some cases the gain will be negative
(180 degree phase difference between input and cutput signals) which means

(12.6)

'In this chapter, § is the feedback transfer function, rather than the transistor curreni gain. The
parameler Aep will be used as the (cansistor current gam. Normally, Agg indicates the de current
gain and ky, imdicates the ac current gam. However, as usual, we neglect any difference between the
two parameters and assume her = Ay,
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that the feedback transfer function £ will also be a negative quantitly for a
negative feedback circuit,

Combining Equations (12.1} and (12.2), we obtain the loop gain
relationship

By
T = Af = TSJ’E (127
€

Notmally, the error signal is small, so the expected loop gain is large. If the
loop gain is large so that 84 > 1, then, from Equation (12.6), we have
A 1
A= — =— (lzs
i ﬁA ;6 }

and the gain or transfer function of the fecdback amplifier essentially becomes
a lunction of the feedback network only.

The feedback circuit is usually composed of passive elements, which means
that the feedback amplifier gain is almost completely independent of the basic
amplifier properties, including individual transistor parameters. Since the feed-
back amplifier gain is a function of the feedback clements only, the closed-loop
gain can be designed to be a given value. This property was demonstrated in
Chapter 9, where we showed that the closed-icop gain of ideal op-amp circuits
is a function of the feedback elements only. The individual transistor param-
efers may vary widely, and may depend on temperature and frequency, but the
feedback amplifier gain is constant. The net results of negative feedback is
stability m the amplifier characteristics.

In general, the magnitude and phase of the loop gain are functions of
frequency, and they become important when we discuss the stability of feed-
back circuits.

gkl |

Example 12.1 Objectiva: Calculate the feedback transfer function 8, given 4 and
A
Jf.

Coass A
Assume that the open-loop gain of 2 system is 4 = 10° and the closed-loop gain is
4; = 50.
Solullon: From Equation {12.5), the closed-loop gain is
A
Ap=—
{1+ 84}
Therefore,
I
T+ AP
which vields # = 001999 or |/§ = 50.025.
Case B:
Now assume that the open-loop gain is A = —10° and the closed-loop gainis 4; = —50.
SoluMon:  Again, from Equation (12.5), the closed-loop gain is
_ A
(L + £4)

50

Ay
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so that

=i
H+ B(-10%)

which yields g = —=0.01999 or 1/8 = -50.025.

=30

Comment: From these typical parameter values, we see that 4; & 1/8, as Equation
(12.8) predicts. We also see that if the open-loop gain A is negative, then the closed-loop
gain 4, and feedback transfer function B will also be negative for a negative feedback
network.

Assuming a large loop gain, the output signal, from Equation {12.5),
becomes

A |
S-= S,-E—-S,— 12.9
.= ()53 (123
Substituting Equation (12.9} into (12.3), we obtain the error signal,
8 =8 —p5 85— ,6(%) =g (12.10)

With a large loop gain, the efror signal decreases to almost zero. We will
see this result again as we consider specific feedback circuits throughout the
chapter.

Test Your Understanding

124  The openloop gain of an amplifier is A = 10°, and the closed-loop gain is
Ay = 20 (a) What is the Fezdback transfer function A7 (b) What is the ratio of 4, to
{1787 (Ans. {a) B = 0.0499 (b) 0.99%)

12.2 The closed-loop gain of a feedback amplifier is A; = 80, and the feedback
transfer function is #=0.0120. What is the value of the open-loop gain A? (Ans.
A = 2000

12.2.2 Gain Sensitivily

As previously stated, if the loop gain T = f4 is very large, the overall gain of
the feedback amplifier is essentially a function of the feedback network only.
We can quantify this characteristic.

If the feedback transfer function 8 is a constant, then taking the derivative
of Ay with respect to A4, from Equation (12.5), produces

?jﬁ— ! - A ﬁ___l_._
dA (1 +B4) (L+B84° = (1+pAY

(12.11(a))

or
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dA
ddy = ——— A1
Ty (12.11(b)}
Dividing both sides of Equation (12.11{b)) by the closed-loop gain yields
dA
dA, {1 + Ay . dd  (A\dA
A, A4 '{|+ﬁA;‘7“(,4)A (12.02)
1 + B4

Equation (12.12) shows that the percent change in the closed-loop gain A,
is less than the corresponding percent change in the open-ioop gain A by the
factor {§ + BA). The change in open-loop gain may result from variations in
individual transistor parameters in the basic amplifier.

733

Example 12.2 Objective: Calculate the percent change in the closed-loop gain 4,,
given a change in the open-loop gain A.
Using The same parameter values as in Example 12.1, we have 4 = 10°, Ay =50,

and 8= 001999, Assume that the change in the open-leop gain s dd = 16 (a 10
percent change).

Solution: From Equation {12.12), we have

TTTED A 1l 1 009m(iney 108

dA, =25x 107

The percent change i3 then

dd; _25x107

— -5 o
"';IT— D =§ % 1077 = 0.005%

compared (o the 10 percent change assumed in the open-loop gain.

Comment: From this example, we see that the resulting percent change in the closed-
loop gain is substantially less than the percent change in the open-loop gain. Thss 15 one
of the principal advantages of negative feedback.

From Equation (12.12), the change in A, is reduced by the factor (1 + gA)
compared 1o the change in A. The term (1 + 8A) is called the demsensitivity
factor.

Test Your Understanding

12.3 Consider a general feedback system with parameters 4 = 10° and 4 ;= 100. 1€
1he magnitude of 4 decreases by 20 percent, what is the corresponding percent change in
4,7 (Ans. 0.002%)

£2.4 The gain factors in a feedback system are 4 = 3 x 10° and Ap = 100. Param-
eter 4, must not change more than £0.001 percent because of & change in 4. What is
the maximum allowable variation in A7 (Ans. £35%)
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12.23 Bandwidth Extension

The amphfier bandwidth is a function of feedback. Assume the frequency
response of the basic amplifier can be characterized by a single pole. We can
then write

A
A = (12.13)
14+
Wy

where A4, is the low-frequency or midband gain, and wy is the upper 3dB or
corner frequency.

The closed-loop gain of the fezdback amplifier can be expressed as

A{s)

Ay =05 pan

(12.14)
where we assume that the feedback transfer function g is independent of fre-
quency. Substituting Equation ([2.13) into Equation {12.14), we can write the
closed-loop gain in the form

A(I 1

Trpdy 14—
wy(l + pA,)

A (s) =

{12.15)

From Equation (12.15). we s¢e that the low-frequency closed-loop gain 1s
smaller than the open-loop gain by a factor of (1 + f4,), but the closed-loop
3dB frequency is larger than the open-loop value by a factor of (1 + B4,).

If we multiply the low-frequency open-loop gain 4, by the bandwidth
(3dB frequency) ey, we obtain A,wy. which is the gain—bandwidth product.
The product of the low-freguency closed-loop gain and the closed-loop band-
width is

4,
1+ p4)

Equation (12.16) states that the gain-bandwidth product of a feedback
amplifier is a constant. That is, for a given circuit, we can increase the gain
at the expense of a reduced bandwidth, or we can increase the bandwidth at the
expense of a reduced gain. This property is illustrated in Figure 12.2.

lwg(l + 84,)] = A0y (12.16)

A

——

Chosed-toop
Wy all +A} o (redis)

|
[
f
}
|
L
i
| ]
1 1

Figure 122 Open-loop and closed400p gain versug frequency, illustrating bandwidth
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Example 12.3 Objsctive: Determine the bandwidth of a feedback amplifier.

Consider a feedback amplifier with an open-loop low-frequency gain of 4, = 10°,
an open-loop bandwidth of wy = (2r){ 100} rad/s. and a closed-loop low-frequency gain
of AA0) = 50.

Solution: From Eguation ([2.15), the low-lrequency closed-loop gain 15

A
P T -
A= TR

OF

_
(L4 84,)

which yields

L)

L 1o
(4 + Bl = = =200

From Equation {1215}, the closed-loop bandwidth is

ws =yl + f4,) = (2a)(100K200) = i2Z7)(20 x 1

Comment: The bandwidth increases from 100 Hz to 20 XHz as the gain decreases from
10* to $0.

Test Your Undersianding

12.% A feedback amplifier has an open-loop low-frequency gain of 4, = t0°, an
open-loop bandwidih of wy = (2n)(10) rad/s. and 3 closed-loop low-frequency gain
of A4(0) = 100. Determine the bandwidth of the closed-toop system. (Ans. w = (27)
(10"} rad;s)

12.8 [na feedback amplifier, the open-loop low-frequency gain is A, = 10° and the
open-locp 3 dB frequency is 8 Hz. If the bandwidth of the closed-foop system is 250kHz,
what is the maximum allowable value of the closed-loop low-lrequency gain? (Ans. A,
{0 =32

12.2.4  Nolse Sensilivity

In any electronic system, unwanted random and extrancous signals may be
present in addition to the desired signal. These random signals are called noise.
Electronic noise can be generated within an amplifier, or may enter the ampli-
fier along with the input signal. Negative feedback may reduce the noise level in
amplifiers; more accurately, it may increase the signal-to-noise ratie. More
precisely. feedback can help reduce the ¢lfect of noise generated in an amplifier,
but it cantot reduce the effect when the noise is part of the input signal.
The inpun signal-to-noise ratio is defined as

S' W

(SNR), = 3 =

(12.17)

¥n
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where §; = v; is the input source signal and N; = v, is the input noise signal.
The output signal-to-noise ratio is

S, _ AnS;
Na - ATF!NF'

(SNR), = (12.18)

where the desired output signal is S, = A5, and the outpul noise signal is
N, = Ay,N,. The parameter Ay is the amplification factor that multiplies the
source signal, and the parameter Ay, is the amplification factor that multiplies
the noise signal. A large signal-to-noise ratio allows the signal to be detected
without any loss of information. This is a desirable characteristic.

The following example compares the signal and noise amplification fac-
tors, which may or may not be equal.

Example 124 Objective: Determine the effect of feedback on the source signal
and noise signal levels.

Consider the four possible amplifier configurations shown in Figure 12.3. The
amplifiers are designed to provide the same output signal voitage. Determine the effect
of the noise signal v,.

Flgure12.3 Four ampitier configurations with different input noise sources

Solution: Figure 12.3{a): Two open-loop amplifiers are in a cascade configuration,
and the noise signal is generated between the two amplifiers. The output voltage is

Voa = Ay Ag¥; + Ayvy = 100y; = 100,
Therefore. the output signal-ta-noise ratio is

Sg - lml’"loﬁ
N, v, N,

il '



Vi

b

(a)

(c)

i Vo
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Solullon: Figure 12.3(b): Two open-loop amplifiers are in a cascade configuration,
and the noise is part of the mput signal. The outpur voltage is

Vabh = .‘!p"zl"l =+ A].d:lr'n = lm)l'l'I -+ 1001',,

Therefore, the output signal-to-noise ratio is

Solution: Figure 12.3c): Two amplifiers are in a feedback configuration, and the
noise signal is generated between the two amplifiers. The output voltage is

Voo = A1 Azv, + Agv,
and the feedback sighal is

o = Bl
Then,

ve=v—vp =1 = By
thereflore,

Voo = A1 A2(r, — By,.) + Aav,
or

443 4,
=i G Ty
(1 + 8d Az} {1+ Bd) 45}

¥, sy = 100v; + 0.1,

The output signal-to-noise ratio is

Si; '%\'r' S"
N, T 0w, T “mm

Solution: Flgure 12.3{d): A basic feedback configuration, and the noise is part of the
input signal. The ouiput voliage is

AyAz

T o S & 100y, + 1
Vod (1+&A|A2)(v4+r,) 1001-,+ v,

Therefore, the output signal-lo-noise ratio is

Comment: Comparing the four configurations, we see that Figure 12.3¢) produces the
largest output signal-to-noise ratio. This configuration may occur when amplifier 4, is
an audio power-amplifier stage, in which large currents can produce excessive noise, and
when amplifier 4| corresponds to a low-noise preamplifier, which provides most of the
voltage pain.

We must emphasize that the increased signal-to-noise ratio due to feed-
back occurs only in specific situations. As indicated in Figure 12.3(d), when
noise is effectively part of the amplifier input signal, the feedback mechanism
does not improve the ratio.
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12.25 Reduction of Nonlinear Distortion

Distortion in an output signal is caused by a change in the basic amplifier gain
or a change in the slope of the basic amplifier transfer function. The change in
gain is a function of the nonlinear properties of bipolar and MOS transistors
used in the basic amplifier.

Assume the basic amplifier, or open-loop, transfer function is as shown in
Figure 12.4(a), which shows changes in gain as the input signal changes. The
gain values are shown on the figure. When this amplifier is incorporated in a
feedback circuit with a feedback transfer function of 8 = 0.099, the resulting
closed-loop transfer characteristics are shown in Figure 12.4(b). This transfer
function also has changes in gain but, whereas the open-loop gain changes by a
factor of 2, the closed-loop gain changes by only 1 percent and 2 percem,
respectively. A smaller change in gain means less distottion in the output signal
of the negative feedback amplifier.

saJ o
S |-m e —~ 4, = 250
i
1
1
snl L ...... '42= 500 |:
I ]
| !
: !
4, = 1000 !
1 1
3 Sea 5, (ecror signat)
(a)
"5:91 . _'_,-"2
50
Saz e e - - sEEmTET T | Aﬁ‘ 1!(‘_‘)9?)!250} 9?'
1
1
- 1
Suol
Amm —————— = 9.0
7 2 mo.mqlsom
1 L]
S . |
A= Tomboom 100 )
Sit §; 5;(input signal)

(b}

Figure12.4 (a) Basic amplilier {open-loop) ranster characteristics; i} closad-loop transfer
characienslics

123 IDEALFEEDBACK TOPOLOGIES

There are four basic feedback topologies, based on the parameter to be ampli-
fied (voltage or current) and the output parameter (voltage or current). The
four feedback circuit categories can be described by the types of connections at
the input and output of circuit. The four types of connettions are showa in
Figure 12.5. The four connections are referred to as: serics—shunt (voltage
amplifier), shunt-series (current amplifier), series-series (transconductance
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{c) Series—~saries (d} Shant-shunt
Flgure 12.5 Basic feedback connections

amplifier). and shunt-shunt (iransresistance amplifier). The first term refers to
the connection at the amglifier input, and the second term refers to the con-
nection at the output. Also, the type of connection determines which parameter
(voltage or current} is sampled at the output and which parameter is amplified.
The conneclions also determine the feedback amplifier charactenstics—in par-
ticudar, the input and output resistances. The resistance parameters become an
tmportant circuit property, when, for example, we consider veltage amplifiers
versus current amplifiers.

[n his section, we will determine the ideal transfer functions and the ideal
nput and output resistances of each of the four feedback topologies. In later
sections, we will compare actual versus ideal feedback circuit characteristics.

As a nol¢, the ideal topologies are small-signal equivalent circuits; there-
fore, phasor notation is used throughout this analysis.

12.3.1  Series-Shunt Configuration

The configuration of an ideal series—shunt feedback amplifier is shown in
Figure 12.6. The circuit consists of a basic voltage amphfier with an input
resistance R; and an open-loop voltage gain A,. The feedback circuit samples
the output vollage and produces a feedback voltage Vg, which is in series with
the input signal voltage V. In this ideal configuration, the input resistance to
the feedback circuit is infinite; therefore, there is no loading effect on the out-
put of the basic amplifier due to the feedback circuit.

Voltage V. is the difference between the input signal voitage and the feed-
back voltage and is called an error signal. The error signal is amplified in the
basic voltage amplifier. We can recognize the series connection on the input
and the shunt connection of the output for this configuration. '

The circuit is a voltage-controlled voltage source and is an ideal voliage
amplifier. The feedback circuit samples the output voltage and provides a
feedback voltage in series with the source voltage. For example, an increase

139
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Flgure 12.8 (deal sarias-ehunt fesdback topoiogy

in the output voltage produces an increase in the feedback voltage, which in
turn decreases the error voltage due to the negative feedback. Then, the smaller
error voltage is amplified producing a smaller output voltage, which means that
the output signal tends to be stabilized.

If the output of the feedback network is an open circuit, then the outpu!
voliage is

V,= AV, (12.19)
and the feedback voltageis
Vs = BV, =BV, e

Parameter B, is the voltage feedback transfer function, which is the ratio of the
feedback voltage to the output voltage. The notaiion is similar to the voltage
gain A,, which is also the ratio of two voltages.

The error voltage, assuming the source resistance Rg is negligible, is

V,=V,- Vp (12.21)

Combining Equations (12.19), (12.20), and (12.21), we find the closed-loop
voltage transfer function is

i ot
/ V:' “'l"ﬂv“iv}

Equation (12.22) is the closed-loop voltage gain of the feedback amplifier, and it
has the same form as the ideal feedback transfer function given by Equation
(12.5). Although the magnitude of the closed-loop voltage gain is less than that
of the open-loop amplifier, the advantage is that the cosed-loop voltage gain
becomes essentially independent of the individual transistor parameters. We
will examine this characteristic later in this chapter.

The input resistance including feedback is denoted by Ry Starting with
Equation (12.21), using Equations (12.19) and (12.20), we find that

(12.22)

Vi=Vet Vp=Ve+BY,= Ve + B(A.V,) (12.23(a))
oI
Wi . (12.230))
b ti_(l'l"ﬁv.‘v} TS (LS AR -
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The input current is
V, v,

"SR TRAEAA) 30
and the input resistance with feedback is then
V
Ry = T* =Rl + B,4,) (12.25)
f

Equation (12.25) shows that a series input conmection results in an
increased input resistance compared to that of the basic voltage amplifier. A
large input resistance is a desirable property of a voltage amplifier. This elim-
inates loading effects on the input signal source due to the amplifier.

The output resistance of the feedback circuit can be determined from the
equivalent circuit in Figure 12.7. The input signal voltage source is set equal to
zero (a short circuit), and a test voltage is applied to the output terminals.

Flgure 12.7 ldeal series=shunt feedback configuration for datamining output reslatance

From the circuit, we see that
Vet Vp=V, +8V,=0 {12.26{a))
or

Vf = _ﬁr V.t (12.26(5))

The output current is
_ Vi— AvV.s i V,-r - Av(_ﬁu V.t) s Vt(l + ﬁv*‘tv)

= 122
E R, R, R, (12.27)
and the output resistance, including feedback, is
4 R,
= R e st 12'
Rﬂf I, {1+ 8,4} (1128)

Equation (12.28) shows that a shunt output connection results in a
decreased output resistance compared to that of the basic voltage amplifier.

A small output resistance is a desirable property of a voltage amplifier. This

Ll






2

Part II Analog Elkctronics

eliminates loading effecis on the output signal when an output load is
connected.

The equivalent circuit of this feedback voltage amplifier is shown in
Figure 12.8.

Figure 12.3 Ecquivalent circuit of the serles—shunt feadback circuit or voltage ampiifier

Example 12.5 Objective: Determine the input resistance of a series input connec-
tion and the outpul resistance of a shunt output connection for an ideal feedback
voltage amplifier.

Consider a seriss—shunt feedback amplifier in which the open-loop gain is A, = t0°
and the closed-toop gain is 4,, = 50. Assume the inpwi and output resistances of Lhe
basic amplifier are R, = 10kS2 and R, = 20k, respectively.

Solution: The ideal closed-loop voltage transfer Function is, from Equation (12.22),

4 A,
T+ 8.A4)
or
(+£,4)= Ay E—leﬂ}
¥ioptd — ""_-50 Gl

From Equation (12.25), the input resistance is
Ry = Ril + £,4,) = (10)(2 x 10)HkQ = 0MQ
and, from Equation (12.28), the output resistance is

&_2

Comment. With a scries input connection, the input resistance increases drastically,
and with a shunt output connection, the output resistance decreases substantially, with
negative feedback. These are the desired characteristics of a voltage amplifier.

Tast Your Understanding

12.7 An ideal series-shunt feedback amplifier is shown in Figure 12.6. Assume R
is negligibly small. (a) If ¥; = 100mV, Vg =9 mV, and ¥, = 5V, determine 4,. ..
and A, including upits. (b) Using the results of part (a), determine Ry and Ry, for
R; =5k and R, =4kQ. (Ans. (3) A, “SOOOWV B, = 00198 VIV, 4, =50V/V
(h)Ry=5Wkﬂ,Rg oR -

-l L e - [ ' ) A

f1. ":[;lh i
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123.2 Shunt-Series Conliguration

The configuration of an ideal shunt-series leedback amplifier is shown in Figure
12.9, The circuit consists of a basic current amplifier with an input resistance R;
and an open-loop current gain 4;. The feedback circuit samples the output
current and produces a feedback current [y, which is in shunt with an input
signal current [;. In this idezl configuration, the feedback circuit does not load
down the basic amplifier output; therefore, the load current [, is not affected.

Figure 12.% Ideal shuri—saries faedback lopology

Current J, is the difference between the input signal current and the feed-
back current and is the error signal. The error signal is amplified in the basic
current amplifier. We can recognize the shunt connection on the input and the
series connection on the output for this configuration.

This circuit is a current-controlled current source and is an ideal currcm
amplifier. The feedback circuit samples the outpui current and provides a
feedback signal in shunt with the signal current. An increase in output current
produces an increase in feedback current, which in tum decreases the error
current. The smaller error current is then amplified, producing a smaller output
current and stabilizing the output signal.

The input source shown is a Norton equivaleat circuit; it could be con-
verted 1o 2 Thevenin equivalent circuit.

If the output is essentially a short circuit, then the cutput current is

I, = A, (12.29)
and the feedback current is
!ﬂ.r = 16 = ﬁl'!n (lz‘m)

The parameter 8, is the feedback current transfer function. The input signal
current, assuming Ry is large, is

=1+ fﬂ, (12.31)
Combining Equations (12.29), (12.30), and (i2 31) yields the closed-loop
current transfer function

f{l Af

Ap=ate
4 I.‘ (l +AAL‘ el VT Be o AT P | R

(12.32)

bt ol

10
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Equation {12.32} is the chosed-leop curremt gain of the feedback amplifier.
The form of the equation for the current transfer function of the current
amplifier (shunt—series connection) is the same as that for the voltage transfer
function of the voltage amplifier (senes-shunt connection). We will show that
this will be the same for the two feedback connections yet to be discussed.
The input resistance of the shunt—series configuration is R;. Starting with
Equation (12.31), using Equations (12.29) and (12.30), we find that

L=lo+ Dy =1+ B0, = I + B{AL,) {12.33(a))
or
I, = -l (12.33(b))
{1+ BiA) '
The input voltage is
IR
Vi= IR = T+ 84) (12.34)
The input resistance with feedback is then
V. R;
Rey=—=—2% 1235
A A (E S (1235

Equation (12.35) shows that a shunt input connection decreases the input
resistance compared to that of the basic amplifier. A small input resistance is a
desirable property of a current amplifier, to avoid loading effects on the input
signal current source due to the amplifier.

The output resistance of the feedback circuit can be determined frem the
equivalent circuit in Figure 12.10. The input signal current is set equal to zero
{(an open circuit) and a test current is applied to the output terminals. Since the
input signal current source is assumed to be ideal we have Ry = o0.

From the circuit, we see that

Ltlph=1+8L=0 (12.36(1))
or ’
f.=—-§i, (12.36(b))

Figure 1210  idea) shurvi—series feadback configuration for detormmining output rosistance
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The output voltage can be written as

Vi=U,— AR, =], - A;‘{_ﬂr‘fx)]ﬁa

=1l + BA)R, el
Therefore,
V,
R =T‘ =(1+B84)R, (12.38)

Equation (12.38) shows that a series output connection increases the out-
put resistance compared to that of the basic amplifier. A large output resistance
is a desirable property of a current amplifier, to avoid loading effects on the
output signal due to a load connected to the amplifier output.

The equivalent circuit of this feedback current amplifier is shown in Figure
12.11.

Figure 12.11 Equivalent circuit of shunt-series feedback circut, or current amplifier

S

Example 12.8 Objective: Determine the input resistance of a shunt inpul connec-
tion and the output resistance of a series output connection, for a feedback current
amplifier.

Consider a shunt—series feedback armaplifier in which the open-loop gain is A4; = 10
and the clesed-loop gain is A, = 50. Assume the input and output resistances of the
basic amplifier are K; = 10k and R, = 20k, respectively.

Solution: The ideal closed-loop current transfer function, from Equation (12.32), is

A
A,' =_I
"=+ 84

or

A 10
(+pA) == =2x 10’

ir
From Equation (12.35), the input resistance is

R 10
(1+ 84, 2x 1P

Ry = Q=50

and from Equation (12.38), the output resistance is

Ry =(1 + BADR, = (2 x 10°)20)k2 = 4OMR
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Comment: With a shunt input connection, the input resistance decreases drastically,
and with a series output connection, the output resistance increases subsiantially,
assuming negative feedback. These are the desired characteristics of a current amplifier.

. Test Your Understanding

42.8 Consider the ideal shunt—series feedback amplifier in Figure 12.9. Assume that
the source resistance is Rs =o0o. (@) Il ;= 100pA, I, =%9pA, and [, = SmA, deter-
mine A,, 5, and A, including units. (b) Using the results of part (), determine R and
R, for R, =5k and R, = 4kil. (Ans. (@) A, = 5000 AfA, 8, =00198A/A, Ay =
S0AIA (b) Ry = 502, Ry = 400kLD)

12.3.3 Series—Serles Configuration

The configuration of an ideal series—series feedback amplifier is shown in
Figure 12.12. The feedback samples a portion of the output current and con-
verts it to a voltage. This feedback circuit can therefore be thought of as a
voltage-to-current amplifier.

Figure 12.12 Idea! saries—serias feedback topokogy

The circuit consists of a basic amplifier that converts the error voltage to
an output current with a gain factor 4, and that has an input resistance R,. The
feedback circuit samples the outpul current and produces 2 feedback voltage
Vi, which is in series with the input signal voltage V.

Assuming the outpul is essentially a short circuit, the output current 1s

I, = AV,
and the feedback voltage is

V_.f?l = ﬁ:’rn
whete 8, is called a resistance feedback transfer function, with units of resis-
tance. The input signal voltage, neglecting the effect of R, 1s

V;:Vc'l'yﬂ,
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Combining these equations, as we have in previous analyses, yields the closed-
loop current-to-voltage transfer function,

i A
b, R e
YTV, T U+ BAy (12

The units of the transfer function given by Eguation (12.39) are amperes/
voli, or conductance. We may note that the term 8.4, is dimensionless. This
particular feedback circuit is therefore called a transconductance amplifier.

The input and output resistances are a function of the specific types of
input and output connections, respectively. The input resistance for the series
connection is given by Equation (12.25), which shows that with this configura-
tion, the input resistance increases compared to that of the basic amplifier, The
output resistance for the series connection is given by Equation (12.38), which
shows that with this configuration, the output resistance increases compared to
that of the basic amplifier. The equivalent circuit for the series-series feedback
amplifier is shown in Figure 12.13.

Figure 1213 Equivalent circuil of series—series feedback circuit, or ransconductance
amyplifiar

EL I

Test Your Understanding

12.9 An ideal series—series feedback amplifier is shown in Figure 12,12, Assume R;
is negligibly small If ¥; = 100mV, ¥y = 99 mV, and 7, = SmA, determine 4,, 8., and
Agr. including units. (Ans. 4, = SA/V, B. = I9.BV/A, A = S0mA/V)

12.3.4  Shunt-Shunt Configuration

The configuration of the ideal shunt-shunt feedback amplifier is shown in
Figure 12.14. The feedback samples a portion of the output voltage and con-
verts it to a current. This feedback circuit can therefore be thought of as a
current-to-voltage amplifier.

The circuit consists of a basic amplifier that converts the error current to
an output voltage with a gain factor 4, and that has an input resistance R,. The
feedback circuit sampies the output voltage and produces a feedback current
1. which 15 in shunt with the inpuat signal current 1.

Assuming the output is essentially an open circuit, the output voltage is

V, = 4.l
and the feedback current is
I}b = ﬁg Vn
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Figure12.14 Ideal shunt-shunl feedback topology

where B, is the conductance feedback transfer function, with units of conduc-
tance. The input signal current, assuming Ry 1s very large, is

.ﬂ'=’f;+lﬂ,

Combining these equations yields the closed-loop voltage-to-current transfer
function,

v, A,

Adr=—m=
T T+ B4

{12.40)

The units of the transfer lunction given by Equation (12.40) are voltsfampere,
or resistance. We may note that the term 8, A4, is dimensionless. This particular
feedback circuit is therefore referred to as a transresistance amplifier.

The input and output resistances are again a function of only the types of
input and output connections, respectively. The input resistance is given by
Equation (12.35) and the output resistance is given by Equation (12.28). The
equivalent circuit for the shunt—shunt feedback amplifier is shown in Figure
12.15.

Figure12.15 Equivalent circuit of shunt—shunt feedback circult or, ransresisiance amplifier

Test Your Understanding

12.10 Consider the ideal shunt-shunt feedback amplifier in Figure [2.14. Assume
that the source resistance is Rg = 0o. Il ; = 100pA, I = 99pA, and V, = 3V, deter-
mine 4, B,, and A, including units. (Ans. 4, = 5 x 10°V/A, B, =198 x 107° APV,
Ay =50V/mA)
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123.5 Summary of Resulis
Table 12,1 summarizes the ideal relationships, including the transfer functions,
input resistances, and output resistances, obtained in the analysis of the four
types of feedback ampiifiers.

Having analyzed the characteristics of the four ideal feedback topologies,
we will next derive the transfer functions and resistance characteristics of op-
amp and discrele transistor representations of each type of feedback config-
uration. We will compare actual results with the ideal results, discussing any
deviations from the ideal.
Table 12.1 Summary resulls of feedback amplifier functions for the ideal feedback circuit
Feedback asplifier Sowvce signal  Oufput signal  Transfer function Imput resistance Outpat resistance
Series-shunt Voltage Voltage P Rk + 8,4,) R,
{vohage amplifier) YTV T T840 {1+84)
Shunt - series Current Curreni 5 gt L__ 4 R; R+ 847
cureenl amplifier) TR T+ A (1 +5.4;)
Series—series Voltage Current S fo _ A R+ 8.4,) R+ 4.4,
{(transconductance LA AT
amplifier}
Shuni-shunt Current Voltage  , _Ve_ _ 4: R, _ R
{transresistance A (Y (1 +B.4.) {i+ 5,4
amplifier}

124 VOLTAGE (SERIES-SHUNT) AMPLIFIERS

In this section, we will analyze an op-amp and a discrete circuit representation
of the series—shunt feedback configuration. Since the series-shunt circuit 1s a
voltage amplifier, we will derive the transfer function relating the output signal
voltage to the input signal voltage. For the ideat configuration, this function is
shown in Equation (12.22) and is

A,

Ay = ———
LT

where A, is the basic amplifier voltage gain and B, is the voltage feedback
transfer function. We found that this feedback configuration, the input resis-
iance increases and the output resistance decreases compared fo the basic
amplifier values.

124.1  Op-Amp Circuit Represeniation

Figure 12.16 shows a noninveriing op-amp circuit, which is an example of the
series -shunt configuration. The input signal is the input voltage V. the feed-
back voltage is Vp, and the etror signal is the voltage V,. Since the shumt
oulput samples the outpuat voltage, the feedback vohage is a funcuion of the
output voltage.

Flgure 12.16 Example of
an op-amp series~shunt
feadback circuit
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In the ideal feedback circuit, the amplification factor A, is very large; from
Equation {12.22), the transfer function is then

Vo |
A,_f_'f—,'ﬂ_-fE (12.41)
For the ideal noninverting op-amp amplifier, we found in Chapter 9 that
V ', Rk
Ay = L8 -2 . 7
Therefore, the feedback transfer function B, is
gz 1 (12.43)
1422
( RI)

We can take a finite amplifier gain into account by considering the equiva-
lent circuit in Figure 12.17. The parameter A, 15 the open-loop voltage gain of
the basic amplifier. We can wnite, for £, = 0,

V,=4,V, (12.44)
and

Ve=V.=Va (12.45)
therefore,

V,=AVi - Vg) (12.46)
Assuming the inpul resisiance R; s very large. the leedback voltage is given by

Vo = ( Rl"j_' Rz) V, (12.47)

Substituting Equation (12.47) into (12.46) and reacranging lerms, we
oblain
Vﬂ Av
At —

'+T
R,

The voltage feedback transfer function B, is given by Equation (12.43), and
the closed-loop voltage transfer function can be wrilten

(12.48)

Figura 12.17 Equivalent crcuilt, op-amp sedes-shunt fesdback configuration
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A,
Ay=—="
FT L+ B,4,)

The voltage transfer function for the noninverting op-atmp circuit has the same
form as that for the ideal series-shunt configuration, assuming the input resis-
tance R; is very large.

We may note in this case that the voltage gain A, of the basic amplifier is
positive and that the feedback transfer function §, is also positive, so that the
loop gain T = 8,4, is positive for negative feedback.

We can now derive the expression for the input resistance R;r. We see from
the figure that V, = LR, V, = A V., and ¥, = V¥, + V5. The approximate
feedback voltage is given by Equation (12.47). Therefore, the input voltage is

(12.49)

V.= V. + _KR .=V, +L
e (H_Rz)
R, (12.50)
A
% e O
*’[' tir R:/R.)]
The input resistance is then
R Vi Vi
if S T e
! (PJR.}A (12.51)
—Rll+—— | = R(1+ 8,4,
|1+ i) = M+

The expression for the input resistance for the op-amp circuit has the same
form as that for the ideal series input connection, as given in Equation (12.25).
In the ideal case in which the gain is 4, = o0, the input resistance of the
noninverting op-amp is also infinite. However, if the gain is finite, the input
resistance will also be finite,

5

Example 12.7 oObjective: Determine the expecied input resistance of the nonin-
verting op-amp circuit.

Consider the noninverting op-amp in Figure 12,14, with parameters R, =50k0,
R, = 10k, R, = 90k, and 4, = 10°.

Solullon: The feedback transfer function 8. is

I B W

The input resistance is therefore
Ry = R(1 + 8,4, = (50[1 +(0.10)10%)
o
Ry = 50 x 10" kQ = SOMS
Comment Even with a moderatz differential inpui resistance R; to the op-amp, the

closed-loop mput resistance Ry is very large, because of the series input feedback

connection.
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The analysis results for the noninverting op-amp circuit are consistent with
the ideal serizs—shunt feedback characteristics.

12.4.2 Discrete Circuil Representation

Figures 12.18(a) and (b) show the basic emitter-follower and source-follower
circuits, which we examined in previous chapters. These are examples of
discrete-circuit series-shunt feedback topologies. The input signal is the voltage
v;, the error signal is the bass-emitter voltage in the emitter follower and the
gate-source voltage in the source follower, and the feedback voltage is equal to
the output voltage, which means that the feedback transfer function is g, = 1.

(s} (b) (c)

Figure 12.18 Discrete transittor senss-shunt feedback circuits: (a) emitter-iollower,
{b) source-Ioflower, and (c) small-signal equivalent circuit of emitier follower

The small-signal equivalent circuit of the emitter follower is shown in
Figure 12.18(c). Since we have already analyzed the emitter-follower circuit,
we will simply state the results here. The small-signal voltage gain is

I R
v, (r_ +3’")R£ e

x

As=~t= = (12.52)
¥ : 1 R
b l+(r_+gm)RE H"r_E

&

where

Fr

Wy = e
(1 4 gpry)

The voltage gain of the emitter follower can be writien as a voltage divider
equation, Since the feedback transfer function is unity, the form of the voltage
gain expression is the same as that for the ideal series—shunt configuration, as
given in Equation (12.22). The open-loop voliage gain corresponds o

A,= (l-i-g,,.).'h; R (12.53)
[ re

L]
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The closed-loop input resistance is’

I
Ry =ra +11 + hpe)Rg =rn[1+(;++g,,,) RE] (12.54)
Fr
The form of the input resistance is also the same as that of the ideal expression,
given by Equation (12.25). The input resistance increases with a series tnput
connection.
The output resistance of the emitter-follower circuit is given by

T

R, =Rpl——=
of T T e Relr, (12.55)

which can be written in the form
Rg

] (12.56)

m

Raj‘ =

The output resistance decreases with ashunt output connection. For the emitter-
follower circuit, the form of the output resistance is also the same as that of the
ideal expression, given by Equation (12.28).

Even though the magnitude of the emitter-follower voltage gain is slightly
less than unity, this civcuit is a classic example of a series-shunt feedback
configuration, which represents a voltage amplifier.
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Dasign Example 12.8 Objective: Design a feedback amplifier to amplify the
output signal of a wicrophone.

The output signal from the microphone is {0mV and the output signal from the
feedback amplifier must be 0.5V to drive a power amplifier that in turn drives the
speakers. The nominal output resistance of the microphone is Ks = $ kS and the nom-
inal input resistance of the power amplifier is &; = 75%. An op-amp with parameters
R = 10k, R, = 1002, and a low-frequency gain of A4, = 10" is available. [Note: In
this simple design. neglect frequency response.}

Solution: Deslign Approach: Since the source resistance is fairly large, an amplifier
with a large inpul resistance is required 1o minimize loading at the input. Also, since the
load resistance is low, an amplifier with a low output resistance is required to mirimize
loading at the output. To satisfy these requirements, a series-shunt feedback configura-
tion, or voltage amplifier, should be used. -

The closed-ioop voltage gain must be 4, = 0.5/0.01 = 50. For the ideal case,
A,y = 1/B,, so the leedback transfer function is 8, = 1/50 = 0.02. The loop gain is then

T = .4, = (0.02)10% = 200
Referring to Table 2.1, we expect the input resistance to be

Ry = 102000k — 2MQ

Reminder: In this chapier, the parameter Ap is used as the transistor current gain 1o avoid
confusion with 8, which s used as the feedback transfer function. Again, we assume that the dc
and ac current gains are equal; thertfore, b = &y = gor,.
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and the cutput tesistance to be
R, = (1007200082 = 0.5€2

These input and outpur resistance values will minimize any loading effects at the ampli-
fier input and ouiput terminals,

Il we use the noninverting amplifier configuration in Figure 12.16, then we have

| R,
—=+—=—==>50
JB-.' RI

and
Ry
-R-I—49

The feedback neiwork loads the output of the amplifier; consequenily, we need R, + R,
te be much larger than R,. However, the output resistance of the feedback network is in
series with the input terminals, so extremely large valuss of R, and R; will reduce the

actual signal applied to the op-amp because of voltape divider action. Initially. then, we
choose R = 1 kT and R; = 49kQ.

Computer Simulation Veriflcation: The circuit in Figure 12.19 was used in a PSpice
analysis of the voltage amplifier. A standard 741 op-amp was used in the circuit. For a
10m¥ mput signal, the output signal was 499.6 mV, for a gain of 49.96_ This result is
within 0.08 percent of the ideal designed value. The input resistance R was found 1o be
approximately 530 MQ and the outpat resistance R,r was determined to be approxi-
mately 0.042Q, The differences between the measured input and output resistances
compared to the predicted values are due to the diffarences between the actual pA-
74| op-amp parameters and the assumed parameters. However, the measured input
resistance is larger than predicted and the measured outpul resistance 1s smaller than
predicted, which is desired and more in line with an ideal op-amp circuat,

Commant An almost ideal fezdback voltage amplifier can be realized if an op-amp is
used in the circmi.

Rg
Y1 41e) /@
10 mV
= Uy
: #A- 141 Ria15qQ
=0
&
AWy
49%0)
R, 21ke

=0

Figura12.18 Circuit usead in the computer simulation analysis in Example 12.8
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Teast Your Understanding

12,41 Consider the noninverting op-amp circuit in Figure 82,16, with parameters
R, = 10kQ. R, = 30kQ, and A, = t0°. Assume R; = oo, Determine the closed-loop
voltage gain. I the open-loop gain mereases by a Factor of [ what is the percent
change in the coscd-loop gain? (Ans. 4,; = 1.9984, (L026%)

42.12 Assume the transistor in the emitier-follower circuit in Figure 12.18{a) is
hiused such that Ig=0.5mA. Let Ry = 2k {3) If the transistor current gain is
hep = 100, determine A, Ry, and R,,. (b} Determine the percent change in 4, Ry,
and R, if the transistor curreni gain increases 10 Jiyy = 150, Assume the quiescent
collector current retnains unchanged. (Aos. (a) 4,0 = 1.97490. R, = 207k R, =
5029 (b) 4, 00082%: Ry, 1.25%: R, 0.397%) '

12.13 Assume the transistor in the source-follower circuil skown in Figure 12.18(b)
is biased such that fpo = 250 A, Let Ry = Sk If the transistor parameters are K =
. 200pA/V and Yoy = 1V, determine 4,,. Ry and R,,. How do these results agree wilh
the ideal feedback characteristics given in Table 12.17 (Ans. 4, = 0.691, Ry = oo,
R, =155k

*D12.14 Design a feedback voltage amplifier 1o provide a voltage gain of 15 The
nominal voltage source resistance is Ry = 2k, and the nominal load is &; = 1008 An
op-amp with parameters R, = 5k R, = 50, and a low-frequency open-loop guin of
A, =35 % 10" is available. Correlate the design with a compater simulation analysis 10
determine the voltage gain, iapul resistance, and ouatput resistance

12.5 CURRENT (SHUNT-SERIES) AMPLIFIERS

In this section, we will analzye an op-amp and a discrete circuit representation
of the shunt-series feedback ampiificr. The shunt-series circuit is a current
amplifier: therefore, we must derive the output current to input current transfer
function. For the ideal configuration. this function is given in Equation (12.32):

4,

= 0y gAY

where 4, is the basic amplifier current gain and B; is the current feedback
transfer function. For this amplifier. the input resistance decreases and the
output resislance increases compared to the basic amplifier vakues,

12.51  Op-Amp Circuit Representation

Figure 12.20 shows an op-amp current amplifier, which is 4 shunt-series con-
figuration. The input signal is the current J, from the Norton equivalent source
of f, and Rs. The feedback current is I, the error signal is the current /.. and
the outpul signal is the current f,. With the shuni input conmection, the input
resistance R, is small, as previously stated. Resistance R is the output resis-
tance of the current source and is normally large. If R > Ry then [/ = £,
j¢ we assume initially that f, is negligible, then, from Figure 12.20, we have
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Figure 12,20 Example of an op-amp shunt-series feedback circuit

The output voliage V,, assuming V), is at virtual ground, is
Vo=—IpRe=—LR¢

and current /| is
fi = —V,./R,

The output current can be expressed

L=Ip+1l =1+ (~ L)(—1,1::,;} = 1,(1 + Ef) 1257
’ R R
Therelore, the ideal current gain is
Ir.i ‘RF
Gl _E 12,
7 1+ R (12.58)

In the ideal feedback circuil, the amplification factor A; is very large;
consequently, the current transfer function, from Equation (12.32), becomes
Ll
S (12.59)
5 B
Compating Equation (12.59) with (12.58), we see that the current feedback
transfer function for the ideal op-amp current amplifier is

|

:F (§2.60)
R

A#':

B

We can take the finite amplifier gain into account by considering the
equivalent circuit in Figure 12.21. The parameter 4, is the open-loop current
gain. We have

Il (12.61)
and

L=F—-ig=i-1 (12.62)
therefore,

I, = ALL — Ip) (12.63)

If we again assume that V) is at virtual ground, voltage ¥V, is given by
Vo= —IgRr (12.64)

>
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Flgure 12.21 Equivalent circuit, op-amp shuni—senes feedback configuration

We can then write
[ 1 R
fo==af o N -, —F
1 R, (RI)( InRr) !ﬂ(R]) {12.65)

The output current is also expressed as

R
L=Ih+h=I+ fﬂ,,(if) (12.66)
1

Solving for I, from Equation (12.66), substituting that into Equaticn {12.63),
and rearranging terms yields the closed-loop current gain

A,-'r = — ‘—'—""-"T (12 .67)

Since the current feedback transfer function is 8, = 1/[1 + (Rg/R;)], the
closed-loop current gain expression for the op-amp current amplifier has the
same form as that for the ideal shunt-series conlfiguration.

125.2 Simple Discrete Circuit Representation

Figure 12.22(a) shows the ac equivalent circuit of a common-base circuit,
which 15 an example of a simple discrete shunt-series configuration. Figure
12.22{b) is the same circuit rearranged 0 demonstrate more clearly the
input, feedback, and error componenis of the currents. The output current is

(a) (b)
mnz.n (a) Equivalent circult tor simple oonmn-mmw (b) reconfigured

g1
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equal to the feedback current, which means that the feedback transfer function
is A, = . The basic amplifier gain is

fn”: = A:‘ = hf-‘b’

which is simply the common-emitter current gain of the transistor,
From Figure 12.22(b), we sse that the closed-loop current transfer function
or pain 18

A-—E-— hee A
L T T+heg |+ 4

(12.68)

Since the current feedback transfer function B; is unity, Equation (12.68) has
the same form as that for the ideal shunt-series transfer function,

Figure 12.23(a) is a more realistic common-base circuit. Resistor Rg and
the supply voltages F'* and V'~ bias the transistor in the forward-active mode.
The ac equivalent circuit is in Figure 12.23(b). We can show that the current
gain 15

i, h ;
Ag=7= ; L2 = rA (12.69)
’ (I+R—"E)+hﬁ (I+R—’;)+A,-

Equation {12.69) does not have the same form as the ideal shunt-series
feedback transfer Munction. This is common in many discrete transistor feed-
back circuits. The reason is that resistor Rg introduces loading effects that are
not present in the ideal configuration. Typically, then, the transfer functions of
actual discrete circuits are not the same as for the ideal case.

(a) (b}
Figure 12,23 (a) Common-base dircuit, including biasing and (b} ac equivalent circuit

1253 Discrete Circuit Representation

Figure 12.24{a) shows a 1wo-slage discrele transistor circuit example of a
shunt-series feedback configuration. While the large number of capacitors
makes this circuit somewhat impractical, it can be used to illustrate the basic
concepts of feedback. Figure 12.24(b) shows the ac equivalent circuit, in which
all capacitors act as short circuits. With the shunt input connection, the input
signal current is essentially ; (assuming Ry is large), the feedback current is fp,.
and the error signal is /,. The signal emitter current J, is directly proportional
to the load current {,, and the feedback current is dirzctly proportional 1o 1.,
demonstrating thal this series cutput connection samples the output current /,.

The small-signal equivalent circuit is shown in Figure 12.25. We assume
that the small-signal output resistance r, of each transistor is infinite. We could
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(=}

(b}
Figure 12.24 (a) Exampie of a discrete transisior shuni-series fesdback circuit and (b) ac
equivalent circuit

Figure 12.25 Small-gignal equivalent circult of circuit in Figure 12.24(a)

derive the expression for the closed-loop current gain by writing and solving a
set of simultaneous nodal equations. However, as with most discrete transistor
feedback circuits, the transfer function cannot be arranged exactly in the ideal
form withoutl several approximations. For this circuit, then, we rely on a
computer analysis to provide the required results. wEo@ g
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Example 129 otjective: Determine the closed-loop current gain and input resis-
tance of a discrete shunt-—series transistor feedback circuit.

Consider the circuit in Figure 12.24(a), with transistor parameters e = 100 and
V¢ = 00. Assume the source resistance is Rs = 10 M. The capacitors are large enough
to act as short circuits to the signal currents,

Solutlon: A PSpice analysis shows that the closed-loop current gain is
Ay =T/ =958

The input resistance Ry is defined as the ratio of the signal voltage at the base of 0, to
the inpul signal current. The PSpice results show that R, = 134Q. This low input
resistance is expected for the shunt input connection.

Comment: The PSpice analysis shows that the closed-loop current gain increases from
9.58 to 10.2 as the transister current gain Agp increases from 100 to 1000. This result
again demonstrates a principal characteristic of feedback circuits, which is that the
transfer function is relatively insensitive 10 changes in the individual transistor param-
eters,

From the small-signal equivalent circuit in Figure 12.25, we find that the
output resistance Ry, looking into the collector of ¢ is very large Il7, of @5 iy
assumed to be infinite, then R, is also infinite. We expect a large cutput
impedance for the series output connection of this feedback circuit.

Design Example 1210 Objeclive: Design a feedback amplifier 1o provide a
given current gain.

Assume that a signal current source has a nominal output resistance of Ry = 10k
and that the amplifier will drive a nominal load of R, = 5082. A current gain of 10
is required. Ap op-amp with the same characteristics described in Example 12.8 is
available.

Solution: Design Appreach:  An amplifier with a low input resistance and a large

output resistance is requited, 1o minimize leading effects at the input and output. For

these reasons, a shunt-series feedback configuration, or current amplifier, will be used.
The closed-loop gain is

Ay =10 1/8,

and the feedback transfer function is 8, = 0.1.

The dependent open-loop voltage source of the op-amp, as shown in Figure 12.17,
can be transformed to an equivalent dependent open-loop current sowrce, as shown in
Figure 12.9. We find that

A; = A R(fR,

Using the paramelers specified for the op-amp, we find 4, = 10°. The loop gain for the
shunt-series configuration 15

A;B = (10%%0.1) = 10°
Referring to Table 12,1, we expect the input resistance to be
Ry = 10/1°k — 0.1



Chapier 11 Feedback and Stability

and the output resistarce to be
Ry = (100){10°)Q = 10MQ

These resistance valuss will minimize any loading effects at the amphfier input and
output,
For the shunt-series configuration in Figure 12.20, we have

i Re
—=l4+—=1I0
ﬁ| RI

or
RpeiR =9

For our purposes, R, must be fairly small, to avoid a loading effect at the output.
However, R) must not be too small, to avoid large currents in the amplifier. There-
fore, we choose R, = L k§2 and Re = 9kil.

Computer Simulaon Verllicatlon: Figure 12.26 shows the circuit used in the com-
puter simulation. A standard pA-741 op-amp was used in the circuit. The current gain
was found 10 be exactly 10.0. The input resistance Ry looking inta the op-amp with
feedback was found to be 0,056 £, which compares favorably to the predicted value of
0.1 §2 The output resistance seen by the foad resistor was found to be approximately
200 M2, This value is on the order of 20 times larger than the predicted value, but is
closer to the ideal value. The differences between predicted and measured values are due
to the differences in assumed op-amp parameters and the nA-741 op-amp parameters.

bc
£
Rg 21010 Lkt
=
oA 2 =0
=0 =0
Ry
ANA—
9k

Figure 12.26 Circult used in the computer simufation anelysis in Example 12.10

Comment: This design also produces an almost ideal feedback current amplifier, if
reasonable values of feedback resistors are used.

Thl

Test Your Understanding

*RD12.15 Consider the common-base circuit in Figure 12.23(a), with transistor
parameters hgg = 80, Veglon) = 0.7V, and ¥, = co. Assume the transistor is biased
at Ip = 0.5mA, Redesign the circuit such that the closed-loop current gain is greater
than 0.95. (Ans. Re(min) = 1.30k%, and V™ (min) = 1.36V)
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*12.18 Consider the shunt—series feedback circuit in Figure ]2.24(a). Using a com-
puter simulation analysis. investigate the magnitude of the current gain 4, as the
emitter resistor Rg: is varied between 0.4k and 1.6kQ2. What s the relationship
between Ry, Rg;, and 4,7

*42.17 Consider the shuni—series feedback ctrouit in Figure 12.24(a). Using & com-
puter simulation analysis. investigate the magnitude of the input resistance Ry as the
feedback resistor Ry 1s varied between 5k and 50k&z. What s the mfluence of Ry on
the input resistance R,?

*D12.18 Design a feedback current amplifier to provide & current gain of 13, The
nominal cureent source resistance is Ry = 500 2. and the nominal load is R; = 1005
An op-amp with parameters R, = 5kQ, R, =508, and a low-frequency open-loop
voltage gain of 4, = 5 x 10" is available. Correlate the design with a PSpice apalysis
10 determine the current gain, mput resistance, and outpul resistance.

Figure12.27 Example of
an op-amp senes-series
feadback circuil

12.6 TRANSCONDUCTANCE (SERJES-SERIES) AMPLIFIERS

In this section, we will analyze an op-amp and a discrete circuit representation
of the series-series feedback amplifier. The series-series circuit is a transcon-
ductance amplifier; therefore, we must derive the output current to nput
voltage transfer function. For the ideal configuration, this function is, from
Equation (12.39),

A A
LT+ B4y

where 4, is the basic amplifier transconductance gain and §. is the resistance
feedback transfer function, We found that with this feedback configuration,
both the input and output resistances increase compared Lo the basic amplifier
values.

12.6.1  Op-Amp Circuit Representation

The op-amp circuit in Figure 12.27 is an example of the series—series feedback
configuration. The input signal is the input voltage V,, the feedback voltage
is ¥y, and the error signal is the voltage ¥g. The series output connection
samples the output current, which means that the feedback voltage is a func-
tion of the output current,

In the ideal feedback circuit, the amplification factor 4, is very large
therefore, from Equation (12.3%), the transfer function is

L
] ﬁ:

| s~

te

Ay = (12.70}

ﬁ

Assumiing an ideal op-amp citcuit and neglecting the transistor base current,
we have

Vi=Vp=1LR¢
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and

i, 1
l"Irl'_ RE

Comparing Equations (12.70) and (12.71), we see that the ideal feedback trans-
fer function is

B.=R; (12.72)

We can take a finite amplifier gain into account by considering the equiva-
lent circuit in Figure 12.28. The parameter 4, is the open-leop transconduc-
tance gain of the amplifier. Assuming the collector and emitter currents are
nearly equal and R, is very large, we can write that
Y

-E— = hfffﬁ = hFEAg VS‘ {1273)
E

Ay = (1271)

1,

Figurs 12.28 Equivalent circuit, op-amp series—series feadback configuration

Also,

Vi=V,-Vp=Vi-LRg (12.74)
Substituting Equation (12.74) into Equation (12.73) yields_

I, = kg AV — 1,Rg) (12.75)
which ¢an be rearranged 10 yield the closed-loop transfer function,

i,  (hegdy)

lo _ _ Wirede) (12.76)
Vi T+ (hpgAgRe

a"ﬂ':

which has the same form as that of the ideal theory. In this example, we see
that in this feedback network, the transistor current gain is partcof the basic
amplifier gain. 5 B

1 RIS T iﬂnihﬁﬂ'
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12.6.2 Discrete Circuit Representation

Figure 12.29 shows a single bipolar transistor circuit that is an example of a
series-series feedback configuration. This circuit is similar to those evaluated in
Chapters 3 and 4. The input signal is the input voliage v;, the feedback voliage
is vg, and the error signal is the base—emitter voltage. The series output con-
nection samples the output current; therefore, the feedback voltage is a func-
tion of the output current.

Figure 12.29 Exarmple of a discrete lransistor series—series teedback circuit

The small-signal equivalent circuit is shown in Figure 12.30. The Early
voltage of the transistor is assumed to be infinite. The output current can be
wrilten

I, = ~(gn V,}(ﬁ:) 12.77)

and the feedback vollage is

V ,
Vp = (-;’-’ + g,,,V,,) Rg (12.78)

n

Figure 1230 Smaf-signal equivalent citcult, discrete transistor ssries—series faedback
configuration
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A KVL equation around the B-E loop yields

{ %

VizVe+ V= V,,[l + (r—+gm)R£J (12.79)
b

Solving Equation {1279 lor V., substituting that into Equation (12.77), and

rearranging terms produces the expression for the transconductance transfer

function,
( L )
L, .Rc + .R
AR‘II aay _ [

1
. (;-—+gm)RE

Again, the closed-loop transfer function of the discrete transistor feedback
circuit cannot be put in exactly the same form as that of the ideal series-series
feedback network. Resistor R inttoduces loading on the output, and r, intro-
duces loading on the input. If both R, and r, become large, then Equation
(12.80) changes to the ideal form, where the feedback transfer function is 8, =
~Rg and the basic amplifier transconductance 18 4, = —g,.

{12.80)

Example 12.11 Objective: Determine the transconductance gain of a transistor
feedback circuit.

Consider the circuit in Figure 1229, with transistor parameters fgz = 100,
Vae(on) = 0.7V, and ¥, = co. The circuit parameters are: Voo = 10V, R = 35k12,
R, = 12k, Rp = 1k, R = 4kS, and R, = 4kR2.

Sotullon; From a dc analysis of the circuit, the quiescent values are Jop = 0.983 mA
and Vegg = 508V, The transistor small-signal parameters are

hee¥r  (L00K0.026)

= = 264 k0
L 7 oo - >
and
o 0983
— T e e T ?. v
B = aare o S mAS
From Equation (12 80), the transconductance transler function is
4
—(3?.3)(__)
Ao — T4 _o4s2mA/V
—+ 3718 (1
t+ (g8 )

As a first approximation, we have
Aysemm—m—m == -1mA/V

The term Re/(Rc -+ Ry ) introduces the largest discrepancy between the actual and ideal
transconductance values.

This citcuit is often used as a voltage amplifier. The oukput voliage is directly
proportional to the output current. Therefore,
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which yields

Ay = (~0.482)4) = —1.93

Comment The circuit in Figure 12.29 s an example of a series-series feedback topol-
ogy, even though in many cases we treat this circuit as a voltage amplifier. When an
emitter resistor is included, the small-signal voliage gain decreases, because of the feed-
back effect of Re. However, the transconductance and voltage gain become insensitive
to the transistor parameiers, also a result of the feedback effect of R;. A 100 percent
increase in the transistor current gain Aigx produces a 0.5 percent change in the closed-
loop voltage gain.

The input resistance R, of the series input feedback connection includes
R multiplied by {1 + Agg), where Az is the transistor current gain. The input
resistance increases significantly because of the series connection.

The output resistance of a serics output feedback connection is usually
very large. However, resistance Ro reduces the output resistance and intro-
duces a loading effect. The reduced output resistance demonstrates that dis-
crete tramsistor feedback circuits do not conform exactly to ideal feedback
circuits. MNevertheless, overall circuit characteristics improve when feedback
is used.

Design Example 1212 Objective: Design a driver amplifier to supply current
to an LED.

The available voltage source is variabde from 0 to 5V and has an oulpul resistance
of 2002, The required dicde current i 10mA when the maximem inpul voltage is
applied. The required closed-loop transconductance gain is then A = [,/V; =
{10 x 107*}/5 — 2mS. An op-amp with the characteristics described in Example 128
and a BJT with kpz = 100 are available.

Solution: Design Approsch: To minimize loading effects ofr the input, an amplifier
with a large input resistance is required; to minimize loading ¢ffects on the ouwtput, a
large output resistznce is required. For these reasons, a series—series feedback config-
uration, or transconductance amplifier, is selecied.

The closed-loop gain is

Ay =2x 107 = 18,
and the resistance feedback transfer function is
B =500Q

The dependent open-loop voltage source of the op-amp. as shown im Figure 12.17, can
be transformed to an equivalent dependent op-loop transconductance source for the
transconductance amplifier, as shown in Figure 12.12. We find thal

Ag = AR,
The paramelers specified lor the op-amp yield
A, = 100 A7V
The loop gain for the series—series configuration is

AgB, = (100)300) = 5 x 10¢
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Referring Lo Table 12,1, the expected input resistance 15
Ry = (10)(5 » 109 k2 — 500MQ

and the expected output resistance 15
Ry = (100X » 1002 5MQ

These input and outpui resistances should minimize any loading effects at the amplifier
input and ouput,

For this example. we may use the amplifier configuration shown in Figure 12.27, in
which the load resistor R is replaced by an LED. In the ideal case,

f. = R; = 5009

Computer Simulation Verification: Figure 12.31 shows the circuit used in the com-
puter simulation, Again, a standard pA-741 op-amp was used in the circuit and a
standard diode was used in place of an LED. When the input voltage reached 5V,
the carrent through the diode was 10.0mA, which was the design value. The input
resistance Ry was found to be approximately 2400 MS2 and the output resistance R,y
was found 1w be approximately 60 M. Both of these values are Jarger than predicted
because of the differences in the assumed op-amp parameters and those of the pA-741
op-amp.

=
]
| +
S
i
z
o
=

Rfism Q
=0
Figure 32.31 Circuit used in the compuler simulation analysis for Example 12.12

Comment: Again, an almost ideal feedback circuit can be designed by using an
op-amp.

167

Test Your Understanding

12.19 Consider the op-amp circuit in Figare 12.27, with parameters R = 1k{2 and
A = 10! AfV. Assume the transistor current gain is Arg = 200. (a) Determine the trans-
fer function Ay, = L,/ V;. (0) If the amplificr gain increases by a factor of 10, determine
the percent change in the transconductance transfer function. (Ans. (a) 4y = | mA/V
(b) 4.5 x 1077 % 2 0%)

167
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12,20 For the circuit in Figure 12.32, the transistor parameters are: K, =
1.5mA/VE, ¥y =2V, and & = 0. {a) Determine the transconductance transfer Func-
tion Ay = i,/v, (b) Determine the percent change in 4, if the transistor conduction
parameter decreases 10 K, = |mA/V2. (Ans. (2) Ay = ~0.732mA/V (b} A, 127%
decrease)

+5Y

-5V

Figure 12.32 Fiyure for Exercise 12.20

‘D12.29 Design a transconductance feedback amplifier with a gain of 4 = [0mS.
The source resistance is Ry = 5009, and the load is an LED. State any necessary
assumptions. Use an op-amp with the characteristics described in Example 12.8.
From a computer simulation analysis, determine the closed-loop transconductance,
input resistance, and output resistance of your design.

12.7 TRANSRESISTANCE (SHUNT-SHUNT) AMPLIFIERS

In this section, we will analyze an op-amp and a discrete circuit representation
of the shunt—shunt feedback amplifier. The shuni-shunt circuit is a transresis-
tance amplifier; therefore, we must derive the output voltage 10 input current
transfer function. For the ideal configuration, this function is given by
Equation (12.40) as

A,
A =T 8,42

where A, is the basic amplifier transresistance gain, and f; is the feedback
transfer function. With this feedback connection, both the input and output
resistance decrease compared to the basic ampltfier values.

1271  Op-Amp Circuit Representation

Figure 12.33 shows an inverting op-amp circuit, which is an example of the
shuni-shunt configuration. The input signal is the input current [, the feed-
back current is Ip, and the error signal is the current /.. The shunt output
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Figure 12,33 Exampie of an op-amp shunt—shunt feadback circult

samples the output voltage; therefore, the feedback current is a function of the
output voltage.

In the ideal feedback circuit, the amplification factor A, is very large, and
the transresistance transfer function is, from Equation (12.40),

Ay=-28— (12.81)

For the ideal inverting op-amp circuit, ¥, is at virtual ground, and
Vo= —IgRy
Also for the ideal op-amp, I, = [, and the ideal transresistance transfer func-
tion 13
Ve
4= i -R; {12.82)

Comparing Equation {12.82) to Equation (12.81), we sce that the feedback
transfer function for the ideal inverting op-amp circuit is

|
B, = r; {12.83)
We can take a finite amplifier gain into account by considering the equiva-
lent circuit in Figure 12.34. The parameter 4, is the open-loop transresistance
gain factor, and the minus sign indicates that the error signial current is entening
the inverting terminal. Therefore, we can write ¥, = —4,1, I, = I, — I, and
V, = —A{l, — Ip). If we assume that voltage ¥, is at virtual ground, then

In=~VolRs

Figure 1234 Equivalent Gicylt, op-amp shunt-shunt fandback configuation

ot TR— ——
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Combining equations, we see that the closed-loop transresistance transfer func-
tion is

V, . -4,
Ay = -}3 = ——‘; {12.84)
e
R,

From Equation (12.83), the feedback transfer funciion is §, = —1/R;, and
Equation {12.84) becomes

Va (_Az)
A = T TH 408, (12.85)

This feedback circuit is one example in which the gain of the basic ampli-
fier, A, = V,/1,, is negative and the feedback transfer function, fg = —~1/Ry, is
also negative, but the loop gain T = B4, is positive for a negative feedback
circuit.

The transresistance transfer function for the inverting op-amp circuit has
the same form as that for the ideal shunt—shunt configuration, In addition,
since V¥, is at virtual ground, the input resistance including feedback, Ry, is
essentially zero, and we have shown that the cutput resistance with feedback,
Ry, is very small, These small resistance values are a result of the shunt-shunt
configuration. Therefore, our analysis of the inverting op-amp circuit produces
results consistent with ideal shunt—shunt feedback chatacteristics.

The inverting amplifier circuit in Figure 12.33 is most often thought of as a
voltage amplifier. The input current J; is directly proportional to the input
voltage V;, which means that the voltage transfer function (gsin) and trans-
resistance transfer function have the same characteristics. Even though we are
usually concerned with the voltage gain, the inverting amplifier is an example
of a shunt-shunt feedback topology which is a transresistance amplifier.

12.7.2  Discrete Clrcuit Representalion

Figure 12.35 shows a single bipolar transistor circuit, which is an example of a
shunt-shunt feedback configuration. The input signal current is I;, the feed-
back current is ip, and the error signal current is f and is the signal base

Figure 1235 Example of a discrele tranaistor shuni-shurd feedbaci oirouit
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current. The shunt output samples the output voltage; thereforz, the feedback
current is a function of »,.

The small-signal equivalent circuit is shown in Figure 12.36. The input
signal is assumed to be an ideal signal current scurce. Also the Early voltage
of the transistor is assumed to be infinite.

Flgure 12.36  Small-signal equivatent circuit, discrele fransistor shunt-shunt feedback
configuration
Writing a KCL equation at the output node, we find

v, -V,
=0 (12.86)

v,
22 gV,
R TE Vet 1

A KCL equation at the input node yields

Ve Vo=V,
!I-'=_+

. R: {(12.87)

Solving Equation {12.87) for V¥, and substituting that result into Equation
{12.86), we obtain

1 1 1 1 1 v,
| 4
(a5 +RF) (’" F)(" +R;) = (s
The transresistance transfer function is then
( 1
Ve = Re
Bl NN,
Re Re)\tn Re) TR\ TRy

The open-loop transresistance gain factor A, is found by setting Ry = oo.
We find

(12.89)

—&m

TN = BenRe = —hepRe
®)()

where Aee is the common-emitter transistor current gain. Multiplying both
numerator and denominator of Equation {12.39) by {r,R;), we obtain the
closed-loop transresistance gain,

A, = (12.90)

™m
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(l +ﬁ‘)(| +:1) _l(,q +r,ch) (1291
R, Re/ Re\'7 0 Ry

The closed-loop transresistance gain for the single-transistor feedback cir-
cuit cannot be put into the ideal form, as given in Equation (12.40), without
further approximations. To explain, in an idezl feedback circuit, the feedback
network does not load the basic amplifier. Also, the forward transmission
occurs entirely through the basic amplifier. However, in a discrete transistior
feedback circuit, these ideal assumptions are not entirely valid; therefore, the
form of the transfer function is usually not exactly the same as that of the ideal
configuration.

We may assume that the feedback resistor is fairly large, which means that
the feedback does not drastically perturb the circuit. We may then assume

hFE = Emfr > (rnflRF)

[f we also assume that R « Ry and r, « Rp, then Equation {12.91) reduces
10

Ay = ? ay_ ds ] (12.92)
i o
L+ {A,)( Rr)
Consequently, the feedback transfer function is approximately
-1
&2 — 12.93
ﬁx = RF ( )

Equation (12.93) demonstrates that the approximate value of the feedback
transfer function depends only on a resistance value.

Although the actual closed-loop transfer function does not fit the ideal
form, the magnitude of that function depends less on the individual transistor
parameters than does the open-ioop gain. This characteristic is one of the
generat properties of feedback circuits.

Also, since the input cugrent is proportional to the input voliage, we can
use this circuit as a voltage amplifier.

Example 12,13 Oblective: Determine the transresistance and voltage gain of a
single-transistor shuni-shunt feedback circuit.

Consider the circuit in Figure 12.37(a). The transistor parametes are: hgg = 100,
Vge(on) = 0.7V, and ¥, = o<. Since the input signal current is directly proportional to
the inpul voltage, the voltage gain of this shunt-shunt configuration has the same
general properties as the transtesistanice transfer function.

As with many circuits considered in this chapter, several capacitoss are included. In
the circuit in Figure 12.3%a), R, and C; may be removed. Resistor Rp can be used for
biasing, and the circuil can be redesigned to provide the same leedback properties.

Solution: By including Cc in the circuit, the feedback is a function of the ac signal
only, which means that the transistor quiescent values are not affecied by feedback. The
quiescent parameters are found to be



Chapter 12 Feedback and Stability

(&)
Figure 12.37 (®) Circult for Examphe 12.13 and (b) small-signal equivalent circuit

fp=0492mA  and  Vegp =508V

The small-signal transistor parameters are
_ hggV7 _ (100X0.026)

= eo T =528k82
and
_lcg 0492 _

In the small-signal equivalent circuit, which is shown in Figure 12.3%(b), the
Thevenin equivalent input source is converted to a Norton equivalent circuit. Writing
a KCL equation at the cutput, we obtain
Va — Vx

82
A KCL equation at the input yields
V: Vr V'.-r Vr e Va
o Tt T
Combining these two equations and eliminating ¥, we find the small-signal transresis-
tance gain, which is

=0

V,
TRAURZLARS

Ii:__..

Ay =%— = ~658k(2 -
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Since this unit of gain is not as familiar as voltage gain, we determine the voltage
gain from

I = VijiRe = Vif10
Therefore,

%
22 = —{63.8)0.10) = ~6.58

If the current gain hge of the transistor decreases from 100 to 75, the transistor
quiescent values change slightly 1o

The small-signal parameters also change, to
rr = 4.08kE2 and .= 184AMmASY

and the closed-loop small-signal voltage gain becomes
VoV, = ~64]

Commaent: With a 23 percent decrease in the transistor coerent gain hpg, the closed-
loop voltage gain decreases by only 2.6 percent. Il no feedback were present, the voltage
gain would be directly proportional to Apg. The ideal closed-loop voltage gain of the
feedback circuit, which is determined as her approaches infinity. is

Afhey — 00y = —Rg/Rg = =720

Compuier Simulation Verification: Additional results of the PSpice analysis are
showat in Fgure 12.38. The magnitude of the voliage gain is plotted as a function of
the transisior current gain %y, for three values of feedback resistance. The results for
R = B2k agree very well with the results from the hand analysis. As Ry increases to
160kR, there s less feedback, and the magnitude of the voltage gain increases.
However, the vanation in the closed-loop gain is substantially greater as the transistor
gain changes. In contrast, when Ry decreases 1o 47 kSE, there is increased feedback, and

14
Re= £60 k(2
12t
10~
i Rpm82KQ
e T
.-""'-
bl /.-"'
~ Re=dlklx _
4 .-—.-r"'_—--.'---
o
2-
1 L1 1 L N (N I il |

10 0 40 60 100 200 400 600 [000 g,

Figure12.38 Voliage gain magnitude versus transisior cument gain, for three values of
feedback reskslance, from a PSpico analysis of the circult in Figure 12.37(a)
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the magnitude of the voltage gain decreases. However, thete is very little variation in
closed-loop gain as the (ransistor gain changes. In all cases, as the gain of the transistor
increases, there is less change in closed-loop gain. This result demonsirates the need for
a large gain in the basic amplifier in the feedback network.

Expressions for the input and output resistances of the ideal shuni—shunt config-
uration are given in Equations (12.35) and (12.28), respectively. As with the loop gain
function, the input and output resistance expressions fot the single-transistor feedback
circuit cannot be put in exactly the same form as that for the ideal configuration.
However, the same general characteristics are obtained; that is, both input and output
resistances decrease, predicled by the ideal case.

s

Example 12.14 Objective: Determine the input and output resistances of a single-
transistor shuni—shunt feedback circuit. ,

Consider the circoit in Figure 12.3%a), with transistor parameters: fizz = 100,
Vorlon) =07V, amd ¥y = .

Solution: ' The small-signal equivalent circuit for calculating the input resistance Ry is
shown in Figure 12.39(a). The small-signal transistor parameters were determined in
Example 12.13.

(a) (b}

Flgure 12.39 Small-signal equivalent crcuits of Whe circuit in Figure 12.37(a) for calculating
(a) input resistarice and (b) cutput resistanca

Writing a KCL equation at the input, we have

Ve Ve-Vy Vg ¥p=¥y
e 5 T )

From a KCL equation at the output node, we have

V, Va—Ve Vs V,— V.
ﬁ;+g,,,l’,,+ X = |0+(18.9}V,+ 5

=0
Combining these two equations, eliminating ¥,. and noting that V, = ¥, we find that

4 =0.443kQ2

S
i

Ry =

The smail-signal equivalent circuit for calculating the outpyt tesistance Ry s
shown in Figure 12.3%(b). If we dcﬁPc S ol

RW = l’;"RluR:ﬂRs s e oML '--'f:i-ili _'”el .



B o

Ry =10kQ =

- 0 ‘,""I _p“\ A & : —
- + | I
Fx = R RyliRy= Ta™ y Re=
s \1/ B9k ¢ a6k 1 sua N\ 100 S0k

.1|_@
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then a KCL equation at nods V, vields

I,=2+g,Vy+—"—
*7 Re Enlls Re+ K,

From a voltage divider equation, we find that

()

Combining these two equations, we find the cutput resistance to be

v
Ry =7 =175k

Comment: The input resistance with no feedback would be r, = 5.28kf2. The shunt
input feedback connection has lowered the input resistance to R = 0.443kQ. Similarly,
the output resistance with no feedback would be Ro = H0kR2. The shunt output feed-
back connection has lowered the output resistance 10 R, = 1.75k2. The decrease in
both the input and output resistances agrees with the ideal feedback theory.

The magnitude of the transfer function, input resistance, and output resis-
tance of the discrete transistor feedback circuit all tend to approach the ideal
values if additional transistor stages are included to increase the basic amplifier
gain. As an example, a multistage shunt—shunt connection is shown in Figure
12.40. Once again, several capacitors are included, which simplifies the dc
analysis. However, the capacitors may adversely affect the circuit frequency
response.

Figure 12.40 Example of mukistage shunt-shunt feedback circuit

Sitice negative feedback is desired, there must be an odd number of nega-
tive gain stages. As the number of stages increases, the open-loop gain
increases, and the circuit characteristics approach those of the ideal shunt-
shunt configuration. The analysis of this circuit is left as a compauter simulation
problem at the end of the chapter.
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Dasign Example 12.15 Objeciive: Design an amplifier that converts a pholo-
diode current to an output voltage.

Assume the photodiode signal is vaniable from © to I mA, the source resistance is
Rg = 10012, and the amplifier is to drive a neminal load of Ry = | k2. The required
output voltage is V, = £5 x 10° L, (the phase of the output is not important), which
means that the amplifier transresistance is io be 4,y = 5 x 10* ©. An op-amp with the
characteristics described in Example 12.8 is available.

Scolutlon: Deslgn Approsch: To minimize loading effects on the amplifier input, a
small impul resistance is required; to minimize loading effects on the amplifier ouiput,
a small output resistance is also required. For these reasons, a shunt-shunt feedback, or
transresistance, amplifier shonld be used.

The closed-loop gain is

Ay =5x P =1/f,
therefore, the conductance feedback transfer function is
B, =2x107'S

The dependent open-loop voltage source of the op-amp, as shown in Figure 12.17, can
be transformed to an equivalent dependent open-loop transresistance source for the
Iransresistance amplifier, as shown in Figure 12.14. We find that

A, = 4R,
Using the parameters specified for the op-amp, we find
A, = (10910 = 108 @
The loop gain for the shunt-shunt configuration is
A8, =102 x 1074 =2 x 10*
Refernng to Table 12.1, we expect the input resistance to be
Ry =10/2x10%° =5 x 107*k2 = 0.5Q
and the output resistance to be
Ry = 100/2 x 10° =5 x 107°Q

These input and output tesistances should minimize any loading effects at the amplifier
input and output.

For our design we may use the amplifier configuration in Figure 12.41. In the ideal
case, we have,

Flgure 12.41 Transesistance ampifier for Example 12.15
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or

i
= 5k
RF leo_d—*sn

Comment: The design produces a lransresistance amplifier that 15 extremely close to
the ideal, '

Test Your Understanding

12,22 Consider the circuit in Figure 12.42, with transistor parameters Fry = 1.5V,
K,= lmA}Vz, ang A =0 {2) Determing the closed-foop small-signal voltage gain
Ay =V, /V: (b} If the transistor conduction parameter K, increases 1o [.5mA/V?,
determine the new value of voltage gain. By what percentage does the voltage gain
change? (Ans. (a) A,y = —1.48 (b) 4, = —1.62, 9.46% change)

VD.') = [V
Rp=47 kit
Re=4d7 K
B ) F‘M : oV
e "
| "R,y

Figure 12.42 Figure for Exarcises 12.22 and 1223

12.23 Consider the feedback circuit in Figure 1242, with transistor parameters
Viw = 15V, K, = 1mA/Y?, and A = 0. (a) Determine the inpul and output resistances
R; and R,. (b) Repeat part (a) if the transisior conduction parameter increases to
K, = L5mA/V®. (Ans. {(a) R, =70kR, R, =1358kQ (b) R, =556kQ, Ry =
1.32k82)

*D12.24 Design a leedback transresistance amplifier to provide 2 gain of —10kQ.
The nominal current signal scurce tesistance s 30 . and the nominal load is 500 2. An
op-amp with parameters R, = 5k€2. R, = 502, and a low-frequency open-loop gain of
A, =5 x 10° is available. Correlate the design with 4 computer simulation analysis to
determine the gain, input resistance, and output resistance,

12.8 LOOP GAIN

In previous sections, the loop gain T was easily determined for circuits mvol-
ving ideal op-amps. For discrete transistor circuits, however, the loop gain
usually cannot be obtained directly from the closed-loop transfer funcuion.
As we will see later in this chapter, loop gain is an important parameter in
the stability of a feedback circuit; we will describe a nuraber of techniques for
determining the loop gain. . ;
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128.1 Basic Approach

The general feedback network was shown in Figure 12.1 and is repeated in
Figure 12,43(a). To find the loop gain, set the source S; equal to zero, and
break the feedback loop at some point. Figure 12.43(b) shows a feedback
network in which the loop is broken at the amplifier input and a test signal
5, is applied at this point. The amplifier cutput signal is 5, = 45, and the
feedback signal is

Sip = BS, = ABS;

(=) {b)

Figure 12.43 (a} Weal configuration of a feedback amplifiar; [b) basic feedback nebumork
with loop broken al amplifier input

The return signal S,, which was previously the error signal, 13 now —Sg (the
minus sign indicates negative feedback). Therefore,

Y (12.94)

iR

The ratio of the return signal 5, to the test signal S, is the negative of the loop
gain factor,

As the feedback loop is broken, the conditions that existed prior to the
loop being broken must remain unchanged. These conditions include: mam-
taining the same transistor biasing and maintaining the same impedance at the
return point. An equivalent impedance must therefore be inserted at the point
where the loop is broken. This is shown tn Figure 1244, Figure 12.44(a) shows
the amplifier input impedance R, prior to the loop being broken. Figure
12.44{b) shows the configuration after the loop is broken. A test vollage V,
is applied, and 2 load impedance R;, is inserted at the output of the broken

ey 3,

R\n 1
Lt

+ 1 ¥

i A — 8, !

5 B
8 | p |«
{a} (]

Figure 12.44 (a) Basic feothack network, showing ampifier input resistance and -
(b) feedback network after the kiop is broken, showing test votage and load resisianes -

™
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loop. The return voltage is then measured at this output terminal. The loop
gain is found to be

v,
T=Ap=-—= {12.95)
Vi
Also, a test current J, may be applied and a return current signai [, mea-
sured, to find the loop gain as

T=- . (12.96)
i

As an cxample, consider the circuit shown in Figure 12.45(a). The circuit is
similar to the one considered in Examples 12.13 and 12.14. The feedback loop
is broken at the input to the transistor, at the point marked X. The small-signal
equivalent circuit is shown in Figure 12.45(b). A test voltage is applied to the
base of the transistor and the equivalent load resistance r, is connected at the
return point. The input signal current is set equal to zero,

Since Vy = V,, if we define R,, = Rs|IR | R;lir;, then the output voltage
can be written

Ve = &V [Rcll{Rf + Rff;)} (12.97)

Vor=10V

Break -0 by
C’Cl —_
i; Rs=
10 kit C-E ]
3
(s)
oY, v,
+
s
Rs R|IR2 Y Vf VI x sﬂtvl :: Rc
<

Figura 12.45  (a) Fesdback circuit pror to bregking the loop and {b) smal-signal equivalent
oircuit e breskdng the loop '
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From a voltage divider, the return voltage V), expression is

s Ry
V, = (RF T Rﬂ;) Ve (12.98)

Substituting Equation (12.97) into Equation {(12.98) yields the loop gain

__¥v_ Reg
T=- V.= + 8 (m)lﬁc IKRs + R )l (12.99(s))
which can be written as
- Reg )
T= (gmnc)(—w—mﬁc o (12.99(8))

Example 12,18 Objective: Determine the loop gain for a feedback circuit.

Consider the circuit shown in Figure 12.45(a). with transisior parameters:
heg = 100, Vgglon) = 0.7V, and ¥, = oo. From Example 12.1], the quiescent collector
current is fog = 0.492mA, and the resulung small-signal parameters are r, = $.28k2
and 2, = 15.9mA/Y,

Solution: The equivalent resistance is
Rey = RsIR iRl = (0}ISVI(S.5Hi(5.28) = 204k

From Eguation (12.99(b)), the loop gain is

Fim (gmnc}(L)

R¢+RF+RQ

. [us.srmon(

2.4
08+ zm) =31

If the transistor current gain kyp increases to 1000, then fop = 0.547mA, r, = 47.5kQ,
and g, = 21.0mA/V. The new value of R, becomes 3.10k$ and the loop gain 15 T =
6.35,

Commnt:  Since the loop gain is a function of the basic amplifier gain, we expect this
parameter to change as the transistor current gain changes. Also, since no capacitance
effects were considered, the loop gain is a positive, real number that corresponds to
negative feedback. :

12.8.2 Computer Analysis

The loop gain can also be determined from a computer analysis of the feedback
circuit. In Example 12.17, we demonstrate a direct approach to determining the
loop gain. First, we consider the circuit analyzed in the last example, to corre-
late the results of a computer analysis to those of a hand analysis. Then, we
determine the loop gain of a feedback circuit when taking capacitance effects
inte account.
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Example 12,17 Objective: Detenmine the foop gain factor for a feedback circuit,
using 4 computer simulation analysis.
Consider the circuit in Figure 12.45(a).

Solutlon: We determine the loop gain factor by using the circuit in Figure 12.46, in
which the loop is eflectively broken at the base of the transistor. The circuil conditions,
however, musi remain unchanged from those prior to breaking the loop. This includes
maintaining the same bias currents in the transistor and lerminating the broken loop
with the proper impedance.

A large inductance is inserted in the transistor base connection, 1o act as a short
circuit for dc signals, 0 that the proper de bias can be maintained on the transistor, and
to acl as an open circuil for ac signals, so that the loop appears 1o be broken for the ac
signal. A test voltage V, is applied 10 the base of the transistor through a coupling
capacitor, and a load resistance R, is connected through a coupling capacitor at the
retum point. These coupling capacitors act as short circuits to the ac signals, but as open
circuits 1o dc signals, so that the de bias is not disturbed by these elements.

GV,

¥

Figure 12.48 Faedback circuit with the leop effectively broken, for determining the loop
Qain from a computet analysis

From the computer simulation, the loop gain for a transistor current gain of gy =
100 is

T =-V,V =50

For a current gain of 1000, the loop gain is T = 9.37. These values differ slightly from
the hand analysis results in Example 12.16. The slight difference arises becaunse the
quicscent collector cutrents determined in the hand analysis and the computer analysis
are not quite the same, leading to different values of g, and r,.

Comment The analysis of this cirenit is straightforward. In the next example, we
demonstrate another advantage of a computer analysis.
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When capacitances are part of the feedback circuit, the phase of the loop
gain becomes a factor in determining whether the feedback is negative or
positive. Figure 12.47 shows a three-stage amplifier with feedback. Each
stage 15 the same as the circuit given in Figure 12.45{a). For an odd number
of stages at low frequency, the loop gain is a positive, real quantity, and
negative feedback is applied. The coupling and emitter bypass capacitors are
assumed to be very large, and capacitors C|, (3, and €, between the stages can
represent cither load capacitances or transistor input capacitances. As the
frequency increases, the magnitude of the loop gain decreases, because of
decreasing capacitor impedances, and the phase of the loop gain also changes.

Re Ry
; Y] fyy
{ Ly
¢ c4
“ L) Lr5]
Cy=m=
p— c| éﬂn 1 b= Cz R” I
T Ry FFCm Fey =B+
‘q‘

Figure 12.47 The ac equivatent circuit of three-stage leedback ampiifier, including load
capacitors

Example 12,18 Objective: Determine the magnitude and phase of the loop gain
of a multistage feedback circuit.

Consider the circuit in Figure 1247, with paramelers: Rg = 10MQ, R, = 51 ki2,
Ry = 5.5k, Rp =82k, R = 10k, and € = [0QpF. The transistor current gains
are assumed to be Aipe = 15, which keeps the overall gain fairly small.

Solutlon: The loop 1s broken at the base of |, and the ratio of the return signal to the
test signal is measured by the same technique shown in Figure 12.46.

The magnitude of ¥,/ V, versus frequency is shown in Figure 12.48(a). The magni-
iude of loop gain drops off with frequency. as expected, and is equal to unity at
approximately 5.5 MHz.

The phasz of the return signal is shown in Figure 12.48(k). Since the loop gain is
given by T = —V,/V,, then the phase of the loop gaim is (T = —180° + (¥, — {V,
where the —1B0” corresponds io the minus sign. Since the phase of the input signal
was set to zero, then the phase of the loop gain is / T = — 180 + £ ¥,. At low frequen-
cies, where the phase of the return signal is approximately +180°, the phase of the loop
gain s essentially zero, corresponding (o negative feedback. Al approximalely
f =2.5MHz, the phase of the return signal is zero so that the phase of the loop gain
is —180°, which corresponds to positive feedback.
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Phase
{degrees)

|
1 | |
T
. o 0t 107 fiHz)
107 i I\

{a) {b)

Flgure 12.48 (a) Bode plot ¢f loop gain magnitude for (hree-stago teedback amplifier, from
Exampls 12.17; (b) phase of the ratumn signal for the thres-stage amplifier

Comment  For this circuit, the loop gain magnitude is greater than unity at the fre-
quency at which the phase of T is —180°. As discussed in the next section, this condition
means that the circuit is unstable and will oscillate.

A hand analysis of the three-stage amplifier just considered would be

tedious, especially taking the frequency response into account. In this case, a
computer analysis is more suitable.

Test Your Understanding

12.28 Consider the ctrcoit in Figure E2.45{a) with a new value of Rz = 1kQ. The
transistor parameters are: hgg = 120, Vpglon) =0.7V, and V', = o0, Determine the
loop gain T (Ans. T = 3.68)

12.26 Consider the feedback circuit in Figure 12.16, with the equivalent circuit
given in Figure 12,17, Break the feedback loop at an appropriate point, and derive
the expression for the loop gain. (Ans. T = A, /[1 + R/ (RIR))

129 STABILITY OF THE FEEDBACK CIRCUIT

In negative feedback, a portion of the output signal is subtracted from the
input signal to produce the error signal. However, as we found in the last
section, this subtraction property, or the loop gain, may change as a function
of frequency. Al some frequencies, the subtraction may actually be addition;
that is, the negative feedback may become positive, producing an unstable
system. In this section, we will examine the stability of feedback circuits.
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12.9.1  The Stability Problem

The basic feedback configuration is shown in Figure 12.1, and the ideal closed-
loop transfer function is given by Equation (12.5), which is repeated here:

S, A

FTS T (+ fA) L

The open-loop gain is a function of the individual transistor parameters
and capacitances, and is therefore 2 function of frequency. The closed-loop

gain can then be written as
A5y A
(1 + B4is)) 1+ T(s

where T'(5) 15 the loop gain. For physical frequencies, s = jwo, and the loop gain
is T(jw), which is a complex function. The loop gain can be represented by its
maghitude and phase, as follows:

T{jw) =T ¢ (12.101)
The closed-loop gain can be written
; A jw)
A =t :
( jw) T3 TUa) (12.102)

The stability of the feedback circuit is a function of the loop gain T(jw). If
the loop gain magnitude is unity when the phase is 180 degrees, then T'{jw) =
—1 and the closed-loop gain goes to infinity. This implies that an output will
exist for a zero input, which means that the circuit will oscillate, If we are trying
to build a linear amplifier, an oscillator is considered an unstable circuit. We
will show that if |T(jew)} < | when the phase is 180 degrees, the system is stable,
whereas if |T(jw) = | when the phase is 130 degrees, the systetn is unstable, To
study the stability of feedback circuits, we must therefore analyze the [requency
response of the loop gain factor.

12.9.2 Bode Plots: One-, Two-, and Three-Pole Amplifiers

Figure 12.4%a) shows a simple single-stage common-emitter current amplifier.
The high-frequency small-signat equivalent circuit is shown in Figure 12.4%(b).
The capacitance C, includes the forward-biased base-emitter junction ¢apaci-
tance as well as the effective Miller capacitance. The Miller capacitance and
Miller effect were discussed in Chapter 7. The equivalent circuit shown in
Figure 12.49(b) is identical to that developed in Figure 7.39. The output cur-
rent in Figure 12.49(b) is given by

Re
2.
f,= ( R RL)gm Vi (12.103)

and the voltage V. is

Ve= !.[R,,H(;é—l)] (12.164)
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I§R * i
IJ =
i : ! R O <4 >8aY,

Rl 1 R||!R2 L.l" s "I" 1 a'x RL_ a'r,t R]_

T

.|t_

(a) ()

Figure 12.49 (a) Single-stage common-emitter ampiifier and {b) small-signal equivalent
circutt, including input capacitance

where R, = r.| Rz = |l R ||R;. Equation (12.104) can be ¢xpanded to

R
- " 12.105
Va1 [1 + R C } ( :

Substituting Equation (§2.105) into (12.103), we get an expression for the
small-signal current gan,

Re 1
A, =g.R, 12.106)
5 (RC+ RL)[I +sR,,C.] {
When we set 5 = jor = f(2rf), Equation {12.106) can be written as
A; = Aio (12.107)

A7)

where A;, is the low-frequency or midband gain and f| is the upper 3dB
frequency. The gain is a complex function that can be written

e

Figure 12.50(a) is a Bode plot of the current gain magnitude, and Figure
12.50(b) is a Bode plot of the current gain phase. Note that, from the definition
of the directions of input and output currents, the cuiput current is in phase
with the input curtent at low frequencies. A1 high [requencies, the output
current becomes 90 degrees out of phase with respect to the input current.
This single-stage circuit is an example of a one-pole amplifier. As we have
previously shown, similar expressions can be obtained for voltage gain, the
transresistance transfer function, and the transconductance (ransfer function.

Figure 12.51 shows the small-signal equivalent circuit of a two-stage ampli-
fier, using the same hybrid-m configuration for the transistors. The capacitance

(12.108)
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Figure 12.50 Bode plots of current gain for single-stage common-emitter amplifier:
{a} magnitude and (b) phase

H
A

/i bt 2 Ry Yz R:r: - Rys
’[ Hma- xt Sn‘l"'i‘l

Figure 12.51 Small-signal equivalent circult, two-stage anmplifier includeng input
capacilances

C, is the input capacitance of the second transisior, inciuding the efffective
Miller capacitance. The output current is

I, = -z Vi (12.109)
and V,; is
1
Vir = =8m1 V' [Ru IIR:QH (;C_z)] (E2.110)

The voltage V,, is

V:'rl = L'I:Rirl

(;é—l‘)] {12.113)

Combining Equations (12.109), (12.110), and (12.111) yields an expression
for the small-signal current gain, as follows:

A= 7 (gmigna)(Rnl)(Rulanz)[' = SR:uCl]L +5{RL1||R,2}C'2]
(12.112)

Setting 5 = jo = j(2nf), we can write Equation (12.112)

A, = Ai (12.113)

I
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where /i =1/2aR,,C, and f; = | /MRL;HR,;)C; Frequency f} is the upper
3dB frequency of the first stage, and /3 is the upper 3dB frequency of the
second stage. This two-stage circuit is an example of a two-pole amplifier.

Equation {12.113) can be writien

[tan'l(i) +tan™! G)] (12.114)
f p .|[ f f! 2
J1+ Q) -

Figure 12 52(a) is a Bode plot of the current gain magnitude, assuming
A € f>. This assumption implies that the two poles are {ar apart. The Bode
plot of the current gain phase is shown in Figure 12.52(b). Again the phase of
the output current is in phase with the input current at low frequency. This
phase relation is a direct result of the way the directions of current were

defined. At high frequencies, the output curreat becomes 180 degrees out of
phase with respect to the input current.

-6 dB/octave
or

=20 dB/dacade

=12 dB/owctave

o PR

{a} (b}

Figure 12.52 Bode plots of cuwent gain for two-stage amplifier: (a) magnitude and
{b) phase

An op-amp is a three-siage ampiifiet, as shown in Figure 12.53. Since each
stage has an equivalent input resistance and capacitance, this cirewt is an
example of a three-pole amplifier. The overall gain can be expressed as

Al}

(1 + f)(lﬂj;)(lﬂ f) (12.115)

where A4, is the low-frequency gain factor. Assuming the poles are far apart (let
fi € f> € 3), the Bode plots of the gain magnitude and phase are shown in
Figure 12.54. A1 very high frequencies, the phase difference between the output
and input signals is —270 degrees.

I we assume an ideal feedback amplifier, the leop gain is

A=

T(jw) = BA(jw) (12.116)
¥ =——1Diff-amp Gair Outpui o,
vy suge stage [ | suge

Figure 1253 Three-stage amphkfier
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Figure12.54 Bode piots of threa-slage amplifier gain: {a) magrilude ard (b} phase

where the feedback transfer function B is assumed to be independent of fre-
quency. For op-amp feedback circuits. we can determine the feedback transfer
function §, as previously shown, and the basic amplifier characteristics are
assumed to be known. For 2 thres-stage amplifier, the loop gain is therefore

Bd,

()R 5)

Both the magnitude and phase of the loop gain are functions of frequency.
For the three-stage amplifier, the phase will be — 130 degrees at some particular
frequency, which means that the amplifier may become unstable.

TinN= (12.117)

12.9.3  Nyquist Stabllity Criterion

1n the last section, we saw that a feedback system can become unstable, Several
methods can be used to determine whether a system is stable or unstable. The
method we will consider is called the Nyquist stability criterion. This method
not only determines if a system is stable, it also indicates the degree of system
stability,

To apply this method, we must plot a Nyquist disgram, which is a polar
plot of the loop gain factor T'(je). The loop gain, which is a complex function,
can be written in terms of its magnitude and phase, T{jw} = iT(whig, as
shown in Equation (12.101). The Nyquist diagram is a plot of the real and
imaginary components of T(jw) as the frequency co varies from minus infinity
1o plus infinity. Although negative frequencies have no physical meaning, they
are not mathematically excluded in the loop gain fi unction. The polar plot for
negative frequencies, as we will see, is the complex conjugate of the polar plot
for positive frequencies.

The loop gein for a two-pole amplifier is, from Equation (12.1 13,

ﬁAlﬂ

T(jo) = " =
(1 +f—-)(l +;4)
iy Wy

where w, and e, sre the upper 3dB radian frequencies of the first and second
stages, respectively. We can also write Equation (12.118) in the form

(12.118)
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RN W)
\/ wY’ i‘ At i 9

-(12.119)

The Nyquist plot of Equation (12.119) is shown in Figure 12.55. At @ =0,
the magnitude of T(jw) is B4,, and the phase is zero. As @ increases, the
magnitude decreases and the phase is negative, From Equation (12.119), we
see thal for negative values of o, the magnitude also decreases, byt the phase
becomes positive. This means that the loop gain function for negative frequen-
cies is the complex conjugate of the loop gain function for positive frequencies,
and the real axis is the axis of symmetry. As w approaches 400, the magnitude
approaches zero and the phase approaches —180 degrees.

bmag. I je b

[y
-
o “-:‘;:. "

Flgure 12.55 Nyguist plot, loop gain for two-slage amplitier

The loop gain for a three-pole amplifier is, fromn Equaton (12.117),
A,

T(jo)y= (12.120)
@ @ @
(1 +;—)(l +;——)(1 +_f—-)
2 7] s
This loop gain function can also be written in the form
T(jw) = Lok /¢ (12.12Ks)

P2 )

where ¢ 1s the phase, given by

p= —[tan" (E)-) +tan”! (E) + tan~! (E)] (12.12Kb))
() \ ) ey

Figure 12.56{a} shows one possible Nyquist plot. For w = 0, the magnitude
is B4, and the phase is zero. As e increases in the positive direction, the
magnitude decreases and the phase becomes negative. As the Bode plot in
Figure 12.54 shows, the phase goes through —90 degrees, then through —180
degrees, and finally approaches 270 degrees as the magnitude approaches
zero. This same effect is shown in the Nyquist diagram. The plot approaches
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Figure 12,56 Nyquist piot, loop gain for three-stage amplifier, for: (a) stable system and
(b} unctable sysiem

the origin and is tangent to the imaginary axis as @ — ©o. Again, the plot for
negative frequencies is the mirror image of the positive {requency plot about
the real axis.

Anocther possible Nyquist plot for the three-pole loop gain function is
shown in Figure 12.56(b). The basic plot is the same as that in Figure
12.56(a), except that the position of the point {—1,0) is different. At the fre-
quency at which the phase is —180 degrees, the curve crosses the negative real
axis. kn Figure 12.56(a), {T{jw)} < | when the phase is —180 degrees, whereas
in Figure 12.56(b}, | T(je)| > 1 when the phase is —180 degrees. The Nyquist
diagram encircles the point {—1.0} in Figure 12.56(b), and this has particular
significance for stability. For this treatment of a three-pole amplifier, the
Myquist criterion for stability of the amplifier can be stated as follows: “If
the Nyquist plot encircles or goes through the point {(—1,0), the amplifier is
unstable.”

Using the criterion, a simpler test for stability can be used in most cases, if
{T(jo) > | at the frequency at which the phase is —180 degrees, then the
amplifier is unstable. This simpler test allows us to use the Bede plots consid-
ered previously, instead of explicitly constructing the Nyquist diagram.

1

Example 12.19 Objeclive: Determine the stability of an amplifier, given the loop
gain function.
Consider a three-pole feedback amplifier with a loop gain given by

() = —20B__

(1+ %)

/105
In this case, the three poles all occur at the same frequency. Determine the stability of
the amplifier for § = 0.20 and g=0.02.

Solution; The loop gain can be written in terms of its magnitude and phase.

r(H= AL00) - t-Stan"(%)

G|




Fart [T Analog Electronics

The frequency fg at which the phase becomes —180 degrees is

-3 tan"(’%-g) = —|8¢°

which yields
fim =173 x 10° Hz

The magnmitude of the loop gain at this frequency for, 8 = 0.20, is then

Q.20 100
TG = 220 < 25
For # = 0.02, the magniwude is
B i {0.021::(&00) T

Comment The loop gain magnitude at the frequency at which the phase is —180
degrees is 2.5 when £ = 0.20 and .25 when g = 0.01. The system is therefore unstable
for 8 = 0.20 and stable for 5= 0.02.

We can also consider the stability of the feedback system in terms of Bode
plots. The Bode plot of the loop gain magnitude from the previous example is
shown in Figure 12.57(a), for § = 0.20 and 8 = 0.02. The low-frequency loop
gain magnitude is dependent on 8, but the 3dB frequency is the same in both
cases. Since the three poles all occur at the same frequency, the magnitude of
T{f) decreases at the rate of —18dBfoctave at the higher frequencies. The
frequencies at which {T(/)) = | are indicated on the figure.

The phase of the loop gain function is shown in Figure 12.57(b). The two
frequencies at which |T(f)| = 1, for the two values of 8, are also indicated. We
see that [¢] > 180° at [T() = 1, when 8 = 0.20. This is equivalent to |T(f)| >
1 when ¢ = —180°, which makes the system unstable. However, (@] < 180° at

T
=020
0 Phase
& 0 -
-5 |- B S
§=0020 i
-——-ﬂ-----.-‘.‘. Q0 \
LN s 1
10} | 13 i M
- - —_—
N\ " N
L |
, I 725 | e
I
ol ! I ., L 1 L1 | |
10° 104 e g 10 f(Hz) 10° 1ot 108 fa 10° f(H:)
{8 (1]

Figure 12.57 Bode plots of loop gain of junciion described in Exarnple 12.19, for two
values of feedback transfer function: (a) magnitude and (b} phase
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[T = 1, when 8 =0.02, so the feedback circuit is stable for this feedback
transfer factor.

1294 Phase and Gain Margins

From the discussion in the previous section, we can determine whether a feed-
back amplifier is stable or unstable by examining the Yoop gain as a function of
frequency. This can be done from 2 Nyquist diagram or from the Bode plots.
We can also use this technique to determine the degree of stability of a feed-
back amplifier.

At the frequency at which the loop gain magnitude is unity, if the magni-
tude of the phase is less than 180 degrees, the system is stable. This is illustrated
in Figure 12.58. The difference (magnitude) between the phase angle at this
frequency and 180 degrees is called the phase margin. The loop gain can change
due, for example, to temperature vanations, and the phase margin indicates
how much the loop gain can inctease and still maintain stability. A typical
desired phase margin is in the range of 45 to 60 degrees.

A second term that describes the degree of stability is the gain margin,
which is also illustrated in Figure 12.58. This function is defined to be | T(jw)|
in decibels at the frequency where the phase is —180 degrees. This value 1s
usually expressed in dB and also gives an indication of how much the loop gain
can increase and still maintain stability,

[T jed|

Phast

40

-150¢

Figure 12.58 Bode plots of loop gain magnitude and phase. indicating phase margin and
gain margin

Example 12.20 oObjective: Determine the required feedback transfer function g
to yield a specific phase margin.
Consider a three-pole feedback amplifier with a loop gain functien given by
B(100)
S S )( A )
R Y ey e | L e v
(\ + 103) Ve T e

Determine the value of A that yields a phase margin of 45 degrees.

T =
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Solution: A phase margin of 45 degrees implies that the phase of the loop gam is —135
degrees at the frequency at which the magnitude of the loop gain is unity. The phase of
the loop gain is

oocfon () o () oo )]

Since the three poles are {ar apart, the frequency at which the phase is —135 degrees is
approximately equal to the frequency of the second pole, as shown in Figure 12.54. In
this example, fiss = 5 x 10* Hz, so we have that

b fsxae afsx 10t 15 = o
¢ = [H.ﬂ (T)+!an (W)+lan (T

¢ = —[B8.9° +45° +2.86°] = -135"

or

Since we want the loop gain magnitude to be unity at this frequency, we have

£(100)

o EF) e G o ()

& (100}
TS0 AN

Il =1=

ar

which yields g = 0705,

Comment: If the frequency is greater than 5 x 10* Hz, the loop gain magnitude is iess
than unity, and the system remains stable,

Test Your Understanding

12.27 Consider a leedback amplifier with a single pole and an open-loop gain given
by Equation (12.107). Assume the parameters are A, = 10° AfA and f; = |0 Hz. The
basic amplifier is connected to a feedback circuit for which the feedback transfer func-
tion is B = 0.01 A/A. Find the frequency at which |7(f)| = L. and determine the phase
margin. (Ans. f = 10" Hz, 50 degrees)

*42.28 A two-pole lesdback amplifier has an open-loop gain given by Equation
(12.113), with parameters: A, = 10° AjA, £, =10'Hz, and f; = 10°Hz. The basic
amplifier is connected to a feedback circuit, for which the feedback transfer ratic is g.
Determine the value of # that results in a phase margin of 60 degrees. (Ans.
B=973x 107" AJA)

12.20 Consider the loop gain function described in Example 12.19. Determine the
value of g at which the amplifier becomes unstable. (Ans. & = 0.08)

412.30 For the loop gain function given in Example 12.19, determine the value of 8
that produces a phase margin of 60 degrees. {(Ans. 8 = 0.0222)
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12.10 FREQUENCY COMPENSATION

In the previous section, we presented a methed for determining whether a
feedback system is stable or unsiable. In this section, we will discuss a method
for modifying the loop gain of a feedback amplifier. to make the system stable.

The gencral technique of making a feedback system stable is called frequency
compensation.

12.10.1  Baslc Theory

One basic method of frequency compensation invelves introducing a new pole
in the loop gain function, at a sufficiently low frequency that |T(/)] = | occurs
when ¢ < 180", As an example, consider the Bode plots of a three-pole loop
gain magnitude and phase given in Figure 12.59 and shown by the solid lines.
In this case, when the magnitude of the loop gain is unity, the phase is nearly
—270 degrees and the system is unstable.

17y

— = Bt ey |

Phase

1)

o0

- 180

~270°

Figure 12.59 Bods plots of loop gain magnitude and phase far three-stage amplifier, before
troquency compensalion (solid curves), and aller frequency cormpensation {dotted curves)

If we introduce a new pole fpp at a very low frequency, and if we assume
that the original three poles do not change, the new Bode plots of the magni-
tude and phase will be as shown by the dotted lines in Figure 12.59. In this
situation, the magnitude of the loop gain becomes unity when the phase is
[¢] < 180°, and the system is stable. Since the pole is introduced at a low
frequency and since it dominates the frequency response, it is called a dominant
pole. This fourth pole can be introduced by adding a fourth stage with an
extremely large input capacitance. Though not practical, this method demon-
strates the basic idea of stabilizing a circuit.
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Example 12.21 Cobjective: Determine the dominant pole required to stabilize a
feedback system.

Consider a three-pole feedback amplifier with a loop gain given by
5 % 10°

(A (o o

Insert a dominant pole, assuming the original poles do not change, such that the phase
margin is at least 45 degrees.

TiN=

Solutlon: By inserting a dominant pole, we change the loop gain function (o

_ 5% 10°
B O R CRTCe

We assume thal fpp < 10° Hz A phase ol‘ —135 degrees, giving a phase margin of 45
degrees, occurs approaimately at fi35 = 10°Hz
Since we want the loop gain magnitude to be unity at this frequency, we have

Ml = 1= 109\2 | 105:‘*)“':}5 106 108,
e (oY () Y+ (o) + (5
) 5% 10°

1=

vl + Q ) {(1.414)}1.0%1.0)

Solving for fpp yvields
Jep =283Hz

Comment With high-gain amplifiers, the dominant pole must be at a very low fre-
quency to ensure stability of the feedback circuit,

Teohnique: Pregusncy Compensation

1. To stabilize a circuit, insert a dominant pole or move an existing pole to a
dominant pole position (see next section). Assume that the dominant pole
frequency is small. Determine the frequency of the resulting loop gain
function to achieve the required phase margin.

2. Set the magnitude of the loop gain function equal to unity at the frequency
determined in step 1 to find the required dominant pole frequency.

3. To actually achieve the required dominant pole frequency in the circuit, a
number of techniques are available (for example, see Miller compensation).

One disadvantage of this frequency compensation method is that the loop
gain magnitude, and in turn the open-loop gain maguitude, is drastically
reduced over a very wide frequency range. This affects the closed-leop response
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of the feedback amplifier. However, the advantage of maintaining a stable
amplifier greatly outweighs the disadvantage of a reduced gain, demonstrating
another trade-off in design criteria.

12.10.2 Closed-Loop Frequency Response

Inserting 2 dominant pole to obtain the open-loop characteristics (dotted lines,
Figure 12.59) is not as extreme or devastating to the circuil as it might first
appear. Amplifiers are normally used in a closed-loop configuration, for which
we briefly considered the bandwidth extension, in Section 12.2.3.

For the region in which the frequency response is characterized by the
dominant pole, the open-loop amplifier gain is

. A,
Alf)= : i {12.122)
| +j— :
! foo

where A, is the low-frequency gain and fpp is the dominani-pole frequency.
The feedback amplifier closed-loop gain can be expressed as

AS)
(1+ BACSY

where 8 is the feedback transfer ratio, which is assumed 1o be independent of
frequency, Substituting Equation (12.122) into (12.123), we can write the
closed-loop gain as

Ao I
(1 4 84,) , S
"t e+ P

The term A,/(1 + BA,) is the dosed-loop low-lrequency gain, and fpp(1+
BA,) = f- is the 3dB frequency of the closed-loop system.

Figure 12.60 shows the Bode plot of the gain magnitude for the open-loop
parameters A4, = 10° and fpp = 10 Hz, at several feedback transfer ratios. As
the closed-loop gain decreases, the bandwidth increases. As previously deter-
mined, the gain-bandwidth product is essentially a constant.

A’(}r} = “.2123)

A = (12.124)

[4A

Lof

w0t
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! o 10 1?3 m“ 0° 18 107 f{Ha)
}
Jrp fen S fea

Figura12.60 Bode plot, gain magnilude for open-loop and three closed-loop conditions
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Example 12.22 oOnjezitve: Determine the shift in the 3dB frequency when an
amplifier is operated in a ¢losed-loop sysiem.

Consider an amplifier with a low-frequency open-loop pain of 4, = 10* and an
open-loop 3dB frequency ol /o5 = 10Hz. The feedback transfer ratio is g = 0.01.

Solutton: The low-frequency closed-loop gain s

4, 10° .
(L4840 " | +(0.01X10°)

From Equation {12.124), the closed-loop 3dB frequency is

fe = fepll + BA,) = (1O)1 + (0.01)(10%)]

A/(0) = 100

or
fe 2 10° Hz = |00kHz
Comment: Even though the open-loop 3dB Irequency is onty 10 Hz. the closed-loop

bandwidth is ¢xtended to 100kHz. Ths effect i3 due to the fact that the gain—bandwidth
product is a constant,

12.10.3  Miller Compensation

As previously discussed, an op-amp consists of three stages, with each stage
normaily responsible for one of the loop gain poles. Assume, for purposes of
discussion, that the first pole fp is created by the capacilance effects in the
second gain stage. Instead of adding a fourth dominant pole to achieve a stable
systern, we can move pole fz to a low frequency. This can be done by increas-
ing the effective imput capacitance to the gain stage.

Previously in Chapter 7. we determined that the effective Miller input
capacitance to a transistor amplifier is a feedback capacitance multiplied by
the magnitude of the gain of the amphfier stage. We can wse this Miller mulii-
plication factor 1o stabilize a feedback system. The three-stage op-amp circuit
is shown in Figure 12.61. The second stage, an inverting amplifier, has a feed-
back capacitor connected between the output and input. This capacitor Cy 15
called a compensation capacitor.

V1 mmmee] DiPEsap [ Oumput |,
[Eguues B - l-* w !

Figure 12.61 Three-staga amylifier, including Miller compensation capacitor

The effective input Miller capacitance is
Cy = Cpl(l + A4) (12.125)

Since the gain of the second stage is large, the equivalent Miller capacitance
will normally be very large. The pole introduced by the second stage 1s
approximaltely
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. |
fn= R Cor {§2.126)

where R, is the effective resistance between the amplifier input node and
ground. Resistance R, then, is the paralle] combination of the input resistance
o the amplificr and the outpur resistance of the diff-amp stage.

Example 12.23 Omeclive: Determing the pole of the gain stage that includes a
feedback capucitor.

Consider a gain stage with an amplification 4 = 107, a feedback capacitor ¢ =
30pF, and a resistance R, = §x 10° Q.

Solulion: The effective input Miller capacitance is
Cyp = Cell + Ay (301000} pF =3 x 107" F
The dominant-pole _frequency i5 therefore

1 ) 1

= = =lto6H
AR Cy 25 % 10513 x 10-9) %

fPI

Comment: The pole of the second stage can be moved to a significantly lower fre-
quency by using the Miller effect.

The cffcct of moving pole /5, using the Miller compensation technique, 1s
shown in Figure 12.62. We assume at this point that the other Lwo poles f; and
fp are not affected. Moving the pole f to fp means that the frequency at
which |T(/) = I is lower. and that the phase is |¢] < 180°, which means that
the amplifier is stabilized.
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Figure 12.62 Bode plots of 10op gain for three-atage amplifier, before (sclid curves) and
atter (dotted curves) incorparating Miller compensation capacitor: (a) magnitude and {b)} phase
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A detailed analysis of the system using Miller compensation shows that
pole jp; does not remain constant; it increases. This phenomenon is called pole-
splitting. The increase in fp; is actually beneficial, because it increases the phase
margin, or the frequency at which a particular phase margin is achieved.

Test Your Understanding
12.31 Consider a three-pole ampiifier with a loop gain function given by

1’
(5w (1) 45 w)

Stabilize the circuit by inserting a new dominant pole. Assume the original poles are not
altered. At what frequency must the new pole be placed to achieve a phase margin of 45
degrees? {Ans. fpp = 707 Hz)

12.32 The loop gain function for an amplifier is described in Exercise 12.31. To
stabilize the circuil, move the first pole fp, = 5 x 10° Hz by intreducing a compensation
capacitor. Assume the second pole remains fixed. Deterntine the frequency to which the
first pole must be moved to achieve a phase margin of 45 degrees. (Ans. fpp = 41 Hz)

42.88 A dc amplifier has a single-pole response with a pole requency of fpp =
100Hz and a low-frequency gain of A, =2 x 10°. The amplifier is operated in a
closed-loop system with g = 0.05. Find the closed-loop low-frequency gain and band-
width. (Ans. A,{0) =20, fc = | MHz)

TN =

1211 SUMMARY

e In a feedback circuit, a portion of the output signal is fed back to the mput and
combined with the input signal. In negative feedback, a portion of the output signal is
subtracted from the input signal. In positive feedback, a portion of the output signal
i5 added to the inpui signal

¢ Animportant advantage of negative feedback is that the closed-loop amplfier gain is
essentiaily independent of individual transistor parameters and is a function only of
the feedback ¢lements.

e Megative feedback increases bandwidth, may increase the sighal-to-noise ratio,
reduces nonlinear distortion, and controfs input and output impedance values at
the expense of reduced gain mageitude.

® A series input connection is used when the input signal 15 a voltage, and a shunt input
connection is used when the input signal 13 a current. A series output connection is
used when the ouiput signal is a current, and a shunt output connection is used when
the output signal is a voltage,

# The loop gain factor of a feedback amplifier is defined as T = 48, which is dimen-
sionless and where A is the gain of the basic amplifier and g is the feedback factor.
The loop gain is a function of frequency and is complex when the input capacitance of
each transistor stage is taken into account.

e A three-stage negalive feedback amplifier is guaranteed to be stable if, at the fre-
quency for which the phase of the loop gain is —180 degrees, the magnitude is less
than unity.



