Chapier 12 Feedback and Stability

* A common technique of frequency compensation utilizes the Miller multiplication
effect by incorporating a feedback capacitor acress, usually, the second stage of the
basic amplifiet.

CHECKPOINT

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

¢ Describe some of the advantages and disadvantages of negative feedback. {Section
12.2)

¢ Discuss the general characteristics of the four basic leedback configurations in terms
of input and output signals and input and output resistances. {Section §2.3)

¢/ Analyze feedback circuits. (Sections 12.4-12.7)

¢ Design a feedback circuit given the input signal and desired output signal. (Sections
12.4-12.7)

¢/ Determine the loop gain of a feedback circuit. (Section 12.8)
¥ Determine whether or not a three-stage feedback amplifier is stable. (Section 12.9)

o’ Smbilize a three-stage amplifier nsing frequency compensation techniques. (Section
12.10)

REVIEW QUESTIONS

1. What are the two general types of feedback and what are the advantages and
disadvaniages of each type?

Write the ideal form of the general feedback transfer function.

Define the loop gain lactor.

What is the difference between open-foop gain and closed-loop gain?

Describe what is meant by the temms (a) gain sensitivity and (b) bandwidth
extension.

Sketch an ideal series input connection. What is the input signal?

Sketch an ideal shunt input connection. What is the input signal?

Sketch an ideal series output connection. What is the output signal?

Sketch an ideal shunt output connection. What is the cutput signal?

Is the input resistance of a series input connection senaller or larger than that of the
basic amplifier? Explain why from the input connection.

11. Is the input resistance of a shunt input connection smaller or larger than that of the
basic amplifier? Explain why from the input connection.

12. Is the output resistance of a series output connection smaller or larger than that of
the basic amplifier? Explain why from the ouiput connection.

13, Is the output resistance of a shunt cutput connection smaller or larger than that of
the basic amplifier. Explain why [rom the output connection.

14. Describe the characteristics of a voltage amplifier.

15. Describe the characteristics of a current amplifier.

16. Describe the characteristics of a transconductance amplifier.

17. Describe the characteristics of a transresistance amplifier.

18. Consider a noninverting op-amp circuit. Describe the type of input and output
feedback connections.

19. Counsider an inverting op-amp circuit. Describe the type of input and cutput feed-
back connections.

20. What is the Nyquist stability critecion for a feedback amplifier?
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21. Using Bode plots, describe the conditions of stability and insiability in a feedback
amplifier.

22. What is phase margin®

23. Whal is meant by frequency compensation?

24. What is a dominant pole?

25. What 15 a common technique of frequency compensation in a feedback amplifier?

PROBLEMS
Section12.2 Basic Feedback Concepts

121 A negative feedback amplificr has a closed-loop gain of A, = 80 and an open-
loop gain of A = 10°, (a) What is the feedback transfer function ? (b) If the open-loop
gain decreases by 20 percent, deiermine the percent change in the closed-loop gain.
What is the new vahue of A7 {c) Repeat parts (a) and (b} for A = 10,

12.2 (a) A feedback amplifier is connected as shown in Figure P12.2. Each basic
amplifier stage has an opea-loop gain of 4 = 10. The closed-loop gain is 4, = 100.
Determine the required feedback transfer function B. (b) If the gain of each stage
increases by 10 percent, determine the percent change in the ¢losed-loop voltage gain.

123 Three voltage amplifiers are in cascade as shown in Figure P12.3 with various
amplification factors. The 180 degree phase shift for negative feedback actually occurs
in the basic amplifier itsell. (a) Determine the value of B such that the closed-loop
voltage gain is A, = V, /¥, = —120. (b} Using the results of part (a), determine the
percent change in A,; if each individual amplifier gain decreases by 10 percent.

12.4 In a voltage-follower application, the feedback transfer functionis § = 1 and the
ideal closed-loop voltage gain is 4, = 1. Delermine the magnitude of the open-loop
voltage gain A such that the closed-loop gain in an actual feedback circuit is within 0.02
percent of the ideal value (see Equation 12.5).



Figure P12.2



Figure P12.3
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12,5 An op-amp has an open-loop low-frequency gain of 4 = 10° and an open-loop
3dB frequency fy = 4 Hz. If an inverting amplifier with a closed-loop low-frequency
gain of |A4,,| = 50 uses this op-amp, determine the closed-loop bandwidth.

12.8 (a) Determine the closed-loop bandwidth of a noninverting amplifier with a gain
of 50. The op-amp has the characterisics described in Problem 12.5. (b) If the noninvert-
ing amplifier gain is reduced to 10, determine the bandwidth.

12.7 An inverting amplifier uses an op-amp with an open-loop 3dB frequency of 5Hz,
and has a gain of |4,,| = 50 and a bandwidth of 20kHz. Determine the required open-
loop low-frequency op-amp gain.

12.8 Consider two open-loop amplifiers in cascade, with a noise signal generated
between the rwo amplifiers as in Figure 12.3(2). Assume the amplification of the first
stage is A; = 100 and that of the second stage is 4 = 1. Il ¥}, = 10m¥V and ¥V, = I mV,
determine the signal-to-noise ratic at the output.

12.8 Two feedback configurations are shown in Figures P12.9(a) and (b). At low input
voltages, the two gains are 4, = 4, = 90 and at higher inpnt voltages, the gains change
to A} = A; = 60. Determine the change in closed-loop gain, A, = ¥, /V,, for the two
feedback circuits. (See Figure 12.4.) Which feedback configuration wilk result in less
distortion in the output signal?

Figure P12.9

D1210 Determine the type of feedback configuration that should be used in a design
to achieve the lollowing objectives: (a) low input resistance and low ouiput resistance,
(b) high input resistance and high output resistance, (c) low input resistance and high
output resistance, and (d} high input resistance and low onlput resistance,

12.11 Consider a series of amplifiers and feedback circuits connecied in the ideal
feedback configurations. In each case the input resistance to the basic amplifier is
R; = 10k, the output resistance of the basic amplifier is R, = 1k, and the loop
gain is T = 10*. (a) Determine the maximurn possible imput resistance and minimam
possible input resistance to the feedback circuit. (b) Determine the maximum possible
output resistance and minimum possible gutput sesistance to the feedback circuit.
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D12.12 A compound transconductance amplifier is to be designed by connacting two
basic feedback amplifiers in cascade. What two amplifiers should be connected in cas-
cade (o form the compound circuit? 1s there more than one possible design?

Section12.3  Ideal Feedback Topologies

1213 Consider the noninverting op-amp circuit in Figure P12.13. The input resistance
of the op-amp is R; = oo and the output resistance is R, = 0, but the op-amp has a finite
gain A. (a) Write the closed-boop transfer function in the form

_Va A
Y TN, T (14 BA)

(b) What is the expression for g7 () If 4 = 10° and A,; =20, what is the required 8 and
Raf Ry ? (d} If A decreases by 10 percent, what is the percent change in 4,7

A

Figure P12.13

1214 For the noninverting op-amp circuit in Figure PI12.13, the parameters are:
A= EUS, Ay =20, R, =100k2, and R, = 10022, Determine the closed-loop input
and ovtput resistances, Ry and R, respectively.

1218 Consider the op-amp citeuit in Figure P12.15. The op-amp has a finite gain, so

that i, = Az, and a zero output impedance. {a) Write the closed-loop transfer function
in the form

T _A"___

YT T (L AAD

(b) What is the expression for 8, (¢) If 4, = 10° and 4, = 25, what is the required §;
and Rp/R;? (d) If A; decreases by 15 percent, what is the percent change in A4;?
12.16  An op-amp circuit is shown in Figure P12.135. lts parameters aze as described in

Problem 12.15, except that &; = 2kQ and R, = 20ki2. Determine the closed-loop input
and cutput resistances, Ry and R, respectively.
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Figure P12.17

1247  Consider the circuit in Figure P12.17. The input resistance of the op-ampis K, =
oo and the output resistance is R, = 0. The op-amp has a finite gain, so that {; = A,
The current gain of the transistor is kipe. {8) Write the closed-loop transfer funclion in
the form

s AP
¥ T+ A4y

where 4, is the open-loop gain of the system. (b) What is the expression for 8,7 (c) If
Ag=5x 10° mS and Agr = 10m3, what is the required B, and Rg? (d) If 4, increases
by 10 percent, what is the corresponding percent change in 4,7

12.18 The circuit shown in Figure P12.17 has the seme parameters as described in
Problem 12.17, except that R; = 20kQ and R, = 50kQ. Determine the closed-loop
input and oulput resistances, R, and Ry, respectively.

12,98 Consider the current-to-voltage converter circuit shown in Figure P12.19. The
input resistance R;; is assumed to be small, the output resistance is R, = 0, and the op-
amp gain A, is targe. (a) Write the closed-loop transfer Function in the form

Yo A
L (1+ 4.}
(b) What is the expression for £,7 {c) If 4, = 5 x 10%$2 and Ay=5x 10* 2, what is the
required B, and Rg? (d) If A, decreases by 10 percent, what is the percent change in 4,,?

12.20 For the curreni-to-voltage converter circuit in Figure PI12.19, the parameters are
as described in Problem 12.19. [F B, = 10k, determine the closed-loop input resistance
Ry,

if

Ay =

Figure M2.13
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Section12.4  Voltage (Series—Shunt) Amplifiers

*12.21 Consider the voltage amplifier in Figure P12.2t. The op-amp paramesers are
A, =510, R, = 10k, and R, = | k2, and the transistor parameters are fipp = 100
and ¥V, =80V, Determine 4,4, Ry and Ry,

vi= 12V
o
Fec=10V énczzzakn
¥ o] +
A
AN v,
Rz = | kL)
Ry =1k gﬂq‘ oy
Figure P12.21 Figure P12.22

12,22 The circuit in Figure P12.22 is an example of a series—shunt feedback circuit.
Assume the transisior parameters are. hpe = 100, Faplon} =07V, and ¥V, = oo
{a) Determine the guiescent collector currents and the de voltage at the output.
(b) Determine the small-signal voltage gain A, = v,/v;.

12.23 Consider the series—shunt feedback circuit in Figure P12.23, with transistor
parameters: hpe = 120, Vgeton} = 0.7V, and ¥, = oo. (a) Determine the small-signal
parameters for (), @7, and ;. Using nodal analysis, determine: (b) the small-signal
voltage gain A,, = /¥ (¢) the input resistance Rye, and {d) the output resistance R,y.

Vo= 10V

ﬂl:r |
Cc — = : ¢
i Ry = LAKQ

‘._

Rlp: CF—}W
10ki2

Figure P12.23
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12.24 Consider the BICMOS circuit in Figure P12.24. The transisior parameters arz:
K, =02mA/V:, Wiy = 1V, A = 0 for My; and hgg = 100, Veglon) = 0.7V, ¥, = oo
for {J,. (a) Determine the small-signal parameters lor M| and 5. (b} Find the small-
signal voltage gain A4,, = v, /. (¢} Determine the outpu! resistance R,;.

V'I

: Flgure P12.24

12.25 Figure P12.25 shows a basic source-follower circuit. Assume the transistoyr is
biased such that Jpy = 0.5mA. Assume the transistor parameters are Vo =1V and
1 =0, and let Rg =2kQ. (a} If the transistor conduction parameter is K, = 0.SmA/V*,
determine A, = v,/v; and R,e. (b) Determine the percennt change in A,; and R, if the
conduction parameter increases to K, = 0.8 mA/V°.

12.26 The wansistor parameters for the ciecuit in Figure PI2.26 are: hpg = 50,
Veglon) =67V, and ¥V, =00, Using nodal analysis, determine the closed-loop
smali-signal voltage gain A,; = v, /¥, at the midband frequency.

+25¥

24T 2 47KD Cy=
(0 uF

|) 1t ,j‘n
2,

FY

2
C6=
v, SuF
) 33 k2 v
$7 K2 ;fj:‘-;: Ry~
= H &
v,o——-—l Ry 470
-
) Yo
Ry Ry =100 G

Figure P12.23 Figure P12.26
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*D12.2¢¥ Design a discrete transistor fesdback voltage amplifier to provide a voltage
gain of 50. Assume the available transistors have parameters: bgr = 120 and ¥V, = co.
The signal voltage source has a source resistance of Ry =2%Q and the load is R; =
3k, Verify the design with a computer simulation. Determine Ry and R,

*RD12.28 Redesign the [eedback circuit in Figure P12.22 using MOSFETSs to provide
a voltage gain of 4,; = 10. Assume transistor parameters of ¥y = 2V, ky = 80 pA/V %
and A =10,

Section12.5 Current (Shunt-Series) Amplifiers

D12.28 An opamp cwrrent gain amplifier (shunt-series configuration) is shown in
Figure P12.29. Dwesign the curcuit such that the load corrent is [, = 20mA when the
mput current is [, = 200 pA.

Via 410V

.Rc] =40k}

R:;:
100 ki

9

I

Ce

Figure P12.29 Figure P12,30

12.30 The circuit in Figure P12.30 has transistor parameters: fipp = 100, Fyelon) =
0.7V, and ¥, =co. (a) From the gquisscent values, determine the small-signal pa-
rameters for @ and (. (b} Using nodal analysis, determine the stall-signal closed-
loop current gain A, = i,/f. (c) Using nodal analysis, find the input resistance Ry,

1231 (2) Using the small-signal equivalent circuit in Figure 12.25 for the circuit in
Figure 12.24(a), derive the expression for the small-signal cumrent gain Ay = I,/1,.
{b) Using the circuit parameters given in Figure 12.24(a) and assuming transistor pa-
rameters hyy = 100 and ¥, = 00, calculate the value of A,;. Compare this answer with
the results of Example 12.9.

“12,32 The circuit in Figure P12.32 is an example of a shunt-series feedback circuit. A
signal proportional to the output current is fed back to the shunt connection at the base
of @y. However, the circuit may be used as a voltage amplifier. Assume transistor
parameters of hpg = 120, Vzelon) = 0.7V, and ¥ = oc. (3) Determine the small-signal
parameters for @, and 5. (b) Using nodal analysis, determine the small-signal voltage
gain A, = v, /v,
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Vee=10V
Rl= ch=3m Rnndm
383 k0
VO
Cc—i“ H
¢ 4]
Rg = 0.6 ki2
vy R2=
135K & Ry =
L 1 kG2
J'!_ RF= §.2 kL2 C;—Pﬂ
AAAN '
Figure P12.32

12.33 Consider the circuit in Figure P12.32 with fransistor parameters, hge = 120,
Vgelon) = 0.7V, and ¥4 = co. Using nodal analysis, determine the inpul resistance 8.

12.34 For the transistors in the circuit in Figure P12.34, the parameters are: gz = 50,
Veelon) =07V, and F, = oo. Using nodal analysis, determing the closed-loop current
gain Ay = i /i

Vee= L0V

Ro=TkR SR;=22k0

IL
L

R, =179k

L C—rom
— @0
.;,1 R, =2k}
i, -+
R = 2500
Rp=5kil C—e Ry = 50012

Flgure P12.34

*D12.35 Design a discrete transistor leedback current amplifier to provide a current
gain of 30. Assume the available transistors have parameters ftzr = 120 and V¢ = .
The signal current source has a source resistance of Ry =25k and the load is
R; = 500 5. Verfy the design with a computer simulation. Determince Ry and R,

Section12.6  Transconduciance (Serles—Series) Amplifiers

12.38 The circuit in Figure P12.36 is the ac equivalent circuit of a series-series feed-
back amplifier. Asswme that the bias circuit, which is not shown, results in quiescent
collector currents of foy =0.5mA, I = 1mA, apd iz =2mA. Assume transistor

B
Ik
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iy
Ry = 0.8 42
&g, = 0.1 kit Rz = 0.1 kit

Figure P12.38

parameters of kg = 120 and r, = oo. Determine the transconductance transfer function
Aﬂ' -_ I‘,,{ VJ.

RD12.37 Using a computer simulation analysis, redesign the circuit in Figure P12.36
by changing the value of Re 10 achieve a ransconductance gain ol Ay, = [/¥, =120
mA/[v.

12.38 In the circuit in Figure P12.38, the transistor parameters are: hpp = 100,

Vae{on) =90.7V, and V, = co. Determine the wansconductance transfer function
A =1,
o af Fae

V=10V

Figure P12.38

D12.39 Design a feedback amplifier 1o supply a current to an LED. The diede current
should be 7, = 107*¥,;, where ¥, is the amplifier input voltage, which has a range of 0 to
[0V. The voltage source has an ouiput resistance of Ry = 1kS. The op-amp pa-
tameters are R; = Sk, R, = 50, and the low-frequency open-loop voltage gain is
$ % 10°, Determine the gain, input resistance, and output resistance, from a computer
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Seclion 12.7  Transresistance {(Shuni-Shunt} Amplifiers

12.40 Consider the common-emitter circait in Figare P12.40, driven by an ideal signal
current source. The transistor pacameters are: hge = 50, Fealon) =07V, and ¥V, =
100¥. {(a) Determine the input and output resistances, Ry and R, respectively,
(b} Find the transresistance transfer function A, = v, /i, (c) What happens in the feed-
back network if the capacitance is finiwe?

Veg=-5¥

Rp=i0K] C—eo

Filgurs P12.40

12.41 For the ciccuit shown in Figure P12.41, the transisior parameters are. Vry =
2V. K, = 0.20mA/Y?2, and & = 0. Determine: {a) the voltage gain A4, = ¥,/V,, (b} the
transresistance transfer function A = V. /4, (¢} the input impedance Ry, and {d} the
output impedance R,

Figura P12.41

12.42 Consider the circuit in Figure P(2.41. The transistor parameters are Vpy =
1.5V and A = 0. Determine the required value of transconductance g, such that the
magnitude of the closed-loop voliage gain is within 10 percent of the ideal value when
Em —* OC.
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1243 For the circuit in Figure P12.43, the transistor parameters are; Az = 150,
Fgglon) = 0.7V, and ¥, = oo, Determine the value of Ry that will result in a closed-

loop voltage gain of 4, = V, /¥, = -3.0.

e

gihit

o

EE

Figure P12.43

12.44 Comsider the three-stage cascade feedback circuit in Figure 12.40, Each stage
corresponds to the circuit in Figure P12.44, with transistor parameters: ipg = 180,
Vgelon) = 0.7V, and V', = 0o, The source resistor is Rs = 10k, and the load resistor
is R, =4kR. Determine the value of Ry soch that the closed-loop gain is 4, =
v, /v = —~B0.

1zv

Figure P12.44 Figure P12.45

12.45 The op-amp in the circuit in Figure P12.45 has an open-loop differential voltage
gain of 4, = 10°. Neglect the current into the op-amp, and assume the output resistance
looking back into the op-amp is zero. Determine: (a) the closed-loop voltage gain
A, = V,/V,, (b) the input resistance Ry, and (¢} the cutput resistance R,

D12.468 Design a feedback transresistance amplifier using an op-amp with parameters
R, = 10kS, R, = 1009, and a low-frequency open-loop gain of 4, = 10* to produce a



Chapier 12 Feedback and Stability

gain of 5kR. The source resistance is Ry = 500 Q2 and the load resistance is Ry = 2%Q.
Determine the actual gain, input resistance, and cutpul resistance using a computer
simulation.

Section12.3 Loop Galn

12.47 The op-amp in Figure 12,20 has an open-loop differential input resistance R, &n
open-loop current gain A;, and a zero output resistance. Break the feedback loop at an
appropriate poiny, and derive the expression for the loop gain.

1248 The small-signal parameters of the transistors in the circuit in Figure P12.23 are
hrg and ¥V, = oo, Derive the expression for the loop gain.

12.49 Determine the loop gain T for the circuit in Figure P12.30. The transistor
parameters are: kgg = 100, Vgelon) = 0.7V, and ¥ = co.

12.50 The transistor parameters for the circuit shown in Figure P12.40 are: Az = 50,
Faelon) =0.7Y, and ¥y = 100V, Find the locp gain T.

Section12.9  Stability of the Feedback Circuit
1251 A three-pole feedback amplifier has a loop gain given by

B10°)
(l +.fl5_:_{i'b'f) (E +;‘fg:)2

(2) Determine the frequency fig at which the phase is —180 degrees. (b} At the fre-
quency fia, determine the value of 8 such that [T(fi50)l = L.

12.52 The open-loop gain of an amplifier is given by

T(f) =

5 x 10°

)(1i)
(' e\ i
Assvming the feedback function is not a function of frequency, determine the frequency

at which the phase is 180 degrees. Determine the value of the feedback transfer function
al which the amplifier can break into oscillation.

12.53 A loop gain function is given by

£(10%)
1 +j%)(l +jﬁ)(l +j%)

Sketch the Nyquist plot for: (a) 8 = 0.005, and (b) 8= 0.05. () Is the system stable or
unstable in each case?

12.54 A three-pole feedback amphifier has a loop gain function given by

T =
(

85 x 10°)
2
(+5) (+i55w)

(a) Sketch the Nyquist diagram for £ = 0.20. (b) Determine the value of 8 that produces
a phase margin of B0 degrees,

T() =

813 ;

ST
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12.55 A three-pole fecdback amplifier bas a loop gain given by
A(LOY)

i) (14 ) (1)

Sketch Bode plots of the loop gain magnitude and phase for: (3} 2 =0.005, and
(b) B = 0.05. (c) Is the system stable or unslable in cach case? I[ the system is stable,
what is the phase margin?

12.56 An amplifier with a Jow-frequency open-loop gain of 10° has poles at
5 10°Hz, 10° Hz, and 5 x 10" Hz. Determine the feedback transfer function § and
the Jow-frequency closed-loop gain for which the phase margin is 60 degress.

) =
(

12.57 A two-pole loop gain Function is given by
AT

Ra )1
(] +) 103
{2} Determine the value of B that produces a phase margin of 60 degrees. (b) Using the

results of part (), skeich the Bode plots of the loop gain magnitude and phase.

12.58 The open-loop gain of an amplifier has pole frequencies av 10 kHz, 100kHz, and
1| MHz. The low-frequency open-loop gain is 500 and the feedbnck transfer function is
A =06 Find the phase margin.

12.56 Sketch the Bode plots of the magnitude and phase of the function

Ty = —K);'—z
(1)
for: {a) K = 1, and (b} K = 10"
12.60 Consider a four-pole feedback system with a loop gain given by
10°
T TR )
$s 10° Ti AT

Determing the vatue of g that produces a phase margin of 43 degrees.

TN =

Section12.10  Frequency Compensation

12.81 A feedback amplifier has a low-frequency loop gain of 5000 and threz poles at
fpy = J00KHz, fp; = 2MHz, and fpy = 25 MHz. A dominant pole is to be added such
that the phase margin if 45 deprees. Assuming the original poles remain fixed, determine
the dominant pole frequency.

1282 A feedback amplifier with a compensation capacitor has a low-frequency loop
gain of T(0)=100dB and poles at fm = 10Hz, fpz = 5MHz, and fp; = I0MHz.
(a) Find the frequency at which |T(f)| = 1, and determine the phase margin. (b) If
the frequency fp is due to a compensation capacitor Cr = 20pF, determine the new
dominant pole frequency fp, and phase margin if the compensation capacitor is
increased to Cp = 75pF.

4263 The equivalent citcuit at the interface between the first and second stages of an
op-amp is shown in Figure P12.63. The parameters are R, = 509 kL2, R = 1 ME2, and
C; = 1pF. {a) Determine the pole frequency for this part of the circuit. (b) Detertnine
the additional Miller capacitance Cy, that would need to be added so that the pole
frequency is moved to fpp = 10Hz.
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Cy

1
|

---_-}l_-_.._

Flgurs P12.83

12,84 The loop gain function of a feedback amplifier has its first two poles at
Jp =2MHz and f;; = 12MHz, and has 2 low-frequency gain of |T{0) = 30dB. The
amplifier is 10 be stabilized by moving the first pole by using Miller compensation.
Assuming that the second pole f,; remains fixed, find the frequency ta which /) must
be changed to produce a 45 degree phase margin.

12.65 A three-pole amphifier has its first two poles at fp; = | MHz and /py = 10MHz,
and has a low-frequency open-loop gain of |4,j = 30dB. A dominant pole is to be
inseried such that the closed-loop sysiem remains stabie when the closed-loop, low-
frequency gain is jd (0} = 5. Determine the domunant pole frequency assuming the
initial poles remain constani.

12.68 The amplifier described in Problem 12.6] is to be stabilized by moving the first

pole by using Miller compensation. Assuming fp remains constant, determine the
frequency to which jp; must be moved.

COMPUTER SIMULATION PROBLEMS

12.67 Using 2 computer analysis, investigate the leop gain factor for the circuit in
Figure 12.24{(a). Investigate the loop gain as a function of Ry and of #gg.

12,68 Consider the multistage feedback circuit in Figure 12.40. Assume each stage
corresponds to the circuit in Figure P1244. Let Rp =200k, Rg= [0k, and
R; =4k (a) Investigate the open-loop voltage gain A, = v,/v, as a function of the
individual transistor current gains #zg. (b) Determine the required value of open-loop
gain and transistor current gain nesded to achieve a closed-loop gain that is within 2
percent of the ideal value.

12.69 Consider the circuit in Figure F12.32. From a computer analysis, determune the
loop gain and the closed-loop transfer gain.

12.70 Consider the circuit in Figure 1247 with parameters given in Example [2.18.
The cicenit is biased with Foe = 10V, and it inclades 0.5kQ eminter resistors. Insest
coupling and emitter bypass capacitors where appropriate. (a) Determine the loop 2ain
versus frequency characteristic. (b) Insert a compensation capacitor, (; = 1o pkE,
between the collector and base of ;. Replot the loop gain versus frequency character-
istic and determing whether the system is stable or unstable.

12.71  Consider the circuit in Figure 12,16 with parameters: A, = 10°, R, = 100kQ,
R, = 5092, R, = 20k, and Ry = 1kQ. Determine the exact values of voltage gam 4,
input resistance Ry, and output resistance R . from a computer analysis.
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DESIGN PROBLEMS

[Note: Each design should be correlated with a compuler simulation analysis.]

"D12.72 Redesign the circuit shown in Figure 12.45(a) to provide a loop gain of at
least 100. What are the values of Iop and Vegp?

*D12.73  An op-amp has a low-frequency open-loop gain of 10° and a dommant-pole
frequency of 5 Hz Design a cascade of noninverting amplifiers with an overall minimum
gain of 800 and a minimum bandwidth of 12 kHz.

*D12.74 An op-amp has a low-frequency open-loop gain of 5 x 10° and a dominant-
pole frequency of 10Hz. Using this op-amp, design a preamplifier system that can
amplify the output of a micraphone and produce a 1V peak signal over a frequency
range from EOHz to 15kHz. The equivalent circuit of the microphone is a voltage
source in series with an output resistance. The voliage source produces a SmV peak
signal and the putput resistance is 10k

*D12.75 The equivalent circuit of a transducer that measures the speed of a motoris a
current source in parallel with an cutput resistance. The current source produces an
output of 1 uA per revolution of the motor and the output resistance is S0k Design a
discrete transistor circuit that produces a full-scale output of 5V for a maximum motor
speed of 60 revolutions per second. The nominal transistor curtent gain is ey = 100
with iolerances of +20 percent. The accuracy of the cutput signal is to remain within +1
percent.
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Operational Amplifier Circuits

13.0 PREVIEW

Thus far, we have considered basic circuit configurations, such as the comnmon
emitter, emitter {ollower, and diff-amp, among others. We have discussed the
basic concepts in design and analysis, including biasing technigues, frequency
response, and feedback effects. In this chapter, we combine basic circuit con-
figurations to form larger analog circuits that are fabricated as integrated
circuits. Operational amplifiers are used extensively in elecironic systems, so
we concentrate on several forms of the operational amplifier circuit in this
chapter.

We introduced lihe ideal op-amp in Chapter ¢. Now, we analyze and design
the circuitry of the op-amp, to determine how the various circuit configurations
can be combined to form a nearly ideal op-amp.

The LM 741 is an example of an all-bipolar general-purpose op-amp. Even
though this op-amp is considered a classic, it still provides a good case study in
which we perform a detailed analysis to determine both the dc and the small-
signal characteristics of the circuit. Since the 741 is an internally compensated
op-amp, we determine the dominant-pole (requency and the unity-gain
bandwidth.

ANl-CMOS op-amps can be designed for special on-chip applications. In
general, these op-amps are designed to drive other CMOS circuits, which form
high capacitive loads. A goal of this chapter is to enable the reader to design
CMOS op-amp circuits, including choosing transistor width-10-width ratios, to
mest particular specifications, including power and gain parameters.

131 GENERAL OP-AMP CIRCUIT DESIGN

An operational amplifier, in general, is a three-stage circuit, as shown in Figure
13.1, and is fabricated as an integrated arcuit. The first stage is a differential
amplifier, the second stage provides additional voltage gain, and the third stage
provides current gain and low output impedance. A feedback capaciter is often
included in the second stage to provide frequency compensation as discussed in
the tast chapter. [n some cases, in particular with MOSFET op-amp circuits,
only the first two stages are used.

We have on numerous occasions made reference to the op-amp. In
Chapler 9, we analyzed and designed op-amp circuits using the ideal op-amp

817
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Flgure 13.1 General block diagram of an operaticnalamplifier

model. In Chapter 10, we introduced current-source biasing and introduced the
active load. The differential amplifier. using current source biasing and active
loads was considered in Chapter 11. We also introduced the bipelar Darbngton
pair in Chapter 11, which is often used as a second gain stage. Previously, in
Chapter 8, we considered the class-AB output stage that 15 often used in opera-
tional amplifier circuits. These individual building blocks will now be combined
to form the operational amplifier.

In Chapter %, as mentioned, we analyzed and designed ideal op-amp ciz-
cuits. Practical operationat amplifiers. as we will see in this chapter, exhibit
charactenstics that deviate from the ideal characteristics. Once we have ans-
lyzed these practical op-amp circuils and determined somne of their nonideal
properties, we will then consider, in the next chapter, the effect of these non-
ideal characterisiics on the op-amp Circuits.

13.1.4  General Design Philosophy

All stages of the operational amplifier circuit are ditect coupled. There ase no
coupling capacitors and there are alse no bypass capacitors. These types of
capacitors would require extremely large arcas on the IC chip and hence are
impractical. In addition, resistors whose values are over approximalely 50 k2
are avoided 10 ICs. since they also require large areas and introduce parasitic
effects, Op-amp circuits are designed with transistors having matching
characterislics.

We may begin to design a simple bipolar operational amplifier by using the
knowledge gained in the previcus chapters. Figure 13.2 shows the general
configuration of the circuit. The first stage will be a differenuial pair, ¢ and
O, biased with a Widlar current source, 05, Q4. and R,, and using a three-
transistor active load. Assuming matched transistors, we expeci the dc voltage
at the collector of (J to be two base-emitter voltage drops below the positive
bias voltage. Therefore, the Darlington pair, (¢ and Q5. that forms the second
stage should be properly biased. The bias current for (% is supphied by the
Widlar current source, Oy, 0. and R;. The cutput stage is the complementary
push—pull, emitier-follower configuration of @, and Q). The crossover dis-
tortion is ¢liminated by including the diodes D) and D;. The emitter-follower
configuralion provides low outpul resistance so that the op-amp can drive
a load with minimal loading effzct. By changing the value of R, slightly, the
current through O, and Gy can be changed, which will change the collector-
emitier voltages across these transistors. This part of the ciecuit then acts as a
de voltage shifter such that the cutput veltage, v, can be set equal 1o zero for
zero inpul voltages.

From results that we have derived previously, we expect the differential-
mode voltage gain of the first stage to be in the range of 10°-10°, depending ¢n
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Figure 13.2 A simple bipolar operational amplitees

the specific transistor parameters and the voltage gain of the sccond stage to
algo he the range of 10°—10". The voltage gain of the output stage. un emitter
foliower, is essentially unity. The overall voltage gain of the op-amp circuit is
then expected Lo be in the range of 10*~10°. From our study in Chapter 9. this
magnitude of voltage gain is required for the circult to act essentially as an
ideal op-amp.

The same op-amp configuration can be designed with MOS transistors. In
general. as we have seen. BJT circuwits have higher voltage gains, whercus
MOSFET circuits have higher input resistances. So, whether a bipolar or
MOSFET design is used depends ko a large extent on the specitic appheation
of the op-amp.

13.4.2 Circuit Element Matching

Integrated circuit design is based directly on the ability to fabricate trapsistors
on a chip that have nearly identical characteristics. In the analysis of current
mirrors in Chapter 10 and differential amplifiers in Chapter 11, we assumed
that transistors in a given circuil were matched. Transistors are matched when
they have identical parameters. For bipolar transistors. the parameters are I,
A.and F,. Recall that /5 includes the electrical parameters of the semiconduc-
tor material as well as the cross-sectional area (geometry) of the base-cmilter
junction. For NMOS transistors, the parameters are Vyy, K, and A,. and for
PMOS transistors, the same corresponding parameters must be identical.
Again, recal] that the parameter K, contains semiconductor parameters as
well as the width-io-length (peometry) of the transistor.

The absolute parameter values of transistors on an IC chip may vary
substantially (on the oider of £25 percent) from one iC chip to the next

E]L)
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because of processing variations. However, the variation in parameter values of
adjacent or nearby transistors on a given [C chip are usually within a fraction
of a percent. In general, much of an amyplifier design is based on the ratio of
transistor paramelers and on the ratio of resistor values rather than on the
absolute values. For this reason, the operational amplifiers described tn this
chapter can be fabricated as 1Cs, but are almost impossible to fabricate with
discrete circuit elements.

Test Your Understanding

*13.1  Using a compuler simulation, determine the dc voltages and currents in the
bipelar op-amp circuil in Figure 13.2. Use reasonable resistor values. Adjust the value
of Ry such that the output voltage is nearly zero for zero input voltages.

13.2 Consider the basic diff-amp with active load and current biasing in Figure 13.2,

Using a computer simulation, investigate the change in the voltage al the collector of
a3 @ and . and also @5 and (%, become shightly mistnatched,

13.2 ABIPOLAR OPERATIONAL AMPLIFIER CIRCUIT

The 741 op-amp has been produced since 1966 by many semiconductor device
manufacturers. Since then, there have been many advances in op-amp design.
but the 741 is still a widely used general-purpose op-amp. Even though the 741
is a fairly old design, it stif] provides a useful case study 1o describe the generai
circuit configuration and to perform a detailed dc and small-signal analysis.
From the ac analysis. we determine the voltage gain and the frequency
response of this cireult. '

13.21  Circuit Description

Figure 13.3 shows the equivalent circuit of the 741 op-amp. For easier analysis,
we break the overall circuit down into its basic circuits and consider each one
mdividually.

As with most op-amps, this circuit consists of three stages: the input dif-
ferential amplifier, (the gain stage, and the output stage. Figure 13.3 also shows
a separate bias circuit, which establishes the bias currents throughout the op-
amp. Like most op-amps, the 741 is biased with both positive and negative
supply voltages. This ¢liminates the need for input coupling capaciiors, which
in turn means that the circuit is also a dc amplifier. The d¢ output voltage is
zero when the applied differential input signal is zero. Typical supply voltages

are V* = 15V and I~ = —15V, although input voltages as low as +5V can be
used.
input Diff-Amp

The input diff-amp stage is more complex than those previously covered. The
nput stage consists of transistors @, through @, with biasing established by
transistors Qg through Q5. The two input transistors ¢y and {); act as emitter
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Figure 13,3 Equivalent circuit, 741 op-amp

followers, which results in & high differential input resistance. The differential
output currents from @, and O, are the inputs to the common-base amplifier
formed by (5 and 04, which provides a relatively large voltage gain.

Transistors 05, (s, and {5, with associated resistors Ry, Ry, and Ry, form
the active load for the diff-amp. A single-sided output a1 the common collec-
tors of (0, and (J, is the input signal to the following gain stage,

The dc output voltage at the collector of s is at a lower potential than the
inputs at the bases of G and (5. As the signal passes through the op-amp, the
de vollage level shifts several times. By design, when the signal reaches the
output terminal, the de voltage should be zero if a zero differential input signal
is apptied. The two null terminals on the input stage are used to make appro-
priate adjustments to accomplish this design goal. The “null technique™ and
the corresponding portion of the circuit will be discussed in detail in the next
chapter,

The de current biasing is initiated through the diode-connected transistors
Q\; and Oy, and resistor Rs. Transistors O, and (g, with resistor Ry, form a
Widlar current source that establishes the bias currents in the common-base
transistors (; and Q,, as well as the current mirror formed by Qo and Q.

Transistors O3 and 0, are lateral pnp devices, which refers to the fabrica-
tion process and the geometry of the transistors. Lateral pnp transistors pro-
vide added protection against voltage breakdown, although the current gain is
smaller than in apn devices. : :

8
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Figure 13.4(a) shows a basic common-emitter differential pair used as the
input to a diff-amp. If the input voltage V| were to be connected to a supply
voltage of 15V, with P, at ground potentiai, then the B-E junction of O
would be reverse biased by approximately 14.3 V. Since the breakdown voltage
of an npn B-E junction is typically in the range of 316V, transistor Q- in
Figure 13.4(a) would probably enter breakdown and suffer permanent damapge.

(=) )

Flgure 13.4 (a) Basi: common-emitiar differential pair, with 2 large diffgrential voliage and
{b) the 741 inpat stage, with a Yarge diffierential voliage

By comparison, Figure 13.4(b) shows the input stage of the 741 op-amp
with the same input voltages. The B-E junctions of @ and (5 are forward
biased, which means that the series combination of B-E junctions of @, and @,
is reverse biased by approximately 13.6 V. The breakdown voltage of 2 lateral
pap B-E junction is typically on the order of 50V, which means that for this
input voltage polarity, the B-E junction of @4 provides the necessary break-
down protection for the input diff-amp stage.

Gain Stage

The second, or gain, stage consists of transistors Gy and Q7. Transistor Oy
operates as an emitter follower; therefore, the input resistance of the gain stage
is large. As previously discussed, a large input resistance to the gain stage
minimizes loading effects on the diff-amp stage.

Transistor 0,3 is effectively two transistors connected in parallel, with
common base and emitter terminals. The area of {34 is effectively one-{ourth
the area of @, and the area of (3, is effectively three-fourths that of Q.
Transistor {15 provides the bias current for {7 and also acts as an active load
to produce a high-voltage gain. Transistor ()7 operaies in a common-emiticr
configuration; therefore, the voltage at the collecior of (; is the input signal to
the output stage. The signal undergoes another dc level shifl as it goes through
this gain stage.

The 741 is internally compensated by the feedback capacitor C; connected
between the output and inpul terminals of the gain stage. This Miller compen-
sation technique assures that the 741 op-amp forms stable feedback circuits.
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Output Stage

The output stage of an op-amp should provide a low output resistance, as well
as a current gain, if it is to drive relatively large load currents. The output stage
is therefore a class-AB circuit consisting of the compiementary emitter-follower
pair Q4 and QOx.

The output of the gain stage is connected to the base of @y, which oper-
ates as an emitter follower and provides a very high input resistance; the gain
stage therefere suffers no significant loading effects due to the output stage.
Transistor {34 provides a bias current for Q5;, as well as for Oy and Oy,
which are used to establish a quiescent bias current in the output transistors
14 and Oy. Transistors Qs and Q5 are referred to as short-circuit protection
devicas. These transistors are normally off; they conduct only if the output is
inadvertently connected to ground, resulting in a very large output current. We
will consider the characteristics of the outpul stage in Section 13.2.2.

An abbreviated data sheet for the 741 is shown in Table 13.1. During our
discussions in this chapter, we will compare our analysis results to the values in
the table. A more complete data sheet for the 741 op-amp is given in
Appendix C.

Table 13.1 Datalor 741 at T == 300 °K and supply voltage of £15V

823

Parameter Minimum Typical Maximuwm Units
Input bias current &0 500 n
Differential-mode mpus resistance 0.3 20 MG
Input capacitance L4 pF
Quipnt short-circuit current 25 mA
Open-loop gain (Ry = 2% 50,000 200,000 ViV
Output resistance 15 Q
Unily-gain frequency 1 MHz
Test Your Understanding

143.3 The 74) op-amp in Figure 133 is biased at V" =15V and ¥~ = -15V.
Assume Vye(npn) = Veglpnp) = 0.6 V. Determine the input common-mods voltage
range. neglecling voltage drops across &, and R,. {Ans. —12.6 < v,(cm) < 14.4V)
43.4 (1) Il the 741 op-amp in Figure 13.3 is biased at F* =15and ¥~ = -15V,
estimate the maximum and minimum output voltages such that the op-amp remains
biased in its lincar region. {b) Repeat part (a) if ¥* =5V and ¥~ =-5V_ (Ans.
(3) —13.2 vy < 138V (b) —32 < vy =38V}

13.2.2 DC Analysis

In this section, we will analyze the dc characteristics of the 741 op-amp to
determine the dc bias currents. We assume that both the noninverting and
inverting input terminals arc at ground potential, and that the dc supply



Part I[I Analog Eleclronics

voltages are V" =15V and ¥~ = —15V. As an approximation, we assume
Vgg = 0.6V for npn transistors and Vg = 0.6V for pnp transistors. In most
dc calculations, we neglect dc base currents, although we include base current
effects in a few specific cases.

Bilas Circuit and Input Stage

Figure 13.5 shows the bias circuit and nput stage portion of the 741 circuit.
The reference current, which is established in the bias circuit branch composed
of Q1. Oy, and Rs, is

vt—vy -V -V
T HHRS BE1 (131)

Transistors ,, and Q¢ and resistor R, form a Widlar current source.
Thetefore, I is determined from the relationship
I
fC|0R4 = VT I.n("lE (13,2)
Ien
where V7 is the thermal voltage and Q' and ¢, are assumed to be matched
transistors.
Neglecting base currents, Jcy = fx = f¢o. The quiescent collector cur-
rents in & through Q4 are then
I
Ian=lo=In=1l= % (13.3)
Assuming the dc currents in the input stage are exactly balanced, the dc voltage
at the collector of @, which is the input to the second stage, is the same as the
dc voltage at the collector of Q5. We can write

Yoo = Vaer + Vﬂgﬁ + }L‘le +V (13.4)
As previously discussed, the dc level shifts through the op-amp.

$4.

Example 13.1 Objective: Calculate the dc currents in the bias circuit and input
siage of the 741 op-amp.
The bias circuit and input stage are shown in Figure 13.5.

Solution: From Eguation (13.1), the reference current is

T _ e —06-=-06—-(-15
IREF=P "’EmstVBEI: v =15 0.6 4?}6 ( }=0.?2mh

Current f¢ is found from Equation (13.2), as follows:
o

Ici0(5) = (0.026) In ?__2)

r|f‘I€

By trial and error, we find that frp = 19 pA. The bias currents in the input stage ure
then

Iy =l =ley =lci =%5pA
From Equation (13.4), the voltage at the collector of Q4 is
Vs =Vap +Voss + JogRz + V7 = 0.6 +0.6 +(0.0095)1) + (-15)
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Figure 13,5 Bias circuitand input siage portion of 741 op-amp circuil

or
Fep = 138V
Comment: The bias carrents in the input stage are quite smal); the input base currents

ai the nominverting and inverting terminals are generally in the nancampere range.
Smali bias currents mean that the differential input resistance is large.

The transistor carrent gain of the lateral pnp tramsistors @3, @y, @5, and
Qs may be relatively small, which means that the base currents in these tran-
sistors may not be negligible. To determine the effect of the base currents,
consider the expanded input stage shown in Figure 13.6. The base currents
in the npn transistors are still assumed to be negligible. Current I, establishes
the base currents in (J; and 4, which then establish the emitter currents
designated as /. At the Qg collector, we have

ey ( 2)
U = leg + 52 = deo{ 1+ = 135
L& ﬁp 9 ﬁp { )

Since Oy and Q, are matched, Iy = Iy, Then,
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Figure13.8 Expandedinputsiage, 741 op-amp, showing base currents

2/ 74 1 B 428, +2
... = =S Sk 13.6
TR TR (L) E] o
8

Even if the pnp transistor base currents are not negligible, the bias currents in
¢ and Q, are, from Equation (13.6}, very nearly

Ico
[ == 137
> (

This bias current is essentially the same as omnginally assumed in Equation

{13.3).

Test Your Understanding

13.8 The current gain 8, of the npo transistors in the 741 op-amp input stage in
Figure [3.5 is A, = 200. Determune the input base currents to @, and Q. (Ans. 47.51A)
*43.8 Consider the input stage and bias circuit in Figure 13.5, with F* = 15V and
F~ = —ISV ]f Is = 10"“ A Tor each u’aﬂsisior. determine rREF" VBE“" Vﬂsm‘ and
V§£6< (Ans. IRE.F =G?leA, V.BEII = 0650 V. VEEW = 0556 V. Vﬁfﬁ = {'53? V)

Gain Siage
Figure 13.7 shows the reference portion of the bias circuit and the gain stage,
The reference current is given by Equation (13.1), Transistors @), and ¢y
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form a current mirror, and Q)33 has a scale factor 0.75 times that of ¢,

Neglecting base currents, curtent (35 is then
fe1is = 0.750Rgx (13.8)

The emitter current in Q)¢ is the sum of the base current in Q7 and the current
in Ry, as follows:

Igi7 Ry + Ve

—~ (139)

I 2 T = Igin +

Example 13.2 Objective: Calculate the bias currents in the gain stage of the 741
op-amp in Figore 1.7

Solution: Ln Example 13.1, we determined the reference current to be Jger = 0.72mA.
From Equation {13.3), the collector current in (5 is

feyr = fong = 0.78 g = (1.730.72) = 0.54mA

Assuming g = 200 for the npn transistor, the collector cugrent in Qyg is, from Equation
(13.9).

N3
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IeoRs + Vs 0.54 (0.54(0.1) +06

Tryo 2 gy
Cie = fgy + Ra 500 )

or

Comment: The small bias current in J in conjunction with the resistor Ry, ensures
that the inpul resistance to the gain siage is large. which minimizes loading effects on the
diff-amp stage. The small bias current in ), alse means that the base current in Q4 15
negligible, 25 assumed in the dc analysis of the input stage.

Oulput Siage

Figure 13.8 shows the basic output stage of the 741 op-amp. Thisisa class-AB
configuration, discussed in Chapter 8. The g, is supplied by Qa4 and the
input signal is applied (o the base of {3;, which operates as an emitter follower.
The combination of @z and Q)4 establishes two B-E voltage drops between
the base terminals of Q4 and (s, causing the output transistors to be biased
slightly in the conducting state. This Fg5 voltage produces quiescent collecior
currents in {J,4 and Q. Biasing both §, and Oy “on™ with no signal present
at the input ensures that the output stage will respond linearly when a signal is
applied to the op-amp input.

i
iz Qisa Bl

| i3

oY -

Flgure43.8 Basic oulput stage. 741 op-amp, showingcurrents and vollages

The collector of )34 has a scale factor of 0.25 times that of Q.
Neglecting base currents, current J¢3,4 18

Icy3a =0.25ker = fpias (13.10)
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where /pgp is given by Equation (13.1). Neglecting base currents. the collector
current e O, is 2lso equal to J.. The collector current in @y is

Voer
e = —E° 3.1
1]
Therefere,
Tow = s ~ {01y (13.12)

B2

Example 13.3  Objective: Calculate the bias currenls in the cutput stage of the
74| op-amp.

Consider the output stage shown in Figure 13.8. Assume the reverse saluration
currents of g and Oy are Iy = 167" A, and the reverse suturation currents of @4 and
O are Iy =3 x 107" A. Neglect base curtents.

Solution: The reference current, from Exampie 131, is fper = 0.72 mA_ Current Ji-4,
ts then

1’(1_]4 = (OES)IREE = {025](012) =0.18mA = }‘Blih
If we assume Fype = 0.6V, then the current in Ry, is
V‘qﬂq = 0.6

=" = ——=0012mA
Lot Ry 5 m

The current in 4y 8
f('[q o ffl‘} = !('”,__' — fmn =018 =0.012 = 0. 168 mA
For this value of collector current, the B-E voltuge of @y is

; i
Ve = Vrin( 02} = (o.ozﬁnn(-‘”r%’f.—ar) - 0612V

which is close 1o the assumed value of 0.6 V. Assuming 8, = 200 for the npn devices, lhe
base current m O, is
I = ’;3‘_:’. =E'22‘};—AED.3;J&
The current in @)y is now
e 2 dpig = Ty + fgo = 12 +0.8 = 12.8pA
The B E voltage of 2,5 13 therefore

128 x 107° )
Fyes = ¥r o 1628) = 0028y 22X 10) Z o sasv
: Ts 10

The vohage difference Fyg is thos
Fig= Varig + Veps = 0543+ 0612 = 1157V

Since the output transistors ()4 and y are identical, ong-half of Fpg is across each B-
E junction. The quiescent currents in 4 and {, are

! {l"sl - I'JT — 14 LUAT 2000026
f:"!q = g = 1‘3‘8 4 ¥ = ‘! - 10 ! [ LIS72)
O

"('H- ] "('Iﬂ — 133].[’\

ik
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Comment: Using the piecewise linear apbmximalion of 0.6V for the B-E junction
voltage does not allow us to delermine the guiescent currents in @y and Q. For a
more accutate anabysis, the exponential relationship must be used, singe the base-
emitter areas of the oulpul transistors are larger than those of the other transistors,
and because the output transistors are biused at a kow quiescent currenl.

Test Your Understanding

13.7 [n Figure t1.8, replace the (5. @9, and Ro combination by two series diodes
with Ig = 107'* A, Assumc that fey3, is the same as previously determined, and lot
fs=3 x 0T A for Q4 and Oy, Calcvlate Vg, feya. and Fes. (Ans. Vg = 1228V,
!(1.1 = I{?{] = .54l mA)

As the input signal v; increases. the base voltage of Q|4 increases since the
Fgp voltage remains almost constant. The output voltage increases atl approxi-
mately the same rate as the input signal. As v, decreases, the base voliage of
(s decreases, and the output voltage also decreases. again at approximately
the same rate as the inpul signak. The small-signal voltage gain of the output
stage is essentially unity.

Short-Circuit Protection Clrcuitry

The output stage inchudes @ number of (ransistors that are off during the
normal operation of the amplifier. If the output terminal 1s a1 a positive voltage
because of an applied input signal, and if the terminal is inadvertently shorted
to ground potential, a farge current will be induced in cutput transistor Q4. A
large current can produce sufficient heating to cause transistor burnout.

The complete output stage of the 741, including the short-civcuit protection
devices, is shown in Figure 13,9, Resistor R, and transistor Qs limit the current
in 0,4 in the event of a short circuit. If the current in O,y reaches 20mA, the
voltage drop across R is 540 mV, which is sufficient to bias Q)5 in the con-
ducting stage. As Qs turns on. excess base current into @4 is shunied through
the collector of Q5. The base current into (4 is then limited o @ maximum
value, which limits the collecter current.

The maximum current in (hy is limited by components Ry, Gy, and o, 10
much the same way as just discussed. A large outpul current will result in a
voltage drop across R;, which will be sufficient to bias @y n its conducting
state. Transistors {3, and @»y will shunt excessive output current away from
(. to protect this oulput transistor.

13.2.3 Small-Signal Analysis

We can analyze the small-signal voltage gain of the 741 op-amp by dividing it
into its basic circuits and using results previously obtained,
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s

s o Ry =
iy Q}, Q'q SO kL2

L

Figure 13.9 Outputstage.741op-amp withshort-circuitprotectiondevices

Input Stage

Figure 13.10 shows the ac equivalent circunt of the input stage with a differ-

ential voltage v, applied between the input terminals. The constant-current -

biasing at the basz of ¢ and {4 means that (he effective impedance connected
to the base terminal of {4 and @4 is ideally mfinide. or an open circnt.
Resistance R, is the effective resistapce of the uctive Joad and R, is the
inpul resistance of the gain stage.

Yol

Figure 13,10 Theacequivalencircult, inpul stage of 741 op-amp

831
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From the results in Chapter LI, the small-signal differential voltage gain
can be written as

v, s
Ay =" = g (ral Ren IR ) = --(-;—‘?’-)tmﬂ&.m IR (13.13)
Vi Wrr

where [ is the quiescent collector current in each of the transistors @,
through @,, and r,4 is the small-signal oulput resistance looking into the
collector of Q4. Using r,y as the resistance looking into the collector of Q4
neglects the effective resistance in the emitter of (4. This effective resistance 15
simply the resistance looking into the emitter of @, which 15 normally very
small. The minus sign in the voltage gain expression results from the applied
signal voliage polarity and resulting current directions.
The effective resistunce of the active load is given by

Rm‘!] = rufl“ +gmﬁ(R3“rrrh)] (13.14)

as determined in Chapter 10 for the output resistance of a Widlar current
source. From Figure 12.7, the input resistance of the gain stage is

R!ﬂ =Frn T+ 1+ ﬁu]-R;:' (]3 15}
where Rg is the effective resistance in the emiiter of Qyq, as given by

RE = Ryllirayr + (1 + B,)R4] (13.16)

Example 13.4 Objective: Determine the small-signal differential voltage gain of
the 74| op-amp input stage.
Assume npo transistor gains of 8, = 200 and Early voltages of ¥ = 50V,

Solution: The guiescent collector currenis were determined previously in this chapter.
The input resistarice to the gain stage is found from Equations (13.15) and (13.16), as
follows:

_ B.Vr _ 12005(0.026)
RS [ 0.54

=963k

Therefore,
Rp = Rollrm7+ {1 + BalRs] = 500[9.63 + (201)(0.1)] = 13.6 k2

Also,
BV _(20040.026)

Faiy = =5~

e 00138 Tl
Consequently,

Ry =rp HU1+ )R = 329+ (201){i8.6) = 4.07TMQ

The resistance of the active load is determined from Equation (13.14), We find

. BV _ (200)0.06)
™ e 00095

= 547k$:

s 0.0095

s O osesmasy
Ew =7 = 0026 Y



Chapter 13 Operational Amplifier Circuits

and
- =£i° =m5%—5 = 526M®
Then,
Roen = roll + g Rallree)] = 5.26[1 + (03655470 = 7.18 MQ
Resistance r 4 is
_Va_ 40
Iey  (0.0095)
Finally, from Equation (13.13), the smail-signal difierential voliage gan is

I 9.5
i (%)(rnd[[ﬂm,!ilﬁ’ﬂ} = _(ﬁ.02 6)(5.215."?.13“4.0?)

= 5.20 M2

ar
Ay = =636

Comment: The relatively large gain results from the use of an active load and the fact
that the gain stage does not drastically load the input stage.

833

Gain Stage

Figure 13.11 shows the ac equivalent circuit of the gain stage. Resistance R,
is the effective resistance of the active load and R, is the input resistance of the
oulpul stage.

Figure 13.11  Tha ac equivalent circult, gan stage of 741 op-amp

We develop the small-signal voltage gain using Figure 13,11 directly. The
input base current to 04 18

L’fl
ine = Ei (13.17)
la
where R, is the input resistance to the gain stage. The base curreat into 047 is
7 = i ¥
Y N PR AT R

(13.18)
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where i, is the emitter current from (4. The output voltage is
Voo = =Ll R o IRIR 19) . (13.19

where {7 is the a¢ collector current in Q7 and R,;7 ts the output impedance
looking into the collector of (5. Combining Equations (13.17), (13.18), and
(13.19). we geu the following ¢xpression for the small-signal voltage gain:

l‘:; e “'f}r‘i + ﬁ")Rg{Rm-F:“R,}" Rﬂl?}
b RalRy + [rer + (14 8R4

The effective resistance of the active load is the resistance looking into the
collector of Q)3g. or

A

(13.20)

R =ruaw= '“‘!“'i' (13.21H
feng
The input resistance of the output stage can be determined from the ac
equivalent circuit in Figure 13.12. Tn this figure, we assume that the pnp output
transistor O, is active and the npn output transistor ¢y, is cut ofl. A load
resistor R, is also included. Tramsistor Q» operates as an emitter follower,
which means that the input resistance is

5

Figure 13.12 The ac equivalent circuit, 741 op-amp outpul stage, for caiculating input
resistance

Ra=roz+ U+ B Risl Rl (13.22)

Resistance Rg is the scries combmation of the resistance looking into the

emitters of Q;y und @y, and the resistance looking into the collector of

O11,. The effective resistance of the combination of @y, and @y is small
compared to R, therefore,
by

Ris = Ry =104 e

(AKX

(13.23)
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The oultput transislor (4 is also an emiiter follower; therefore,
R:(I = Iyt i1+ ﬁp)RL (13.24)

where the load resistance R is assumed to be much larger than R;.

Example 13.5 Objective: Determine the small-signal veltage gain of the second
stage of the 741 op-amp.

Assume the current gains of the pnp transistors are 8, = 50 and the gains of the
npn transistors ace f, = 200. Also assume the Early voltage is S0V for all transisiors
and the load resisiance connected o the putput is Ry = 2 k. The de quiescent currents
were determined previously.

Solution: First, we calculale the various resistances. To hegin,

£)'7  {50K0.026)
= =942
f{':n 0.138 Sl

Fou =

which means that

Ry =t + (1 + B )R, =9.42 4+ (51N = 11 kQ

Adso,
F, S0
Ry =r 3= -——=—>=278kQ
| aldf I('”_.‘ 07 I B
and
roos = Bt CONOD0) k0

Iy 018
The mput resistance to the ovtput stage is therefore
Ry = ron + (1 + B[R slIRy) =722+ GN8N LT = 405 M&2

The elfective resistance of the active load 1s

K 50
Rp=—-Ll =2l —926kQ
Weite .Ii'('"'l; 0.54
and the output resistance R,; is
[P |
w1 = =02 6kR2

Ko Ien 054
This calcatation neglects the very small value of Ry in the emitier.

Fsom Equation (1320}, the small-signal voltage gain is as follows (all resistances
are given in kilohms):

4o el + ARl R Ry) | ~1200)201 X S092,6(14050]192.63
T Ra[Ra +[rer + (L+ BRI} 4070[50 + [9.63 + (20150 17])

or

4. = —28%

Comment: The voltage gain of the second stage is fairly large, again because an active
load s wsed and because there is no severe loading effect (rom the output stage.
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Overall Gain

In calculating the voltage gain of ¢ach stage, we took the loading effect of the
following stage into account. Therefore, the overall voltage gain is the product
of the individual gain fac.ors. or

Ay = Agdad, (13.25)

where 4,3 is the voltage gam of the output stage. 1§ we assume that 4,5 = 1, as
previously discussed, then the overall gain of the 741 op-amp is

A, = AgA2d,) = (-636)—285K 1) = 181,260 {13.26)

Typical voltage gain values for the 741 op-amp are in the range of 200,000,
The value determined in our calculations illustrates the magnitude of voltage
gains that can be obtained in op-amp circuits.

Oulput Resistance

The output resistance can be determined by using the ac equivalent circuit in
Figure 13.13. In this case, we assume the oulput transistor ¢ is conducting
and (24 is cut off. The same basic result 1s obtained if Q)4 1s conducting and
(o is cut off. We again rely on resuits obtained previously for output resis-
tances of basic amplifier stages.

The output resistance is

Rn = R? + R?Eﬁ {1327)

Flguret3.13 The ac equivalent circuit, 741 op-amp output stage, for calculating output
rasistance
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where

fazo + R R0
Ry = .

Previously we argued that the series resistance due to 5 and Q9 1s small
compared to R, 3. 50 that R 3 2 R, |34 We also have

R T2 R 7R 38
= {1+ 8,

(1329

where
Ross =ras
and
Raq = topll + ganr(Rellra1r)]

The output resistance of the op-amp is then found by combining all the resis-
lance lerms.

837

Example 13.6 Objective: Calculate the output resistance of the 741 op-amp.
Consider the output stage configuration in Figure 13.13. Assume the output current
is 1ag = 2mA and all other bias currents are as previously determined.
-

Sottion:  Using B, = 200, g, = 50. and 1, = 50V, we find the following:

Fyy7 =5 ';;'ﬂ:,l kn Fpaz = 7.22 kQ l'.rzu = 026"9
Gy = 08MA/V £ =926k e = 92.6kS2
Then,

R = roprll + gogr(Rullran)) = 92.6[1 + (20,830, 1 19.63)] = 283 k&2

and

R., =22 + RR e _ 722+ 831926 | 51k

o 1+ 8,) LH
Alsy.
¥ 5

Ry 2 R = Ffurva =E_:; = 618 = 218k
Therefore

Ry = 1220 +RaflRye 026+ 1511278 —

(L+8,) 51
Conseyuently, the output resistance is

R" = RT + R'.:n, = 22 + 34.5‘ = 56-59
Comment: We showed previously that the output resistance of an emitter-foliower

circuit is low, For comparison, typical output resistance values [or the 741 op-amp are
7562, This correlates well with our analysis.
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13.24 Frequency Response

The 741 op-amp is internally compensated by the Miller compensation tech-
nique to introduce a dominant low-frequency pole. From Miller's theorem, the
effective input capacitance of the second gain stage is

C=Cill +idal)) (13.30)
The dominant low-frequency pole is
1
= 33
Seo IR {13.31}

£ s

where R,, is the equivalent resistance between the second-stage input node and
ground, and is

Reqg = RallR: (13.32}

Here R;; is the input resistance of the gain stage and R,y is the output resistance
of the diff-amp stage. From Figure 13.10, we see that

Rul = Rm'!l ”rn-l (1333)

Example 13.7 Objective: Delermine the dominant-pole frequency of the 741 op-
amp,
Use appropriate resulls from previous calculations. -

Solution: Previously, we determined that 14,5 = 285, which means thal the effective
input capacitance 15
Ci= O + | A1) = (J0N] + 283) = R330pF
The gain stage inpui resistaince was found to be £; = 407 MQ. We find
R = Rouilires = 11811526 = 304 M$2
The equivalent resistance 5 then
Reg = Rutl Ry = 3.04]4.07 = |.7AMSR2

Finally. the deminant-pole frequency 1s

: ! - = 10.7Hz

Jrp = R T Tw(1.7 (003580 X 107

Comment: The very large equivalent input ¢apacitance C; justifies neglecting any
other capacitance effecis 4t the gain stage input.

If all other poles of the op-amp circuit are at very high frequencies, then
the unity-gain bandwidth is

'fT = AwrPH {!33‘4)
Using our results, we find that
Sr=(181.260)10.7) = 1.9MHz (13.35}

A typical unity-gain bandwidth value for the 741 op-amp is | MHz. With
all the approximations and assumptions, such as the value of reverse saluration
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current and Early voltage, used in the calculations, a fictor of two between the
actual and predicied cutoff frequency is nol sigmticant,

[f the frequencies of the other poles of the 741 op-amp are greater than
1.9 MHz, the phase margin is 90 degrees. This phase margin ensures that any
closed-loop amplifier circuit using the 741 ep-amp will be stable for any feed-
hack transfer function.

‘Problem-Solving Technique: Operational Amplifier Clrcuits

l. DC analysis. The bias portion of the op-amp circuit must be identified. A
reference current must be determined and then the bias currents in the
individual building blocks of the overal! circuit can be determined.

2. AC anuaiysix, The small-signal properties of the building blocks of the over-
all circunt can be analyzed individvally. provided that the loading effects of
follow-on stages are taken into account.

Test Your Understanding

13.8 The power supply voliages for the 74] ep-amp in Figure 133 are F* = 10V
and I'7 = —10V. Neglect base currents and assume Fgelopit) = Vegdpap) = 0.6V,
Culeolate the bias currenis Tpge, Feowe foae forzg and fepg. (Ans. frep = 047 mA,
T = 17208, L =R0pA, Jopng = 0333 mA. 1y, = 0118 mA)

*43.9 1n the 74] op-amp output stage in Figure 133, the combination of (5, Uy,
and Ky 15 replaced by two series diodes with [ = 10 " A. The transistor parameters
are: f, = 200, #, =50, and ¥, = 30V, Assume the same de bias currents ¢alculated
previously, Caleulate the output resistance. assuming ), is conducting, producing a
load current of 5mA. (Ans. 41 Q)

13.3 CMOS OPERATIONAL AMPLIFIER CIRCUITS

The 741 bipolar op-amp is a general-purpose op-amp capable of sourcing and
sinking reasonably Jarge load currents. The output stage is an emitter [ollower
capable of supplying the necessary load current, with a tow output resistance to
mipmize loading effects.

In contrast, most CMOS op-amps are designed for specific on-chip appli-
cations and are only required to drive capacitive loads of a few picofarads.
Most CMOS op-amps therefore do not need a low-resistance output stage,
and. if thc op-amp inputs ar: not connected directly to the IC external
terminals, they also do not need electrostatic input protection devices.

I this section, we will initially consider a simple CMOS design to begin 1o
understand the basic concepts of a CMOS op-amp. We will then consider a
more sophisticated CMOS op-amp design. called a folded cascode op-amp,
and then analyze a current-mirror CMOS op-amp circuit. In each case we
will do a dc analysis/design and then a small-signal analysis/design.
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13.3.1 MC14573 CMOS Operational Amplifier Circuit
Circuit Description

An example of an all-CMOS op-amp is the MC14573, for which a simplified
circuit diagram is shown in Figure 13.14. The p-channel transistors A, and M,
form the input differential pair. and the n-channel transistors M4 and M, form
the active load. The diff-amp input stage is biased by the current mirror M
and M, in which the reference current is determined by an external resistor
L .

The second stage, which is also the outpult stage, consists of the common-
source-connected transistor M. Transisior My provides the bias current for
M, and acis as the active lpad. An internal compensation capacitor €, is
included to provide stability.

0

Figure13.14 WC 14573 CMOS op-ampequivalent circuit

DC Anaglysis

Assuming transistors M5 and M, are matched, the reference and input-stage
bias curtents are given by

V=¥V - Fgs

=1, = 13.16)
"fSB[ Q Rstl (
The reference current and source-lo-gate voltage are aiso related by
T = Kos(V s + Vel (13.37)

where Vpp and K5 are thie threshold voltage and conduction parameter of the
p-channel transistor M.
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Example 13.8 Objective: Determine the de bias currents in the MC14573 op-amp.

Assume transisior parameters of (V7| =05V (akl transistorsh, ($,Co. =
20pA/¥, hu,C,, = 10 uA/V2, and circuit parameters of VY =3V, ¥ = -5V,
and R = 225kSQ. Assume transistor width-to-length ratios of 6.25 for M, and M,,
and (2.5 for all olher transistors,

Solution: For transistors M and M. the conduction parameters are:

W £
K, = ('E)(3 .vaCaw) = (12.5%10) = 125 pA/V?

Combining Equations (13.36) and {(13.37) yields the source-1o-gaie voltage of Ms:

VY-V — Vs

KlVgos + VoY = R

ar

5+5— Vsys

25V s — 0.5 =
0.125(¥ g5 — 0.5) 735

which yields
Vo = 1L.0BY
From Equation {13.36), we have

LG — 1.06
JRFF = .’L) - '-—?25— =}' 397 '.I.A

The quiescent drain currents in My and My are then also 32.7pA. and the currents in
M, through M, are 199 pA.

Commaent: The quicscent bias currents can be changed easily by changing the external
resislor R, Transistors Ms, My, and My are identical, so the currents in these three
devices dre equal since the source-1o-gate voltages are the same. The width-to-length
ratio of M, is twice that of M; and M,. which means the current in M4 is twice that in
M, and M,. However, this is consistent with lhe current-source transistor currents.

Test Your Understanding

*13.10 Using the parameters given in Example 13.8, determine the mput commaon-
mode voltage range for the MCi4573 op-amp. (Ans. —4.60 < v,,(cm) < 3.54V)

43.41  Using the parameters given in Example |3.8, determine the maximum and
minimom output voltage in the MC14573 circuit such that the op-amp remains biased in
its Yinear region. (Ans. —4.44 < vy = +4.44V)

Small-Signal Analysis

The small-signal diiferential voltage gain of the input stage can be written as

Aq = \J2Kp g Cruzlires) (13.38)
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where r,. and r,, are the output resistances of M, and M, respectively. The
input impedance to the second stage is essentially infinite; therefore, there is no
loading effect due to the second stage. 1f we assume that the parameter X 13 the
same for all tramsistors, then

[ .
For =¥ = T (13.3%

where ), which is the quescent drain current in My and My, is fp = 172,
The gain of the second stage is

Auz — gm?(ru'l‘ “r;.vﬁ) {13“4‘]}
where *

&1 = 2y Kinlps
and

Fram=rag= l'lrll,D?

kL

Equation (11.40) implies that there is no loading effect due to an external load
connected at the output.

Example 13.9 osbjective: Determine the small-signal voliage gains of the inpat
and second slages, and the overall voltage gain, of the MC14573 op-ump.

Assume the sume transistor and circuit parameters as in Example 138, Let & =
0.02 V™! for all transistors.

Solutlon: The conduction parameters of My and W, are

Wy (1 g
K=Ky = (T)(E ,1,,(;,\) = (12510 = 125 pA/V?

and the output resistances are

|
o B0, ) ety = 2.51 MQ

From Equation {13.38), the gain of the input stage 15 then

Ae = ﬁ}'-’m Iy (#arllrua) = /HONZEHO.03T)( 25302510}
or

Ag =125

The transconductance of M; is

207 = 2 K fpy = 2/(0.25M(0.0397) == 0,199 mA/V

and the output resistances ol M, and My are
1 J
ST T Ay (0.02)0.0897)
From Equation {13.40}, the gain of the second stage is then
Ay = Emilrorllrg) = (0. 199312600 260) = 125

= 126MQ

Finally, the overall voliage gain of the op-amp 15
A, = AgAd,; = (1250125) = 15,625
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Comment: The calculated overall voltage gatn is 84 dB., which correlates faidy well
with typical values of 90 dRB, as listed in the data sheet for the MC14573 op-amp. The
open-leop gain of 2 CMOS op-amp is generally less than that of a bipolar op-amp, but
the use of active loads provides acceptable results.

Test Your Understanding

*“43.12 Consider the MC14573 op-amp in Figure 13.14. Assume the same circuit and
transisiot parameters as given in Examples 13.8 and 3.9, except change R, to 100k,
(a} Catculate all de bias currents. {b) Determine the overall voltage gain of the op-amyp.
(Aps. (a) fe=lp=Ipp=1pr=86TpA Ip =lp = Ip3 =gy =lp/2 = 43.35pA
(b) 7189)

13.3.2 Folded Cascode CMOS Operational Amplifier Circuit

As we have mentioned previousty, the voltage gain of an amplifier can be
tncreased by using a cascode configuration. In its simplest form, the conven-
tional cascode configuration consists of (wo transistors in series, as shown in
Figure 13.15(a). The transistor M; is the common-source amplifying device
whose current is determined by the input voltage. This current is the input
signal 1o M., which is connected in a common-gate configuration. The ouiput
is taken off the drain of the cascode iransistor. The circuit in Figure 13.15(b)
has a shghtly different configuration. The dc current | in M) is determined by
the input voltage. The dc current in M, is the difference between the bias
currest f and £,

Vaa _l My

(@ = {b)
Figure 13.15 (a) Classical cascode stage; (b} tolded-cascode slage

The ac current in the conventional cascode circuit of Figure 13.15(a) is
through both transistors and the de power supply. The ac current in the cas-
code circuit in Figure 13.15(b) is through both transistors and ground as
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mdicated in the figure. The ac current in M, of this circuit is equal in magni-
tude but in the opposite direciion to M. Thus the current is satd to be {olded
back and the circuit in Figure 13.15(b) is called a folded cascode circuit.

The folded cascode configuration can be applied to the diff-amp as shown
in Figure 13.16. The wansistors M, and M, are the differential pair, as usual.
and transistors A and M, are the cascode transistors. Transistors M—M,,
form a modified Wilson current mirror acting as an active load. This config-
uration was discussed in Chapter 10. The biasing Vg and Iz must be pro-
vided by a separate network.

M,

QL
L

M

L

Figure i13.16 CMOS folded cascode amplifier

Assuming that transistors My, M, and M| —M;; are all matched, then the
dc currents in M, and M are ippp/2 and those in M, and M, are fgep. This
means that the dc currents in the cascode transistors M and M, are Ippg/2.

If a differential-mode input voltage is applied, then ac currents are induced
in the differential pair as shown in the figure. The ac current in M, flows
through M, to the output. The ac current in M; flows through Ms and is
induced in My by the current-mirror action of the active Joad. From previous
work on diff-amps, the differential-mode voltage gain is

Ay = gm1(Rogll Rog) (13.41)
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where

Rux = Bas(rustoro) {13.42(a))
and

Ris = BolFss)roallra) {13.42(b))

We may note that we are neglecting the body effect. Normally the subsirates of
all NMOS devices are tied to V™ and the substrates of all PMOS devices are
tied to V™.

Example 13.10 Objective: Determiine the differential-mode voltage gain of the
folded cascode diff-amyp in Figure 13.16.

Assume circuit and transisior parameters: fpgp = 100pA, &, =80 MASYE,
kj= A0 pA/VI (W/LY =25, and &, =&, = N02V~L

Soluflon: The transconductances are determined (o be

k, W

and

k. W 80
ey = Pt = 4T pA Y
The Iransistor output resistances are found ke be

1 |

Tl = Tob = Tl = Fald = 07 = (0502)50)
and

n B L
Mps  (0.02%100)

=0.5M2Q
The compsite output resistances can be determined as
Ry = tuatraran) = 16)(H(1) = 316 MO
and
Rot = Ennl{ron Weoallfor) = (447TH1H0.5I1) = 149 M
The differential-mode voltage gain is then
Ay = gt Ral| Rog) = (316)(149]1316) 2= 32,000
Comment: This cxample shows that very high differential-mode vottage gains can be
achieved in a folded cascode CMOS circuit. In actual circuits, the output resislances
may be limited by leakage currents 5o the very ideal values may not be realizable.

However, substantially higher differential-mode voltage gains can be achieved in the
folded cascode configuration than in the simpler diff-amp circuits.
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Test Your Understanding

13.93  Assume the reference cucrent in the folded cascode circuit shown in Figere
13.k6 15 Tepp = 50 pA. Assume the transistor parameters are the same as given in
Example 13.10. Determing the differential-mode voltage gain. (Ans. & 64,000)

13.3.3 CMOS Current-Mirror Operational Amplifier Circuit

Another CMOS op-amp circuit is shown in Figure 13.17. The differential pair
is formed by M, and M. The induced ac currents from these transistors drive
transistors M3 and M, which are the inputs of two current mirrors with a
current multiphication factor B. The current output of M; is then induced n
Mg by the current-mirror action of M; and M. The output signal currents
then have a multiplication factor B. The differential-mode voltage gain is then
given by

Yo

As= P Bg{ralirag) (13.43)
d

b

Figure 13.17 CMOS current-mirror op-amp

The factor of B in the gain expression of Equation (§3.43) may be slightly
misleading. Recall that the individual transistor output resistance is inversely
proportional to the drain current. If the current in the outpui transistors
increases by the factor B, then R, = rnlr,y decreases by the factor B so the
differcntial-mode voltage gain remains unchanged.
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The advantage of the current-mirror op-amp is an increase in the gain-
bandwidth product, The dominant-pole frequency will be determined by the
parameters at the output node. The dominant-pole frequency is given by

(13.44)
where R, is the output resistance, C; is the load capacitance, and C, is the sum
of ali other capacitances at the output node. If R, decreases by the factor 8,

then the dominant-pole frequency increases by the same faclor 8. The pain-
bandwidth product is

GBW = A, [y (13.45)

Since A, 15 now ndependent of & and f,; increases by B, then the gain-
bandwidth product increases by B.

Further analysis of this circuit shows that the phase margin decreasss with
increasing 8. As a practical limit, the maximum value of B is limiled to
approximately 3.

847

Test Your Understanding

13.44 Consider the CMOS current-gain op-amp in Figure 13.17. Assume the bias
current 15 fy = |[00pA and assume transistor parameters k. = BOpA/Y", Kt
0pAIY, and A, = A, = 0,02V~ Assume the basic W/L ratio of the transistors is
20 and let 8 =3. {a) Determine the smali-signal voltage gain. (b} If the effective
capacitance at the output node is €y + C, = 2pF. determine the dominant-pole fre-
quency and the gain-bandwidth product. (Ans. 4a) 200, (b) 477kHz, 95 MHz)

133.4 CMOS Cascode Current-Mirror OP-Amp Circuit

As we have already seen, the differential-mode gain can be increased by adding
cascode transistors in the output porton of the circuit. Figure 13.18 shows the
same current-mirror configuration considered previously but with cascode
transistors added to the output. Transistors Mo—M,, are the cascode transis-
tors. The difterential-mode voltage gain is given by

]If’
Ay = v B (R0l Ra12) {13.46)
where
R = Lmiolr oot s} (13.47)
and
R = gaialraiares) {13.48)

The advantage of this circuit is the increased gain at low frequency. The gain—
bandwidth product of this circuit is nol changed from that of the simple
current-mirror op-amp considered previeusly.
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Figure 13.18 CMOS cascode current-mirrar op-amp

Test Your Understanding

13.98 Consider the CMOS cascode current-mirror op-amp in Figure 13.18. Assume
the bias current and transistor parameters are the same as in Exercise 13.14. Repeal
parts (a) and (b} of Exercise [3.14 for this circuit. (Ans. (a) 38171, (b) 2.50kHz,
95.4 MHz)

13.4 BICMOS OPERATIONAL AMPLIFIER CIRCUITS

As discussed in Chapter 11, BICMOS circuits combine the advantages of bi-
polar and MOSFET devices in the same circuil. One advantage of MOSFETs
is the very high input impedance. Therefore, when MOSFETs form the input
differential pair of an op-amp, the input bias currents are extremely small,
However, the equivalent noise of the input stage may be greater than for an
all-BJT op-amp.

In this section, we will examing two BICMOS op-amp circuits. The first is a
variation of the folded cascode configuration analyzed in the last section and
the second is the CA3140 BiCMOS op-amp. Since we previousiy fully analyzed
the folded cascode circuit, we will discuss, here, the advantages of using the
BiCMOS technology. Many features of the CAJI4} BICMOS op-amp are
similar to those of the 741, Therefore, we will not analyze this op-amp in as
greai a detail as we did the 741, lnstead, we will concentrate on some of its
unique features.
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13.4.1  BiCMOS Folded Cascode Op-Amp

Figure 13.19 shows an example of 4 BiICMOS folded cascode op-amp. The
cascode transistors, (s and (), are now bipolar devices, replacing n-channel
MOSFETSs. The small-signal voltage gain expression for this ctreuit is identical
to that of the all-CMOS design. We have mentioned that the dominant-poie
frequency is determined by the circuit parameters at the cutput nede because of
the very large output resistance. Nondominant-pole [requencies are then a
function of the parameters at the other circuit nodes. In particular, one node
of intercst 15 at the drain of an input transistor and emitter of a cascode
transistor. The nondominant-pole frequency can be written as

Jiap = S {13.49)

23‘?(},&

M!] |

o

(- ]
M3 I T My

Sl
"

Figure 13.19 BiCMOS foided cascode amplifier

where ¢, is the transconductance of the cascode transistor @, and C is the
effective capacitance at this node. Since the transconductance of a bipolar is
usually greater than that of a MOSFET, this 3 dB frequency is larger for the
BiCMOS circuit than for the all-CMOS design. This result means that the
phase margin of the BICMOS op-amp circuit is farger than that of the ail-
CMOS op-amp.
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Test Your Understanding

13.18 Consider the BICMOS folded cascode amplifier in Figure 13.19. Assome the
circuit and MOS ransistor parameters are the same as in Example 13.10. Assume BIT
parameters of g = 120 and ¥, = 80V, (a) Determine the smail-signal voltage gain. (b) I
Lhe effective capacitance at the output node 13 2 pF. datermine the dominant-pole fre-
quency and the gain-bandwedth preduct. [Ans. (a) 76,343, (b) 329Hz. 25.1 MHz)

1342 CA3140 BiCMOS Circuit Description

Figure 13.20 shows the basic equivalent circuit of the CA3140 op-amp. Like
the 741, this op-amp consists of three hasic stages: the input differential stage.
the gain stage, and the output stage. Also shown in the figure are: the bias
circuit, which establishes the d¢ bias currents in the op-amp: and a section
referred te as a dynamic current sink. which witl be explained Fater. Typical
supply voltages are " =[5V and V7" = -5V,

input Diff-Amp

The input differential pair consists of p-channel transistors My and M. and
transistors Q,; and @, form the active load for the diff-amp. A single-sided
output at the collector of @; is the input signal to the following gain stage.
Two offset null terminals are also shown, and will be discussed in the next
chapter.

MOS transistors are very susceptible to damage from electrostatic charge.
For example, electrostalic vollage can be inadvertently induced on the gate of a
MOSFET during routine handling. These voltages may be great enough to
induce breakdown in the gate oxide, destroying the device. Therefore, inpul
protection against electrostatic damage is provided by the Zener diodes Ds, Dy,
and Ds. [f the gate voltage becomes large enough, these diedes will provide a
discharge path for the electrostatic charge, thus protecting the gate oxide from
breakdown.

The dc current biasing is initiated in the bias circuit. The elements labeled
D and D, are diode-connected transistors. Transistor (2 and diode D) are
malched, which forces the currents in the twe branches of the bias circuit to be
equal. The current is determined from {5, R,. and Mz The combination of Q¢
and (), makes the bias current ¢ssentially independent of the power supply
voltages.

Gain Stage

The second stage consisis of Q)3 connected in a common-emitter configuration.
The cascode configuration of transistors (f; and ¢, provides the bias current
for {3, in addition to acting as the active load. Since (5 and ¢, are connected
in a cascode configuration, the resistance looking into the collector of @y is
very high.
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Figure $3.20 CA3140 BICMOS op-amp equivalent circuit
Oulput Stage

The basic output stage consists of the npn wransistors @7 and Q. During the
positive portion of the output voltage cycle, 0y acts as an emitter follower,
supplying a load current. During the negative portion of the output voltage
cycle. Q) sinks current from the load. As the owtput voltage decreases, the
source-to-gate voltage on the p-channel M MOSFET increases, producing a
larger curtent in Dy, and R; so that the base voltage on Q4 increases. The
increase B-E voltage of @\, allows increased 1oad current sinking, Short-circuit
protection is provided by the combination of Ry and Q4. If a sufficiently large
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voltage is developed across Ryy, Oy turns on and shunts excess base current
away from Q.

An abbreviated data sheei for the CA3140 op-amp 1s in Table 13.2, As
beflore, we will compare the results of our analysis to the values listed in the
table,

Table13.2 CA3140BICMOS gata

Patameter Mindimom Typical Maximum Units
Inpul bias current 10 50 pPA
Open-loop gain 20,000 100,000 Vv
Unity-gain frequency 4.5 MHz

13.43 CA3140 DC Analysis

In this section, we will determine the dc bias currents in the CAJ140 op-amp.
As previously siated, we will concentrate on the features that are unique 1o the
CA3140 compared to the 741.

The basic bias circuit is shown in Figure 13.21. The current mirror con-
sisting of (0 and D, ensures that the two branch currents J; and I, are equatl.
since &) and D, are maiched. The p-channel MOSFET My 1s to operate in the
saturation region, so that we must have

Vep = Voo — Vel (13.50)

Figure13.21 Biagcircuit CA3140 BiCMOS op-amp
From the figure, we see that

Fic=Vsp+¥Fp (13.51)
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or

Vsn = Vs~ Vo (13.52)
Combining Equations (13.52) and (13.50) yields

Vo = Vp > Vsg — Ve (13.53)

which implies that |Vypl > Vp. In other words, for Mg to remain biased in the
saturation region, the magnitude of the threshold voltage must be greater than
the diode voltage.

From the Jeft branch of the bias circuit, we see that the current can be
written

Ve = F
b= iy ="t (13.54)
R
and from the right branch, we have
h =K Vs — |V zpl)” (1355)

Since I, = b, a simultaneous solution of Equations (13.54) and (13.55) deter-
mines the currents and voltages in this bias circuit.

BS3

Example 13.11 Objective: Determine the currents and voltages in the bias circuit
of the CA3140 op-amp.

Consider the bias circuit in Figure 13.21, with parameters: ¥* = 15V, V™ =—15V,
und Ry = 8 kS2. Assume transistor parameters of ¥ ge(nipn) = Feg(pap) = 0.6 V for the
bipolars, and K, =0.2 mA/V? and | Vel = 1.4V for the MOSFET M.

Solution: Set /; = fr. Then, from Equations (13.54) and (13.55), we find
Fo; =249V and L =5 =0236mA

The voltage at the colleclor of Qg is
Fep = Py + ¥ =249~ 15 = =125V

and the voltage at the collector of Q5 is
Ver =¥ — Veg = Vige=15-06-06= 118V

Therefore, the collector—base junctions of both @, und ¥, are reverse biased by
13.8 — (=125} = 26.3V. and both Q, and Q; are biased in the active region.

Comment: The nominal bias current listed in Table 13.2 is 200 pA, which correlates
well with our calcalaied vatue of 236 pA. As long as the B-C junctions of Q¢ and ¢
remain reverse biased, the hias currents remain constant. This means thal the bias
current is independent of ¥+ and ¥~ over a wide range of voltages.

The PSpice analysis, using s = 2 x 10" A for the BFTs shows that the currents in
the two branches of the current source are ¢ssentially 220pA. This compares very
favorably with the 236 A obtained by the hand analysis.

Transistors 0, through Qg and diode D in Figure 13.20 are all matched,
which means that s = Jes = 200 pA. The current in D, establishes the diode
voltage that also biases Q4 and Q5. The nominal value of I¢yg i5 2mA.
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13.44 CA3140 Small-Signal Analysis

We analyze the small-signal voltage gain of the CA3140 op-amp by dividing
the configuration inte its basic circuits and using results previcusly obtained.
Input Stage

From the results in Chapter 11, the small-signal differential voliage gain can be
written

.‘1.,} = 2KPIQ5{F.G|‘J ' RJ{TIH R;:] {1356}

where g5 is the bias current supplied by ¢ and Qs. Resistance r, g is the
output resistance looking into the drain of My, R, 13 the effective resistance
of the active load, and R;, is the input resistance of the gain stage.

Example 13.12 objective; Calculate the small-signal dilicrential volage gan of
the CA3140 op-amp input stage.

Assume a conduclion parameter value of K, = 0.6 mA V- for M. an npn bipolar
current gain of 8, = 200, and a bipolar Early voltape of V', = 30V,

Solution: The input resistance to the gain stage is R = ryp3; therefore,

B.Vr  (20000006)
B ol il O TG 7
L 0.20

Rp=ra=

Resistances r,; and R,,; are normally in the hundreds of Kilehms or megolim range, so
the small value of R,» dominales the parallel resistance valug in the gain expression. We
then have

g 2K st R = YO GHOD) (26) = 12.7

Comment: The low inpul resistance of the gain stage severely loads the input stage.
which in turn results in 2 relatively low voltage gain for the input stage.

Gain Stage

The magnitude of the small-signal voltage gain for the second stage 15
|Aa-2| = Emu'("r:nllRm "R:H} “3;‘?)

where R,; is the input resistance of the output stage and R4 i$ the output

resistance of the cascode configuration of @y and Q. Transistor @y, which

is the inpul transistor of the output stage, is connected as an emitter follower.

which means thut R;; is typically in the megohm range. Simiarly. the output

resistance R, of lhe cascode configuration is typically in the megohm range.
The voltage gain of the second stage is then approximately

| A2k = gari3Fa13 (13.58)
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Example 13.13 oObjective: Calculate the small-signal voltage gain of the sscond
stage of the CA3140 op-amp.
Assume an Early voltage of V, =150V for Q..

Solution: The transconductance is

ey 020
Emiy = 7 = 0026 = T.69mA/V

and the oulput resistance Is
V, 150
fen 020
The voltage gain is therefore

|zl = Bamiatony = (7.694750) = 5768

= 750k

fﬂ|3=

Comment: The second stage of the CA3140 operational amplifier provides the major-
ity of the veltage gain.

Overail Gain

Since we have taken the toading effects of each following stage into account,
the overall voltage gain is the product of the individual gain factors, or

A, = Agdadn (13.59)

where 4,; is the voltage gain of the output stage. If we assume that 4,3 = | for
the emitter-follower output stage, then the overall gain of the CA3140 op-amp
13

A, = AgApd s = (12.D(5768)(1) = 73254 (13.60)

Typical values of the gain of the CA340 op-amp are in the area of
100,000; thus, our calculations are in reasonable agreement with this value.

Frequency Response

The CA3140 op-amp is internally compensated by the Miller compensation
technique to introduce a dominant pole, as was done in the 741 op-amp. The
feedback capacitor C, is 12 pF and is connecied between the collector and the
base of ;1. as shown in Figure 13.20. From Miller’s theorem, the eftective
input capacitance of the second stage is

Co=Ci(l + 4a]) (13.61)
The low-frequency dominant pole is

1

fep = AR C R.C,

(13.62)

where R,, is the equivalent resistance between the second-stage input node and
ground. Since this resistance is dominated by the input resistance to ¢}, we
have

Re= Rap=rty {13.63)
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Example 13.914 Objectlve: Determine the dominant-pole frequency and unity-
gain bandwidth of the CA3 140 op-amp.

Again, we will use resulis from previous calculations.

Solutlon: Previously, we determined that |A4,.| = 5768; therefose, the effective input
capacitance is

Ci =0l + 142D = 12(] + 5768) = 69,228 pF
The gain stage inpul Tesistance is

Ro=rq = 26kQ
which means that

|
fep = = 3 | =
TARAC, 2726 x 10°)(69.228 x 10-12)

=§8Hz

Finally, the umty-gain bandwidth 5
Ir=fend, = {38){73.254) = 6.4 MHz

Comment: This unity-gzin bandwidth value compares favorably with typical values of
4.5 MHz listed in the data sheet.

LET

Rﬂ] =1k

V-

Figure 13.22 Figure for
Exercise 13,19

Test Your Understanding

13.17 Using the CAJL40 op-amp circuit and the transistor paramelers given in
Example 13.11, determine the minimum supply voltages that will still mainain @ and
¢; in the active region. Assume VT = —F " (Ans. " =¥~ = 186V)

13.18 Consider the CA3140 op-amp bias circuit in Figure 13.21. Assume thal
Vapr =0.6V and R, = 5k$2 H the p-channel MOSFET parameters are K, = 0.3mA/
V2 and Vsl = 14V, determine /i, b, and Veg (Ans, Vg, =284V, I = L =
2.388 mA)

*13.19 Assume the gain stage of the CAM40 op-amp is modified to include an
emitter resistor, as shown in Figure 13.22. Let 2 = 0.02V™' for M,,. Assume all
other transistor parameters are the same as those in Example 13.12. If the transistor
bias currents in M, and @, are 100 A and the current in Q3 is 200 pA, determine the
new value of the small-signal differential voltage gain of the input stage. {Ans. 69.1)

13.5 JFET OPERATIONAL AMPLIFIER CIRCUITS

The advantage of using MOSFETs as input devices in a BICMOS op-amp 1s
that extremely small input bias currents can be achieved. However, MOSFET
gates connected to outside terminals of an IC must be protected against elec-
trostatic damage. Typically, this is accomplished by using back-biased diodes
on the input, as was shown in Figure 13.20. Unfortunately, the input op-amp
bias currents are then cominated by the leakage currents in the protection
diodes, which means that the small input bias currents cannot be fully realized.
JFETs as input devices also offer the advantage of low input currents, and they
do not need electrostatic protection devices, Input gate currents in a JFET are
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usually well below 1nA, and are often on the order of 10pA. In addition,
JFETs offer greatly reduced noise properties.

[n this section, we will examine twe op-amp configurations using JFETs as
input devices. Since the analysis is essentially identical to that given in the last
two sections. we will limit ourselves 1o a general discussion of the circuit
characteristics.

13.5.1  Hybrid FET Op-Amp, LH002/42/52 Series

Figure 13.23 is a simplified circuit diagram of an LHO002/42/52 seties op-amp,
which uses a pair of JFETs for the input differential pair. Note that the general
layout of the circuit is essentially the same as that of the 741 op-amp.

] & }JQIB
'QS Qﬁ IW_KQF:

V-

Figure13.23 Equivalentcircud, LHR022/42/52 series hybrid JFET op-amp

The input diff-amp stage consists of transistors J,, J;, @3, and @, J, and
J, are n-channel JFETs operating in a source-follower configuration. The
differential output signal from J, and J; is the input to the common-base
amplifier formed by @, and Q4 which provides a large voltage gain.
Teansistors Js, %, and (4 form the active load for the input stage.

The gain stage is composed of Q45 and Q7 connected in a Darlington pair
configuration. This stage alse includes a 30 pF compensation capacitor. The
output stage consists of the complementary push-pull emitter-lollower config-
uration of Q4 and Q3. Transistors 0,4 and Q@ are biased slightly “on” by
diodes (0, and Q4. 10 minimize crossover distortion. Transistors Qs and Qs
and the associated 2752 and 22 £I resistors provide the short-circuit protection.
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An abbreviated data sheet for an LHO042C op-amp is shown in Table 13.3.
Note the very large differential-mode input resistance and the low inpot bias
current.

Yable 13.3 LHO0042Cdata

Parameler Mininum Typical Mizximum Units
Inpuy bias current 15 . 50 pA
Differential-mode input resistance 10" Q
Input capacitance 4 pF

Open-loop gam (R = 1k82) 25,000 100,000 ViV
Unity-gain frequency 1 MHz

13.5.2  Hybrid FET Op-Amp, LF155 Series

Another example of a JFET op-amp is the LF155 BiFET op-amp. A simplified
circuit diagram showing the input stage is in Figure 13.24. The input BiFET
op-amp stage consists of p-chamnel JFETs J, and J; hiased by the bipolar
transistor Q. The active load for the input diff-amp consists of the p-channel
JFETs J; and J,, for which V55 =10

QE ] aeL;ll o
¢

Figure13.24 Equivalentsircuit, LF156BIFET op-amp input slagés
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A two-sided output from the input diff-amp stage is connected to a second
diff-amp stage consisting of Darlington pairs 5 through Q3. The second, or
gain, stage is biased by bipolar transistor Q. The cascode configuration of J;
and @, form the active load for the gain stage.

The circuit has a common-mode feedback Yoop in the bias circuit. The base
of Q; is connected to the collector of Q5. If the drain voltages of f, and J,
increase, the Darlington second stage drives the base voltage of (¢ higher. The
current in Q,, then increases, reducing the drain currents in /| and J;, since /¢y
is a constant current. Smaller drain currents cause the voliages al the J, and J;
drains to decrease, which then stabilizes the drain voltages.

JFET J¢ is connected as a current source, which establishes a reference
current in (. @4, and J;. This reference current then produces the bias cur-
rents in the current mirrors Oy—CQs and @,—0—0s.

In this BIFET op-amp, we see the advantages of incorporating both JFET
and bipolars tn the same circwit. The JFET input devices provide a very high
input impedance, normaily in the range of 10"2 2. The current-connected tran-
sistor J, allows the reference bias current to be controlled withous the use of a
resistor. Incorporating bipolar transistors in the second stage takes advantage
of their higher transconductance values compared to JFETS, to produce a high
second-stage gain.
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Test Your Understanding

13.20 Consider the LF155 BiFET input stage in Figure 13.24. The p<hannel JFET
parameters are fpog = JO0pA, V=1V, and A =001 v~ The supply voltages are
Pt =5V and V™ = =5V. Let VFae(npn) =0.6V and Vge{pnp)= 0.6 V. Determine
the bius currents I-y, fo, and fop. (Ans. Ty = Joo = Iy = 300 pA)

13.6 SUMMARY

® In this chapter, we have combited various basic circuit configurations to form larger
operational amplifier ciccuits. In general, an op-amp circuit consists of a diff-amp
input stage, a second or gain stage, and an output stage. The design of integrated
circuit operational amplifier circuits depends on the use of matched devices.

& The LM741 op-amp 15 a widely used, general-purpose, bipolar op-amp. This circuit
serves as a good case study for a detailed discussion of the circuit design, including a
discussion of the input stage design, the Darlington pair gein stage, and the class-AB
complementary output stage with the protection circuitry.

o A detailed dc analysis of each stage of the 741 was performed to determine the dc
curcents and voltages. A detailed small-signal analysis determined the gain of each
stage and the overall small-signal voltage gain. The calculated voltage gain of
approximately 200,000 agrees well with the typical value given in data sheets. The
output resistance is approximately 56 Q. The 741 is internally compensated, and the
dominant pole frequency is on the order of 10Hz. The unity-gain bandwidth is
approximately L.9MHz,

¢ Inmany cases, all-CMOS operational amplifier circuits require only two stages. These
circuits typically drive only low capacitive loads on an IC chip, 50 the low outpu
impedance of a third output stage is not required. The MC1457] all-CMOS op-amp
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circuit was considered. The calculated small-signal voltage gain of this two-stage
circuit was approximately 34 dB, which agrees well with data sheets. Even though
the gain is smaller than that of typical bipolar op-amps, this circuit 15 usell in
specialized on-chip applications.

* Apn all-CMOS folded cascode operational amplifier circuit was analyzed. The
advantage of this circuit is 2 very high output resistance that produces a very
large differential-mode voltage gain.

* An all-CMOS current-mirror operaticnal amplifier circuit was considered. The
advantape of this circuit is an increased gain—bandwidth product. A cascode version
of the current mitror op-amp was briefly considered.

* Two BICMOS operational amplifier circuits were discussed. The first was a modified
version of the folded cascode design. The use of bipolar cascode transistors in this
circuil produces an increased phase margin. A CA3140 BiCMOS op-amp was ana-
lyzed. A unique aspect of this circuit is that the bias current generated from the bias
circuitry is independent of bias voltage over a wide razge of applied bias voltages.

» Two examples of a hybrid JFET oe BiFET op-amp circuit were considered. The input
stage is composed of a JFET differential pair, while the remainder of the circuits are
designed primarily with bipolar transistors. Using JFETs as the input devices keeps
the input bias currents extremely small, usually in the picoampere range.

CHECKPOINT

After studying this chapter, the reader should have the ability to:
& Design a basic bipolar or MOSFET operational amplifier circuit. (Section 13.1)

# Anaiyze and understand the operation and characteristics of the LM741 op-amp
circuit. (Section 13.2)

# Analyze and understand the operation and characteristics of CMOS op-amp cir-
cuits, inciuding the folded cascode and the CMOS current-mirror circuits. (Section
13.3)

v Analyze and understand the operation and characteristics of BICMOS operational
amplifier circuits. (Section 13.4)

REVIEW QUESTIONS

1. Describe the principal stages of a general-purpose operational amplifier.

What is meant by the term matched transistors? What parameters in BJTs and
MOSFETs are identical in matched devicss?

3. Describe the cperation and characteristics of a BIT complementary push-puil
output stage. What are the advantages of this circuit?

4, Descnbe the operation and characteristics of a MOSFET complementary push—
pull output stage. What are the advantages of this circuit?

S, Describe the advantages and disadvantages of an all-BJT op-amp circuit.

6. Describe the advantages and disadvantages of an all-CMOS op-amp circuit.
7. Describe the advantages and disadvantages of a BiCMOS op-amp circuit.
8
9

(=]

Describe the advantages and disadvantages of a JFET op-atnp circuit.
Sketch and describe the characteristics of the 741 input stage.
10. Describe what is meant by output shori-circuit protection.
11. Describe the frequency compensstion technique in the 741 op-amp circuit.
12. Sketch and describe the general characteristics of a folded cascode circuit.
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13. Sketch and describe the general characteristics of a current-mirror op-amp circuit.
Why is the gain not increased? What is the principal advantage of this circuit?

4. Sketch and describe the principal advantage of a BICMOS folded cascode op-amp
circuit.

15. Explain why an output resistance on the order of five hundred megohms may not
be achieved in practice.

6. What are the principal factors limiting the unity-gain bandwidth of an op-amp
<ireyir?

AR s g e kbbb e AR AR LA R T tan s agn

PROBLEMS
Section13.1  General Op-Amp Circuit Design

D131 Design the circuit in Figure 13.2 such that the maximum power dissipated in the
circuit is |5mW and such that the common-mode input veltage is in the range
—3 < vy € 3V. Using a computer simulation, adjust the value of R; such that the
output voliage is zero for zero input signal voltages.

13.2 Using the results of Problem 13.1, determine, {rom a computer smulation, the
differential-mode voltage gain of the diff-amp and the voltage gain of the second stage
of the op-amp circuit in Figure 13.2. Use standard teansistor models in the circuit.

Fr=10v
AQuA 200 p A
III 91
2 &
Cp=
19 pF
4 J¢ ov,
s KQ&
) e
L) . g, s
4 Pa, 1
0k0Q
Vo= -10V
Figura P13.3

*13.3 Consider the BIT op-amp circuit in Figure P13.3, The transistor parameters are:
Mnpn) = 120, Bpnp) =80, V, =80V (all transistors), and base—emitter furn-on
voltage = 0.6V (all transistors). (a) Determine the small-signal differential-mode
voltage gain. (b} Find the differential-mode input resistance. (c} Determine the unity-
gain bandwidth.
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Section13.2 A Bipolar Operational Amplifler Circuit

13.4 Consider the input stage of the 741 op-amp in Figure 13.4(b}). (a) Assume the
input voltages are V', =0 and ¥, = +15V. Consider the B—E voltage of each transistor

and determine which transistor acts as the protection device. (b) Repeat part {a) for
V| =—15V and V-)_ =

13.5 For the input stage of the 741 op-amp, assume B-E breakdown voltages of 5V
for the npn devices and 30V for the pap devices, Estimate the differential input voltage
at which breakdown will occur.

RD13.6 Consider the bias circuit portion of the 741 op-amp i Figure 13.35.
(a} Redesign the resistor values of Ry and R, such that Jpge =0.50mA and
Iojp = W pA for bias voliages of 15V, Assume base-emitter turn-on voltages of
0.6 V. (b} Using the results of part (a}, determine fppr and g il the bias voltages
change to £5V.

13.7 Repeat Problem 13.6 using the exponential relationship between collector current
and base-emitter voltage in which fg = 107" A. What are the actual values of base-
emitter voltage in each case?

13.8 The minimum recommended supply voltages for the 741 op-amp are F* =5V
and ¥~ = —35V. Using these lower supply veltages, caleulate: @) Tep. {100 fo6. fonr
and Jepa4; and {b) the vollage gains of the input and gain stages for the circuit values in
Figure 13.3.

13.9 An expanded circuit diagram of the 741 input stage is shown in Figure 13.6
Assume fep = 19pA. I the current gain of the npn transistors is 8, = 200 and the
current gain of the pnp transistors 15 8, = 10, determine fro. /¢y, ey, I, and Jpq.

13.10 Consider the 741 op-amp in Figure 133, biased with F* = {5V afd ¥V~ =
—~15V. Assumne that no load is connected at the owiput, and let the input voltages be
zero, Caleulate the total power dissipated in the op-amp circuit. What are the cutrents
supplied by ¥+ and 17?7

1211  Consider the 741 circuit in Figure 13.3. (a) Deterrnine the maximum range of
common-mode input voltage if the bias veltages are £13V_ (b) Repeat part {a) if the
bias voltages are 25V,

1342 For Qs in the output stage of the 741 op-amp, assume {5 = 107 A. 1 the
output is ipadvertently conmected to ¥~ = =15V and the inputs are at zero, estimate
the currenis foq and Joys.

13.13 Consider the output stage in Figure P13.13, with parameters F* = 10V,
V™= 10V, R; =4k, and [y, =025mA. Assume the diode parameters are
I, =2 % 107" A and the transistor parameters are fs = 5x 107 A (a) For vy =0,
determine Fgp, oy, and Icp. (b) For vy = 5V, determine v,, iy, Vga, fon, and Icp.

D¥3.14 Figure P13,14 shows a circuit often used to provide the Vpg voltage in the op-
amp output stage. Assume /5 =10""A for the transistor, /i, = 180uA, and
I = 0.945,,;. Neglect the base current. Design the circuit such that Fgg = [157V.

13,15 Assume bias voltages on the 74] op-amp of £15V. () Determine the differeatial-
mode voltage gain of the first stage if Ry = Ry = 0. (b) Determine the voltage gain of the
second stage if R = 0.

13.16 Recalcylate the voltage gain of the 74§ op-amp input stage if frg = 40 pA.

13.17 Calculate the output resistance of the 741 op-amp if 04 is conducting and o0 15
cut off. Assume an output current of 2mA.

13.48 Determine the differential input resistance of the 741 op-amp.
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1319  The frequency response of a particular 741 op-atnp shows that the op-amp has 4
phase margin of 70 degrees. If a second single pole exists, in addition to the dominant
pole, determine the frequency of the second pole. Use the overall gain and dominant-
pole parameters calculated in Section 3.2,

Section13.3  CMOS Operatlonal Amplitier Circuits

RD13.20 Consider the MCI14573 op-amp in Figure 13.14. The dc bias currents and
small-ssgnal voltage gains were determined in Fxamples 138 and 139, Redesign the
ctrcudt such that the width-to-length ratio of M, and M- 15 increased from 12.5 1o 50. All
other circuil and transistor parameters remain the same. {a) Determine the original
transconductance of M, and M., and the new transconductance value. (b) Determine
the new values of voltage gain for the inpet and second stages, and the overall voltage
gain.

1321 Consider the basic diff-amp with active load and curtent biasing in Figure 13.14,
Using a computer simulation, investigate the change in the voltage at the drain of M, as
M, and M, and dlso as M; and M, become slightly mismatched.

13,22 The CMOS op-amp in Figure 13.14 is biased at F* =10V and ¥~ =-10V.
Assume transistor parameters of |Fz| = 1.3V {all transistors), (zl}u,,(.‘m =20uA/ V',
Dpe,Co = 100A/VE, 4, =002V, and 2, =001V, Let R, =200k2. Assume
transistor width-to-length ratios of L0 for A, and M, and 20 for zll other transistors.
(4) Determine fggr, Ip, and Fps. (b) Find the small-signal voliage gain of the input and
second stages, and the overall voltage gain.

13.23 For the CMOS op-amp in Figare 1314, the dc biasing is designed such that
Ippe = lp = Jpg = 200pA. The transistor parameters are |Vrl = |V (all transistorsh,
Ay =0.005V"", &, =001V, D, C,py = 20puA/V2, and ()i, C,y = 0 pA/V The
transistor width-to-length ratios are 5 for My, M, and My, 10 for M, and Af;; and
20 for My, M,, and M,. Determine the small-signal voltage gains of the input and
second stages, and the overall voltage gain.

13.24 Consider the MCI14573 op-amp in Figure 13.14, with circuit and transistor
parameters as given in Examples 13.8 and 13.9. If the compensation capacitor is
C| = 12pF, determine the dominant-pole frequency.
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13.28 The CMOS op-amp in Figure 13.14 has circuit and transistor parameters as
given in Problem 13.22. Determine the compensation capacitor required such that the
dominani-pole frequency s #;p = §Hz

13.26 Consider the CMOS op-amp in Figure 13.14, with transistor and circuit param-
eters as given in Examples 13.8 and 1.9, Determine the output resistance R, of the
open-loop circuit.

13.27 A simple output stage for an NMOS op-amp is shown in Figure P13 27. Device
M, opetates as a source follower. Assume that M, and M, are biased at I, = 0.5mA.
{a) Calculate the small-signal open-circuit voltage gain A, = vp/v;. (b) If the output
resistance of source v; s 10k$, determine the outpul cesistance of this output stage.

*13.28 The CMOS foided cascode circuit in Figure 13.16 is biased at £5V and the
reference current is Jggr = S0pA. The transistor parameters are Fry =05,
Vep==05V, K, =K, =0.5mA/V?, and A, = Ap = 0015V~". (a) Determine the
small-signal dilferential voltage gain. (b} Find the output resistance of the circuit.
{ch If the capacitance at the output node is C; = 5pF, determie the unity-gain band-
width of the amplifier.

*AD13.28 The CMOS folded cascede amplifier in Figure 13.16 is to be redesigned to
provide a differential voltage gain of 10,000 The biasing 15 the same as described in
Problem 13.28. The wransisior paramelers are Fyy =05V, Vpp=-05V, k, =
SOpA/VY, k)= 35pAJVE A, = 0015V, and A, =0.02V™L. Assume (W/L), =
22{W L), where appropriate so that the electrical parameters of PMOS and NMQOS
devices are nearly identical.

*D13.30 The CMOS (olded cascode amplifier of Figure £3.16 is to be designed 10
provide a differential voltage gain of 25,000. The maximum power dissipated in the
circuit is to be limited to 3mW. Assume transistor parameters as described in Problem
13.29, except the refation between NMOS and PMOS width-to-length ratios need not be
maintained.

13.31 The bias current in the CMOS current-gain op-amp in Figure 13.17 is Ig =
60pA. The transistor parameters are Vpy =0.5Y, Vip = =05V, K, = K, = 1.5 mA/
Vv? (all transistors except M. and M), and A, = Ap = 0.015V™! Let B=3.
(a) Determine the smali-signal differential voltage gain. (b) Find the output resistapce
of the circuit. (¢} If the total capacitance at the output terminal is 5 pF, determine the
dominant-pole frequency and the unity-gain bandwidth. '

RD13.32 The CMOS current gain op-amp in Figure 13.17 is to be redesigned w
provide a differential voltage gam of 400. The tfransistor parameters are Fry = 0.3V,
Vip = —0.5V, k; =80 uA/V" K, = 35pA/V?, 4, = 0015V and A, =0.02V™". The
bias current is to be fp = S0 pA. Let 8= 2.5, (a) Design the basic amplifier to provide
the specified voltage gain. (b) Design a current source to provide the necessary bias
current. (¢} Determine the unity-gain bandwidth il the capacitance at the output ter-
minal 15 3 pF.

RD13.33 Redesign the CMOS cascode current mirror in Figure 1318 to provide a
differential voltage gain of 20,000. The bias current and transistor parameters are the
same as in Problem 13.32. (a) Deesign the basic amplifier to provide the specified voliage
gain. (b} Design a current source to provide the necessary bias current. (c) Detenmine
the unity gain bandwidth if the capacitance at the output terminal is 3 pF.
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Section13.4  BiCMOS Operational Amplifier Circuits

13.34 A BiCMOS amplifier is shown in Figure P13.34. The transistor parameters are
Vip = =07V, k)= 40pA/NV, (W/L) =25, L =0.02V™", =120, and ¥, = 120V.
The bias current is Jp = 200 pA. Determine the small-signal differential voliage gain.

Pl-
Q'] — 1':-0
& L]
y-
Figure P13.34

013.38 Design a BiCMOS amplifier that is complementary (o the one in Figure P13.34
in that the input devices are NMOS and the load transistors are pnp. Assume transistor
parameters of Vyy = 05Y, k. = 80pA/V:, (W/L) =25 A =0015V", =20, and
V4 =80V, Assume the bias current is Jo = 200 uA, Determine the small-signal differ-
ential voltage gain.

*43.36 The referencs current in the BICMOS folded cascode amplifier in Figure 13.19
is fppr = 200 pA and the circuit bias voltages are £10V. The MOS transistor param-
eters are the same as in Problem 13.28. The BJT parameters are S = |20 and ¥, = B0 V.
{a) Determine the small-signal differential voltage gain. (b) Find the output resistance of
the circuit. (¢) If the capacitance at the output node is 5pF, determine the unity-gain
bandwidth of the amplifier.

*D12.37 The BiCMOS folded cascode amplifier in Figure 13.19 is 10 be designed to
provide a differential voltage gain of 25,000. The maxituum power dissipated in the
circuit is to be limited to 10mW. Assume MOS transistor paramelers as described in
Problem 1329, The BJT parameters are =120 and ¥V, =80V,

132,38 If the CA3140 op-amp is biased at " = 15V and 7~ = —15V. determine the
input common-made voltage range. Assume B-E voltages of 0.6V for the bipolar
transistors and |Fipp| = 1.4V for the MOSFETS.

1339 Consider the bias circuit portion of the CA3140 op-amp in Figure 13.21.
Vopr = 0.6V for 0; and Vyp = ~14V for My, detennine the necessary conduction
parameter for My such that §; =7, = 300pA

P
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13.40 1In the hias cirenit portion of the CA3140 op-amp in Figure 13.21, the bipolar
transistor parameters are Mge(npn) = 06V and Viglpop) = 0.6V, and the MOSFET
parameters are jVrp{ = 1.4V and K, =0.25 mA/V?. If the power supply voltages are
F* =" = V, determine the minimum value of g such that the bias currents are
independent of the supply voltage.

13.41 Conuder the CA3140 op-amp in Figure 13.20. If the bias currents change such
that f-5 = Iy = 300 pA, determine the veltage gains of the input and second stages, and
find the overall voliage gain.

13.42 Assume the gain slage of the CA3140 ep-amp 15 modified to nclude an etnitter
resistor, as shown in Figure 13.22. Let A =002V~ for M. If the transistor bias
currents in My and @, are 150pA and the current in @, is 300pA, determine the
dominani-pole frequency and unity-gain bandwidih.

Section13.5  JFET Operational Amplifier Circuits

1343 In the LF155 BiFET op-amp in Figure 13.24, the combination of 03, J,., and €,
establishes the reference bias current. Assume the power supply voltages are ¥ = 10V
and ¥~ = 10V, The transistor parameters are Feglon) = 0.6V, Fyelen) == 0.6V, and
Vp =4V for Q5 (4, and Jy. respectively. Determine the required Jpgg value for J; to
establish a reference current of fppp = 0.8 mA.

13.44 Consider the circuit in Figure P13.44. A JFET diff-amp input stage drives a
bipolar Darlington second stage. The p-channel differential pair J; and J, are connected
to the bipolar active load transistors (4 and . Assume JFET parametersof Fp=3V.
Ipss = 200 pA, and A = 0.02 V™', The bipolar transistor parameters are 8 = 100 and
¥, = 50V. (a) Determine the input resistance R Lo the second stage. {b) Calculate the
small-signa) differentiai-mode voltage gain of the input stage. Compare this value 1o the
741 and CA33140 inpuat stage rasults.

V+

gbjozzmm

o N

]

Rp=0310

I_J- ','_
Figure P13.44
D13.45 Consider the BiIFET differential input stage in Figure P13.45, biased with

power supply voltages ¥ and V™. Let V" = -V~ = ¥;. (a) Design the bias circuit
such that [gerz = 100uA for supply voltages in the range 3 < ¥ < 12V. Determine
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Vix. Ry, and the JFET parameters. (b) Determine the value of R, such that [ =
S00 pA when ¥ = 12V,

13.46 The BIFET diff-amp input stage in Figure P13.435 is biased at fp = 1 mA. The
JFET parameters are Ve = 4V, lpgr = 1mA and 3 =002 V=!. ‘The bipolar transistor
parameters are § = 200and V4 = 100V, (a) For R) = R, = 50042, determine the mini-
mum load resistance R; such that a dilferential-mode voltage gain of 4; =500 is
oblained in the input stage. (b) If Ry = 500 kL, determine the range of resistance values
R, = R, such that a differential-mode voltage gain of A, = 700 15 obtamed in this input
stape.

+++++++ p am————

COMPUTER SIMULATION PROBLEM

13.47 Consider the input stage and bias circuit of the 74| op-amp in Figure (3.5,
Transisior (o may be replaced by a constant-current source equal 1o 19 pA. Assume:
the npn devices have parameters # = 200 and ¥, = 150V; the pnp devices have param-
eters 8 = S0 and ¥, = S0V; and all transistors have f; = 107 A (a) Using an appro-
priate ac load at the collector of (O, determine (he differential gain of the input stage.
{b) Determine the differential-mode inpul resistance. {t) Determine the common-mode
input resistance.

13.48 The output stage of the 741 op-amp is shown in Figure 13.9. Transistor 3 may
be replaced with a constant-current source equal to 0.18 mA. The transistor parameters
are as given in Problem 13.47. (a) Plot the voltage wransfes function vo verus vy;. What is
the voltage gain? Has the crossover distortion been eliminated? (b) Apply an input
voltage v,y that establishes an output voltage of vp = 10V, for example, and sel
R; = 0. Find the output short-circuit current and the transistor currents.
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13.49 The bias circuit and gain stage, including the compensation capacitor, of the 741
op-amp is shown in Figure 13.7. Transistor (},; can be simulated by connecting two pnp
transistors in parallel, with relative B-E junction areas of 0.25 and 0.75 compared to all
other pnp transistors. (a) Determine the low-frequency voltage gain. (b) Plot the magni-
tude of the voltage gain versus frequency. Compare the 3 dB frequency 1o the dominant-
pok lrequency found in Example §3.7.

13.50 Consider the BiCMOS input stage of the CA3140 op-amp in Figure 13.20.
Transistor Q5 can be replaced with a constani-current source of 200 pA. Assume: bi-
polar transistor parameters of § = 200, Ip = 107" A, and ¥, = 50V, and MOSFET
parameters of K, = 0.6 mA/ V2, [Vrpl =1V, and i = 0,01 V-, Using an appropriate ac
load at the collector of (5, determine the differential gain of the input stage. Compare
the computer analysis results with those in Example 13.12.

13.5% Consider the CMOS op-amp in Figure 13.14. Assume the circuit and transistor
paratrieters are as given in Exampie 13.8. [n addition, let A = 0.01 v~ for all transistors.
{a) Determine the overall low-frequency differentiat voltage gain. Compare these results
with those in Example £3.9. {b) If the compensation capacitor is C; = 12pF, plot the
magnitude of the voliage gain versus frequency. What is the 3dB frequency?

DESIGN PROBLEMS

[Note: Each design should be correlated with a computer analysis.]

*D13.52 Redesign the bias circuit of the 741 op-amp such that a current frjp = 25 pA
is established when F* = ="~ = 5 V. Limit the power dissipated in the input stage and
the bias circuit to 2.5mW.

*D13.53  Consider the bipolar op-amp circuit in Figure P13.53. Design the circuit such
that the differential gain is at least 800, and the output veltage is zero when the input

Pr=149V

i

!

Ve=-I5V

Figurs P13.53
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voltages are zero. The transistor current gains are 120 for all transistors, and the base—
emitter voltages are 0.6V, where appropriate,

*D13.54 Redesign the CMOS op-amp in Figure 13.14 to provide a minimum overall
voltage gain of at least 50,000. The bias voltages are ¥* = 10Vand ¥~ =-10V. The
threshold voitage is |Fz] = 1 V for all transistors, and A = 0.01V™" for all transistors.
Design reasonable width-io-length ratios and bias currents.

*D13.58 Consider the CMOS op-amp in Figure 13.14. Design a complementary
CMOS circuit in which each element is replaced by its complement. The bias voltages
are 5V, The threshold voltage is [V = 0.7V for all transistors, and A = 0.01 v for
all transistors. Design reasonable width-to-length ratios and bias currents to provide a
minimum overall voltage gain of at least 20,000.







14

Nonideal Effects in Operational
Amplifier Circuits

14.0 PREVIEW

Chapter 9 introduced the ideal operational amplifier and covered a few of its
many applications. In the previous chapter, we analyzed actual operational
amplifier circuits, including the classic 741 op-amp. From those discussions,
we can identify sources of nonideal properties in actual op-amps. Although
nonideal effects could have been introduced in Chapter 9, that discussion
would have been less meaningful since the source of any nonideal effect
would not have been completely understood at that time. In particular, the
reason for a very low dominant-pole frequency in the basic amplifier would
have been a mystery. Therefore, the discussion of nonideal effects in op-amp
circuits has been postponed until now.

This chapter opens by discussing and defining several practical op-amp
parameters that will be further analyzed as to the effect they have on the
nonideal characteristics of op-amp circuits.

We have seen how matched transistor characteristics are utilized in the
design of diff-amp circuits. However, slight mismatches may occur. One part of
this chapter is devoted to determining the effect of these slight transistor mis-
matched characteristics on the op-amp propertics.

A general goal of this chapter is for the reader to understand the source of
nonidea] effects in op-amps and to be able to minimize their effects in the
design of op-amp circuits,

14.1 PRACTICAL OP-AMP PARAMETERS

In ideal op-amps, we assume, for example, that the differential voltage gain is
infinite, the input resistance is infinite, and the output resistance is zero. In
practical op-amp circuits, these ideal parameter values are not realized. In this
section, we define some of the practical op-amp parameters that will be con-
sidered in detail throughout the chapter. We will discuss and analzye the effect
of these nonideal parameters in op-amp circuits.

g7



872

Part 11 Analog Electrotics

14.1.1  Practical Op-Amp Parameter Definitions

Input voltage limits. Two input voltage limitations must be considered—a
dc input voltage limit and a differential signal input voltage. All transistors in
the input diff-amp stage must be properly biased, so there 15 a limit in the range
of common-mode input voltage that can be applied and still maintain the
proper transistor biasing. The maximum differential input signal voltage that
can be applied and still maintain linear circuit operation is limited ptimarily by
the maximum allowed output signal voltage.

Output voltage limits, The output voltage of the op-amp can never exceed
the limits of the dc supply voltages. In practice, the difference between the bias
voltage and output voliage must be greater than 1 to 4V, depending on the
design of the output stage, Otherwise, the output voltage saturates and is no
fonger a function of input voltage.

Qutput current limitation. The maximum current out of or into the op-amp
is determined by the current ratings of the output transistors. Practical op-amp
circuits cannot source or sink an infinite amount of current.

Finite open-loop voltage gain. The open-loop gain of the ideal op-amp is
assumed to be infinite. In practice, the open-loop gain of any op-amp circuit is
always finite. This nonideal parameter value will affect circuit performance.

Input resisiance. The input resistance R, is the small-signal resistance
between the inverting and noninverting terminals when a differential voltage
is applied. Ideally, this parameter is infinite, but, especially for BJT circuits, this
parameter is finite.

Outpur resistance. The output resistance is the Thevenin equivalent small-
signal resistance looking back into the output terminal of the op-amp measured
with respect to ground. The ideal output resistance is zere, which means there
is no loading effect at the output. In practice, this value is not 2ero.

Finite bandwidth. In the ideal op-amp, the bandwidth is infinite. In prac-
tical op-amps, the bandwidth is finite because of capacitances within the op-
amp circuit.

Stew rate. The slew rate is defined as ihe maximum rate of change in
output voltage per unit of time. The maximum rate at which the output voltage
can change is also a function of capacitances within the op-amp circuit.

Input offset voltage. In an ideal op-amp, the output voltage is zero for zero
differential input signal voltage. However, mismatches between input devices,
for example, may create an outpvt voliage with zero inpul. The input offset
voltage is the applied differential input voliage required to induce a zero output
voltage.

frput bias currents. In an ideal op-amp, the input current to the op-amp
circuit is assumed to be zero. However, in practical op-amps, especially with
BJT input devices, the input bias currents are not zero.

The cause of these nonideal op-amp parameters will be discussed in the
following sections, as well as the effect (hese nonideal parametets have on op-
amp circuil performance. A few other nonideal parameters will be considered
in the last section of the chapter.
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Tabke 14.1 Nonidea! parameter valiges for three op-amp circuits

THIE CAJH LHO4ZC

Tys. Max. Uait Typ. Max. Unit Typ. Max, Unit
Input offset voltage 0.8 3 mY 5 15 my & 20 my
Average input offset voliage drili 15 v/ C 10 uvoC
Inpun offset currend LR k11 nA 0.5 30 pA 2 pA
Average inpul offset current dnfi 05 nA/C
Input bias current 30 56 nA 10 50 pA 2 10 PA
Slew rate 0.7 Vius 9 Vips 3 ¥ins
CMRR 95 dB 50 dB 80 dB

Table 4.1 lists a few of the nonidezl parameter values for three of the op-
amps considered in the previous chapier. We will refer 1o this table as we
discuss each of the nonideal parameters.

14.1.2 Input and Output Voltage Limitations

For linear circuit operation, all BJTs in an op-amp circuit must be biased 1n the
forward-active region and all MOSFETs must be biased in the saturation
region. For these reasons, there are limitations to the range of input and output
voltages in op-amp circuits.

Figure 14.1(a) shows the simple all-BJT op-amp circuit discussed at the
beginning of Chapter 13 and Figure 14.1(b) shows the all-CMQS folded cas-
code op-amp circuit discussed in the last chapter. We will use these two circuits
to discuss the input and output voltage limitations.

input Voliage Limitations

Assume that in the BJT circuit of Figure 14.1(2) we apply a common-mode
input voltage such that v,, = v| =v;. A8 v,, increases, the base—collector
voltages of (, and O, decrease, since the collector voltages are fixed at
two base-emitter voltage drops below F*. If we assume the minimum
base-collector voltage is zero so that the transistor is still biased in the active
mode, then the maximum value of v,, is Vou(max) = ¥+ — 2Fgy(on).

As v, decreases, the collector-emitier voltage of Q5 decreases. If we again
assume the minimum base-collector voltage is zerg, or the minimum collector-
emitier vollage is Fgg(on), then, taking into account the base-emitter voltage of
the input (ransistors, the minimum value of vy, i Von(min) = ¥~ + 2Vpg(on).
So the maximum range of v, is within approximately 1.4 V of each bias voltage.

The same range of common-mode input voltage can be found for the all-
MOSFET diff-amp in Figure 14.1(b}. In this case, all MOSFETs must be
biased in the saturation region. We can again define the common-mode
input voltage as vy, = v| = v;. Now, as v, increases, ¥gp of M)y decreases.
The minimum value of Vgz is Fspri(sat) = Vg + Vrpeyi. The maximum value
of Vo is then 'Pm,{mﬂx:]: V+ — IVSGI +(V$Gl| + VTPI[H' The gale-lO-SOLll'Ce
voltages can be determined from the transistor parameters and currents.

As v, decreases, the source-to-drain voltage of the input transistors
decrzases. Assuming that My and M, are matched to M3, then the drain-to-
source voltage of these transistors is equal to ¥g(;. The minimum common-
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Figure 14.1 (a) Simpie al-bipolar op-amp clrcult; (b) a-CMOS felded cascode op-amp
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mode input voltage is then v ,(min) = V™ +(Vss + (Vsg + Viep) ~ Vil
The VS{II. terms CEDCCI. 18] Vm{n'l.in}= VT 4+ [VGSII + VTPI]-

Output Voltage Limitations

As the output voltage of the BJT circuit in Figure 14.1(a) increases or decreases,
the collector-emitter voltages of the output transistors change. Again, assuming
the minimuin base—collector voltage is zero for a BJT biased in the forward
active region, then the maximum output voltage is vp(max) =
V*t —[Veglon) + ¥ggy (on)). The minimum output voltage is similarly found
1o be vo(mm} = V'~ + [Fgelon) + Vggpp(on)].

For the all-CMOS circuit in Figure 14.1(b), the maximum outpui voitage
15 vo(max) = V' — [(¥ge + Ve + Fsgo] The minimum output voltage is
volmin) = ¥~ +[(Vgse — Vrae) + Vosnal
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Test Your Understanding

14.1 Usmg the circuit 2nd tranststor parameters of Example 13.10, and assuming
threshold voltages of Voy = 0.5V and Vyp = 0.5V, determine the maximum range of
common-mode input voltage for the all-\CMOS [olded cascode circuit of Figore 14.1(b).

14.2 Using the same circuit and transistor parameters as in Exercise [4.1. calculate
the maximum range of output voltage for the all-CMOS folded cascode circuit of Figure
14.1(b).

14.2  FINITE OPEN-LOOP GAIN

In the ideal op-amp, the open-loop gain is infinite, the input differential resis-
tance is infinite, and the output resistance is zero. None of these conditions
exists in actual operational amplifiers. In the last chapier, we determined that
the open-loop gain and input differeniial resistance may be large but finite, and
the output resistance may be small but nonzero. In this section, we will deter-
mine the effect of a finite open-loop gain and input resistance on both the
inverting and noninverting amplifier characteristics. We will then calculate
the output resistance.

In this section, we limit our discussion of the finits open-loop gain to low
frequency. In the next section, we consider the effect of finite gain as well as the
frequency response of the amplifier.

14.21 Inverting Ampfitier Closed-Loop Gain

The equivalent circuit of the mverting amplifier with a finite open-loop gain is
shown in Figure 14.2. If the open-loop input resistance is assumed to be infi-
nite, then i = i3, or

i PG 14.1
3 R (14.)(2)}
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Figure 14.2 Equivalent circut, inverting amplfier with finite open-oop gain

or

i bql Y o Re

/oM (R. * Rz) R; g
- Since v, =0, the output voltage is

Vo = _AOLvl (14-2)

where Agy is the low-frequency open-loop gain. Solving for v| from Equation
(14.2) ‘and substituting the result into Equation (14.1(b)), we find

D Ew) R L
The closed-loop voltage gain is then
B
Apy=12 ol (14.4)

"o +Ai(1 +%)
oL 1

Exampls 14.1 Objective: Determine the minimum opeo-loop voltage gain to
achieve a particular accaracy.

A pressure transducer produces a maximum dc voltage signal of 2mY and has an
output resistance of Ry = 2 k2. The maximum de current from the transducer is to be
limited 1o 0.2 pA. An inverting amplifier is 1o be used in conjunction with the transducer
to produce an output voltage of ~0.10V for a 2mV transducer signal. The error in the
output voltage cannot be greater than 0.1 percent. Determine the minimum open-loop
gain of the amplifier to meet this specification.

Solutlon: We must first determine the resistor values to be used in the inverting ampli-
fier. The source resistor is in series with R, so let

R; = R] + R‘g
The minimum input resistance is found from the maximum inpat current as
-3
Ritenin) = ——~ = 2219 _ 10,1002 = 10k

Amax)  0.2x 106
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The resistor R then needs to be 8 k. The closed-loop voltage gain required is

. Yo _ —0I8 -Ry
TV T 2x107 T TR

The required value of the ieedback resistor is then Ry = 500kQ.

For the voltage gain to be within 0.1 percent, the minimum gain {magnitude) is
4995 Using Equation (14.4), we can determine the minimum value of the open-loop
gain. We have

=R
Aey T & R =—49.95=~—-—-_T‘-50——-—
1+— |+-—’,) 14 —(50)
AGL( R Aot

which yields App{min) = 50,949,

Comment: If the open-loop gain is greater than the value of Aoy (min) = 50,549, then
the crror in the voltage gain will be less than 0.1 percent.

In the limil as 45, — 09, the closed-loop gain is equal to the ideal value,
designated A {oc), which for the inverting amplifier is

R
Agloo) = - R—'I (14.5)

as previously determined. Equation (14.4) is then

= A1 (00)
Acl = 1= Ao (14.6)
L =
oL

To determine the variation in closed-loop gain with changes in open-loop
gain, we take the derivative of Ao, with respect Lo g, We find

dAgy  Aggloo)] — Acp(oo))

- 3 (147
ddp;  [Apg + (1 = Agg{oaN]
which can be rearranged in the form
1 = Aep{(0Q)
ddcy _ dAos Ao
i - 14.8)
Aer Aor 1 (t = ACL(C'O)) {
+ —e
- Ao
Normally, Aqp(o0)] € |A4z| and Equation (14.8) is approximately
dAcp % ddpy | — Aegloo) (14.9)

Aer  Aor Ao

Equalion (14.9) relates the percent change in the closed-loop gain of the
inverting amplifier as the result of a change in open-loop gain. Open-loop gain
variations occur when individual transistor parameters change from one circuit
to another or with lemperature.

From Equation (14.9), we see that changes in closed-loop gain become
smaller as the open-loop gain becomes larger.
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Test Your Understanding

14,3 Consider an inverting amplifier in which the op-amp open-loop gainis 4o, =
5 x 10* and the ideal closed-loop amplifier gain is A¢;(00) = —30. (2) Determine the
actuzal closed-loop gain. (b) If the open-loop gain decreases by 10 percent, find the
perceent change in cdosed-loop gain and detetmine the actual closed-loop gain. (Ans.
(a} Acp = —49.949 (b) 0.0102%, A = —49.947)

44.4 In an inverling amplifier, the resistors are f; = 500k and R, = 20kQ. If the
closed-loop gain must be within 0.1 percent of the ideal value, determine the minimum
required open-loop op-amp gain. {Ans. dg; = 25974)

14.2.2  Noninverting Amplifier Closed-Loop Gain

Figure 14.3 shows the equivalent circuit of the noninverting amplifier with 2
finite open-loop gain. Again, the open-loop input differential resistance is
assumed to be infinite. The analysis proceeds in much the same way as in
the previous section. We have i; = i, and

L R (1 14.10a
R, R, (14.10(a))
or
O s =) (14.10(b)
R, R, R

Figure 14.3 Equivalent circuit, noninverting amplifier with finite open-loop gain

The output voltage is
vo = Aoy — 1) (14.11)

Since vy = ¥, voltage v, can be written

= j"ﬂ— . - (14.12)
oL T y
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Combining Equations (14.12) and (14.10(b)) and rearranging terms, we have
an expression for the closed-loop voltage gain:
L+

Acp =2 = R, (14.13)

v’ |+El—(l +%)
aL 1

In the limit as Ap; — oo, the ideal closed-loop gain s

Aci(oo} = 1 + Re (14.14)
R,

and Equation (14.13) becomes
A (00)

1+ Acil00)

Foe (14.15)
Aoy,

Taking the derivative of the closed-lcop gain with respect 10 the open-loop
gain and rearranging terms, we obtain

dd¢y _ddor (ACL)
Aer Ao \Aop)

(14.16)

Equation (14.16) yields the fractional change in the closed-loop gain of the
noninverting amplifier as a result of a change in the open-loop gain. The result
for the noninverting amplifier is very similar to that for the inverting amplifier.

Test Your Understanding

14.5 An operational amplifier connected in a noninverting configuration has an
oper-loop gain of Adp, = (0°. The resistors are R; =495kQ and R, =35kQ.
(a) Determine the actual and ideal closed-loop gains. (b) If the open-loop gain decreases
by 10 percent, deiermine the percent change in closed-loop gain and the actual closed-
loop gain. (Ans. {a) Acp = 99.90, A (o) = 100 (b) 0.01%, Agy. = 99.89)

144,86 A noninverting amplifier has an op-amp with an open-loop gain of Ap, = 104,
The closed-loop gain must be within 0.1 percent of the ideal value. Determine the
maximum closed-loop gain that will still meet the specification. {Ans. A¢c = 10.0)

14.2.3  Inverting Amplifier Closed-loop Input Resistance

The closed-loop input resistance Ry of the inverting amplifier is defined in
Figure 14.4(a). and it inchudes the effect of feedback. The equivalent circuit,
including a finite open-loop gain Ao, finite open-loop input differential Tesis-
tance R;, and nonzero output resistance R,, is shown in Figure 14.4(b).

A KCL equation at the output node yields

vg | vo—(=Agv) Y. W
Rl, Ro RZ
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Figura14.4 (a) Inverting amplifier and (b) invering amplifier equivalent circuit, for
calculating closed-loop input resistance

Solving for the output voltage, we have

vo = ———t— (14.18)

(14.19)
Combining Equations (14.18) and {14.19) and rearranging terms produces

R,
T Lot 3
LI/ N W W . (14.20)
v Ry ROR L ROR
Ry, R;

Equation (14.20) describes the closed-loop input resistance of the inverting
amplifier, with a finite open-loop gain. finite open-loop input resistance, and
nonzero output resistance. In the limit as 4, — 00, we see that 1/Ry — oo,
or Ry — 0, which means that v, — 0, or v, is at virtual ground. This is a

characteristic of an ideal inverting op-amp.

Example 14.2  Objective: Determine the closed-loop input resistance at the
inverting terminal of an inverting amplifier.

Consider an inverting amplifier with a feedback resistor R, = 10kQ, and an op-
amp with parameters dg; = 10° and R; = 10k. Assume the outpur resistance R, of
the op-amp is negligible.

Solutlon: If R, = 0, then Equation {14.20) becomes

1 1 l+Adg 1| 14100 i
o = e e i Y (N 10 14.21
R, R TR, T IMT, 10 8,24

The closed-loop input resistance is then Ry = 0.1 Q.
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Comment: The closed-loop input resistance of the inverting amplifier is a very strong
function of the finite open-loop gain. Equation (14.21) shows that the open-loop inpat
resislance R, essentially does not aflect the closed-loop input resistance.

831

A nonzero closed-loop input resistance Ry in conjunction with a finite
open-loop input resistance R; implies that the signai current into the op-amp
is not zero, as assumed n the ideal case. From Figure 14.4(b), we see that

v = iRy (14.22)
Therefore,
. R
i =:Tzi', e | (thi) (14.23)

The fraction of input signal current shunted away from R; and into the op-amp
is (Ry/ R;).

Test Your Understanding

14.7 Determine the closed-loop input resistance at the inverting terminal of an
inveriing amphifier if 4y, = 10°, Ry =R, = R, = 10kQ, and if: {a) R, =0 and
(b) R, = 10K (Ans. (a) Ry = | R (b} Ry =302)

14.8 Consider the equivalent circuit in Figure 14.4(b). If R, = 10k$2, determine the

percentage of input signal current /; shunted from Ry for: {a) Ry =0.1Q, and
(b R, = 1082 (Ans. (a} 107°% (b) 0.1%)

14.24  Noninverting Amplitier Closed-Loop Input Resistance

A noninverting amplifier is shown in Figure 14.5{(a). The input resistance seen
by the signal source is designated R, The equivalent circuit, including a finite

{8) )

Figure 14.5 (a) Noninvering ampiifier and {b) noninveriing amplifier squivaient circu, for
calculating closed-loop input resisiance
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open-loop gain Ay, finite open-loop input differential resistance R, and non-
zero output resistance R, is shown in Figure 14.5(b).
Writing a KCL equation at the output node yields

Vo VYo—AdAppvy Yo —V¥
Yo oLtd Yo M _

R, R, 2 (14.24)
Solving [or the output veltage, we have
Lo
R R, R
A KCL equation at the v; node yields
. :’l I — Vo
= R, +-———-——R2 (14.26)

Combining Equations (14.25) and (14.26) and rearranging terms, we cbiain

R R | | R R R Aarv
il e 28 = ] g Doy Te) Do foLid
"( +RL+R1) HI(RI+Rz)(I+RL+Rz) R%} R;

(14.27)
From Figure 14.5(b), we see that
v, = iR, {14.28)
and
vy = v — iR, (14.29)

Substituting Equations (14.28) and (14.29) into (14.27} we obtain an equation
in i; and v; so that the input resistance K;; can be found as
Ry =w/iy

In order to simplify the algebra, we neglect the effect of R,, which is
normally small. Setting R, = 0 reduces Equation (14.27) to

. | | | ‘!OL"'d
= sl o iaen it Rt 14 30}
IJ PI(R| Rg) R2 ( }

Substituting Equations (14.28) and (14.29) into (14.30), we find that the input
resistance ¢an be written in the form

Ry=-= 7 Ry (14.31)

g b+ =2

R;
y RE(I+ADL}+R2(I+_)
I el

Equation (14.31) describes the closed-loop input resistance of the nomin-
verting amplifier with a finite open-loop gain and a Raite open-loop input
resistance. In the limit as Ay, — oo, or as the open-loop input resistance
approaches infinity, we see that Ry — oo, which is a property of the ideal
noninverting amplifier.
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Example 14.3 Objective: Determine the closed-loop input resistance at the non-
inverting terminal of a noninverting amplifier.

Consider an op-amp with an open-loop gain of 4o, = 10° and an input resistance
of R, = 10kQ in a noninverting amplifier configuration with resistor values of &) =
£ = 10k%.

$Solution: From Equation (14.31), the input resistance is

R+ Agp)+ Ro{ | +5’-) 10¢1 +10% + 10{ | + E)
R, 10
R, = r: = B (14.32)

| +—= =
+R' 1+IO

ar

R, =5 x 10°k§2 = 500 MR

Comment  As expected, the closed-loop input resistance of the noninverting amplifier
is very large. Equation {14.32) shows that the input resistance is dominated by the term
Rl + Ap,). The combination of a large R, and large Ap, produces an extremely large
input tesistance, as predicted by ideal feedback theory.

Test Your Understanding

14.9 For a noninverting amplifier, the resistances are Ky = 99kQ and Ry = 1KQ.
The op-amp properties are: 4o = 16*, R, = 40k, and R, = 0. Determine the closed-
loop input resistance. (Ans. Ry, = 4.04 MQ)

14.10 Find the closed-loop input resistance of a voitage follower with op-amp
characteristics Ap; = 5 % 10°, R, = 10k, and R, = 0. (Ans. Ry = 5000MQ)

14.2.5 Nonzero Qutput Resistance

Since the ideal op-amp has a zero output resistance, the output voltage is
independent of the load impedance. The op-amp acts as an ideal voltage source
and there is no loading effect. An actual op-amp circuit has a nonzero output
resistance, which means that the output voltage, and therefore the closed-loop
gain, is a function of the load impedance.

Figure 14.6 is the equivalent cifcuit of both an inverting and noninverting
amplifier and is used to find the output resistance. The op-amp has a finiie
open-loop gain Ay, a nonzero output resistance R,, and an infinite input
resistance R;. To determine the outpul resistance, we set the independent
input voltages equal to zero. A KCL equation at the output node yields

: _H"G_AOLvd ¥y 14.33
== +R;,+R; (14.33)
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Figure 14,6  Equivalent circuit for calculating closed-loop output rasistance

The differential input voltage is vy = —vy, where

R

L (Rl 7z Rz)v" (14.34)

Combining Equations {14.34) and (14.33), we have

. _ Yo Ap| & v,

=R TR, [ (RI = Rz)"“] T (14.35(a))
or

o ! ! oL 1

B e o] ] .

v, Ry Ru[ N RE/R]}] TRt A (14.35(b))

Since R, is normally small and 45, is normally large, Equation (14.33b), to a
good approximation, is as follows:

| i Aot
2 L 0 14.36
Ror Ro[l + szR,] { )
In most op-amp circuits, the open-loop output resistance R, is on the order
of 100 Q. Since Ay, is normally much larger than (1 + R,/ R, ), the closed-loop

outpul resistance can be very small. Output resistance values in the milliohm
range are easily attained.

Example 14.4 Objective: Determine the output resistance of an op-amp circuit.

Computer Simulation Solutton: Figure 4.7 shows an inverting amplifier circuit wilh
a standard 741 op-amp. One method of determining the cutput resistance is 10 measure
the output voltage for two different values of Joad resistance connecled to the output.
Then. treating the amplifier as a Thevenin equivalent circuit with a fixed source in series
with an ouiput resistance, the output resistance can be determined. A | mV signal was
applied. For a 1022 load, the oulput voltage is 0.999837mV, and for a 208} load, the
oulput voltage is 0.9999132 mV. This gives an cutput resistance of 1.53 m<.

Comment: As mentioned, the output resistance of a voltage amplifier with negative
feedback can be very small. The ideal output resistance is zero, but a practical op-amp
circuit can have an output resistance in the miliohm range.
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Figure 14.7  Circuit using 741 op-amp 10 measure output resistance

Test Your Understanding

14.11 An op-amp with an open-loop gain of Ay, = 10° is used in a noninverting
amplifier configuration with a closed-loop gain of 4., = 100. Determine the closed-
loop outpul resistance R, (or: (a) &, = 1002, and (b) R, = 10KQ. (Ans, (a) Ry =
0L.Q (b) R, = 10%)

14.3 FREQUENCYRESPONSE

In the last chapter, we considered the basic op-amp [requency response,
Frequency compensation was included as a means of stabilizing the circuit.
In this sectien, we will consider the bandwidth and the transient response of the
closed-loop amplifier.

When a step function is applied at the op-amp input, the ouiput voltage
cannot change instantaneously with time because of capacitance effects within
the op-amp circuit. The maximum rate at which the output changes with time
is called the slew rate, We will determine the factors that limit the slew rate.

14.3.1  Open-Loop and Closed-Loop Frequency Response
The frequency response of the open-loop gain can be wriiten as
_AE

-t
1+ E
where A, is the low-frequency open-loop gain and fpp 15 the dominant-pole
frequency. Figure 14.8 shows (he Bode plot of the open-loop gain magnitude.

The dominant-pole frequency fpp is shown as well as the unity-gain bandwidth
[r. We showed previously that the unity-gain bandwidth is

fr=/fedo (14.38)

Aplf) = {14.37)
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»
fr i

Figure14.8 Bode plol, open-loop gain magnituds

Sen

and is also called the gain-bandwidth product. Equation {14.38) assumes thal
additional poles of the open-loop frequency response occur at higher frequen-
cies than fr.

Figure 14.9 shows a normverting amplifier. In our discussion on feedback
theory in Chapter 12, we found that, assuming ideal feedback. the closed-loop
gain A, can be writtep

Aoy
A — P A ]4_39]
LT+ Bdor) (

where 8 is the leedback transfer function. For the noninverting amplifier, this
feedback transfer function is

= — - : (14.40)

Yiy

Figurs 14.9 Noninvering ampliber

for the closed-loop gain as a function of frequency, as follows:

A l
Acelf) = ?40 x 7 (14.41)

NN Hff Ao ]
LT TR/ R
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Normally. 4p 3 [1 + (R4+/R,)}]; therefore, the low-frequency closed-loop
gain 15

.

A(‘.t_” = I + R (14421

4s previously determined. For A, 3 Ao, Equation {14.41) is approximately

] A
Ace ()= ”“”f (14.43)
L+ _—A_
fep ( ¢ )
Acro
The 3dB frequency, or small-signal bandwidth, is then
. . A
Sran Z.J'PD( 2 ) (14.44)
Acro

Since in most cases Ay 3 Ao, the bandwidth of the closed-loop system
is substantially larger than the open-loop dominant-pole frequency fpp. Note
also that Equation (14.44) appiies to the inverting, as well as the noninverting,
amplifier in which A¢; o is the magnitude of the closed-loop gain. We have seen
this same bandwidth extension for negalive feedback several times previously.

143.2 Gain—-Bandwidth Product

We can also determine the unity-gain bandwidth of the closed-loop sysiem.
From Equation (14.43). we can wrile

o A ’
el =gl =1 = KED {14.45)

\/l + [ \f;,ll'llll)-' ]2
fepl Ao/ Acio)

where £y is the unity-gain frequency of the closed-loop system.
Il Acyp > 1, then Equation (14.45) yields

oy y (14.46¢a))
, A
e (—”)

Aecig

which reduces 1o

; ; A . .
)(bl'bll_\ = AI'LU.-".PD (A e ) =_fPD-"!Q :_J(]" [I“.th}
Lo

The unity-gain frequency or bandwidth of the closed-loop system is essentially
the same as that of the open-loop amplifier.

The open-loop and closed-loop [requency response curves are shown in
Figure 14.10. We observed these same resuits in Chapter 12 in the discussion
on ideal feedback theory.
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Figure 1418 Bode piot, open-loop and closed-loop gain magnitude

Example 145 Objecive: Determing the unity-gaim bandwidth and the maximum
closed-loop gain for a specified closed-loop bandwidth,

An audio amplifier system is to use an op-amp with an open-lcop gain of 4 =
2 x 10° and a dominant-pole frequency of § Hz. The bandwidth of the audio system is to
be 20kHz. Determine the maximum closed-loop gain for the audio amplifier.

Solution: The unity-gain bandwidth 15 found as
fr =fepAo = (SH2 % 10°) = 10° Hz = | MH2
Since the gain-bandwidth product is a constant, we have
Sran - Acr =17
where /' 1.gp i5 the closed-loop bat}dwidth and 4y, 15 1he closed-loop gain. The maximum

closed-loop gain is then

- .}
Aer fr i 50

& =f3-m TR0

Comment: I the closed-loop gain is less than or equai to 50, then the required band-
width of 20kHz for the audio amplifier will be realized.

Test Your Understanding

14.12 An op-amp with open-loop parameters of Ay, = 10° and fpp = 50Hz is
connected in a nominverting amplifier configuration with a low-frequency closed-loop
gain of A¢po = 25. If an inpur voltage of v; = 50 sin(2mft) WV is applied, determine the
output voltage peak amplitude for: (a) f = 2kHz. (b) f = 20kHz, and (¢} f = 100kHz.
{Ans. (a) 1.25mV (b) 0.884 m¥ (c) 0.245m V)

14.3.3 Slew Rale

Implicit in the frequency response analysis for the closed-loop amplifier is the
assumption that (he sinusoidal input signals are smail. If a large sinusoidal
signal or step function is applied to an op-amp circuit, the input stage can be
overdriven and the small-signal model will no longer apply.
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Figure 14.11 shows a simplified op-amp circuit. If a large step voltage
(greater than 120mV) 1s applied at v; with v, held at ground potential, then
(0, is effectively cut off, which means i-; =0 and i) = I,. The entire bias
current is switched to 0. Since ica & iy then i = I,Q, since Q3—'Q,| form a
current mirror, then we dlso have iy = Ip. '

-‘\g!l —-0 Y

Emitter-
follower
aulpul
stage

Figure 14.11  Simplified op-amp for calcutating slew rate

The base current into (s is very small; therefore, the current through the
compensation capacitor C, is g = ics = fp. Since the voltage gain of the
emitter-follower output stage is essentially unity, the capacitor current c¢an
be writlen as

j, = ¢, Wo="tor} (§4.47)
ot
The gain of the second stage is large, which means that vg; < 1o Equation

{14.47) then becomes

y
io=C % =1, (14.48)
[Lip
do _ 1o (14.49)
dt C|

The maximum current through the compensation capacitor is limited to the
bias current /. consequently, the maximum rate at which the output voltage
can change is also limited by the bias current /.

The maximum rate of change of the output voltage is the slew rate of the
op-amp. the units of which are usually given as volts per microsecond, From
Equation {(14.49), we have

' {
Stew rute (SR) = ({%}) = ?Q (14.50)
max 1

Although the rate of change in output voltage can be either positive or nega-
tive, the slew rate is defined as & positive quantity.

.
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Figure 14.12 shows the slew-rate limited response of an op-amp voltage
follower to a rectangular input voltage pulse. Note the trapezoidal shaped
output response, The time needed to reach the full-scale response is approxi-
mately Vy(max)/SR.

¥
1nput palse

Viyims ) =

/

.~ ~
T (hutput response
il 4 Shipe = SR

[H] Time

Figure 14.12 Slew-rate-limited response of voitage follower to rectangular input voltage
puise

Example 14.6 Objeciive: Calculate the slew rate of the 741 op-amp.
From the previous chapter, the bias curreni in the 741 op-amp is iz = |9 pA and
the internal Traquency compensation capacitor is ¢, = 30pF.

Solution: From Equation (§4.50), the slew rate is

s 19x10"
S — s =063 % 10" Vs =063V
A X0y fis

Comment: The parual data sheet in Table [4.) for the 741 op-amp lists the typical
slew rate as (0.7 ¥-ps, which is in close agreement with our calculated valuc.

Typical slew-rate values for the CA3140 BICMOS and LH0042C BIFET
op-amps ar¢ also given in Table 14.1. The BICMOS circuit has a (ypical slew
rate of 9 V/ps, and the BiFET op-amp has a typical value of 3 V/ps. The slew
rates are larger in the FET op-amps because the bias cusrents are larger than m
the 741 circuit and the gain of the FET input stage is smaller than that of the
741 input stage.

The slew rate is directly related to the unity-gain bandwidth. To explawn,
the unity-gain bandwidth is directly proportional to the dominant-pole (re-
quency, or fr o fpp. Inn turn, the.dominant-pole frequency is inversely propor-
tional to R, C,. where R, is the equivalent resistance at the node of the second
stage input and C; is the compensation capacitance. The equivalent resistance
R, 1s a function of the second stage input resistance and the diff-amp stage
putput resistance, both of which are inversely proportional to Ip. Then,

! 1 B
fTO(fPﬂaR c—r{x(l) O(E_'l-
<

(451
ey b1

\!Q

where 1o/C is the slew rate. Equation (14.51) shows that the slew rate is
directly proportional to the unity-gain bandwidth.
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Now consider what happens when a sinosoidal input signal is applied, for
example, to the noninverting amplifier shown in Figure 14.9.1f v; = V, sine,
then

R
vl t) = V,,(l + ﬁ) sinwt = V,,, sinwr (14.52)
!

where ¥, is the ideal peak value of the sinuscidal output voltage.
The rate at which the output voltage changes is

"";‘;I“—’ = @b, coswr (14.53)

Therefore, the maximum rate of change is wl,,. Figure 14.13 shows two
sinusoidal waveforms of the same frequency but different peak amplitudes.
The maximum rate of change, or slope, occurs as the curves cross the zero
axis, The waveform with the larger peak value has a larger maximum slope.
Curve a in Figure 14.13 has a maximum slope corresponding to the slew rate;
curve b, with a smaller peak value, has a maximum slope less than the slew rate.
If the maximum slope, @¥,,, is greater than the slew rate SR, then the op-amp
is slew.rate-limited and the output signal is distorted.

l'UfFJ

N\Slope = -SR  Slope= 48R/, # T

Figure 14.13  Two sinusoidal waveforms of the same frequency with ditferent peak
voltages, showing diffarent maximum slopes

Thus, the maximum frequency at which the op-amp can operate without
heing slew-rate-limited is a function of both the frequency and peak amplitude
of the signal. We have that

s V;-:l = 28 s V;m =Sk {14.54(a))
or
SR

2nV,,

Joan = (14.54(b))
As the output voltage peak amplitude increases, the maximum frequency at
which slew-rate-limiting occurs decreases. The full-power bandwidth (FPBW) is
the frequency at which the op-amp output becomes slew-rate-limited. The
FPBW is the £, frequency from Equation (14.34(b})), or

SR
2nV,

FPBW = (14.55%)

The full-power bandwidth can be considerably less than the smali-signal
bandwidth. :
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Example 14.7 objective: Determine the small-signal bandwidth of an amplifier
and the full-power bandwidth that wili produce an undistorted output voltage.

Consider an amplifier with a unity-gain bandwidth of + = | MHz and a low-
frequency closed-loop gain of Ao o = 10, Assume the op-amp slew rate is SR =
1¥/us and the desircd peak output voltage is V,, = 10V,

Solution: The small-signal closed-loop bandwidth is. from Equation {14.44),

o 10

—— = (00 kHz
A 10

Sidn =
The full-power bandwidth, based on slew-rate imitation, lrom Equations (14.54(b)} and
(14.55Y, is

SR {1V /ps) 10 ps/s)

— W= =
fman FPB I Vﬂ‘-ﬂ 27!‘( 140y

= |59kH:

Commaent: The [uil-power bandwidth, or the actual maximum frequency at which the
systemn can be operated and still preduce a large, undistorted output signal. is consider-
ably smaller than the bandwidth under small-signal nonsiew-rate-limiting conditions.

Yest Your Understanding

14.13 A !V input step function is applied ¢ a noninverting amplifier with a closed-
1o0p gain of 5. The slew rate of the op-amp is 2V, ps. Determine the tme needed for the
output vollage to reach its Tull-scale response. (Ans. 2.5 us)

14.14 Fora 741 op-amp with a slew rate of 0.63 Vips. find the fuil-power bandwidth
for a peak undistoried output veltage of: () |V, and (h) 10V, {Ans. {a) 100 kHz {h)
10kHz)

4445 An op-amp with a tow-frequency open-loop gain of 4 = 107 and a domi-
nant-pole frequency of fpp = I0Hz is used in a neninvetling amplifier confipuration
with a low-frequency closed-loop gain of d¢ g = 30. The slew rate of the op-amp 15

0.8 V/pus. Determine the maximum undistorted output voliage amplitude such that
.f;nax =f3-d|l- {Ans. 6.37 V)

14.4 OFFSET VOLTAGE

In Chapter 11, we analyzed the basic difference amptifier, which is the input
stape of the op-amp. In that analysis, we assumed the inpui differential-pair
transisiors {o be identical, or matchad. If the two input devices are mismaitched,
the currents in the two branches of the diff-amp are unequal and this affects the
diff-amp dc output voltage. In fact, the internal circuitry of the entire op-amp
usually contains imbalances and asymmetries, all of which can cause a nonzero
output voltage for a zero input differcntial voltage. '

The output dc offset voltage is the measured open-loop output voltage
when the input voltage is zero. This configuration is shown in Figure 14.14.
The input dc offset voltage is defined as the input differential voltage that must
be applied to the open-loop op-amp Lo produce a zero output voltage. This
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Yoo
Figure 14.14 Circuit Figureta.15 Circuit for

for measuring oulput measurnng input offsat
offsat voltage voltage

+
Vg 1]
Yor j_

configuration s shown in Figure 14.15. The input offset voltage is the param-
eter most often specified and is usually referred Lo simply as the offset voltage.

Offset voltage values have a statistical distribution among op-amps of the
same (ype, and the offset voltage polarity may vary from one op-amp to
another. The ofTset voltage specification for an op-amp is the magnitude ol
the maximum offset voltage for a particular type of op-amp. The offset voltage
is a dc value, generally in the range of 1-2mV for bipolar op-amps. although
some op-amps may have offset veltages in the range of 5-10mV. Further, the
maximum offset voltage specification for a precision op-amp may be as low as
10 uv.

In this section we will analyze offset voltage effects in the input diff-amp

stage and will then consider various techniques used to compensate for offset
voltage.

14.4.1  Input Stage Otiset Voltage Effects

Severul possible mismatches-in the input diff-amp stage can produce offset
voltages. We will analyze offset voltage effects in two bipolar input stages
and in a MOSFET input diff-amp circuit.

Basic Bipolar Ditf-Amp Stage

A basic bipolar diff-amp is shown in Figure 14.16. The differential pair is
biased with a constant-current source. If @, and @ are matched. then for
¥ =1 =0, fp splits evenly between the two transistors and i) =iy If a
two-sided output is defined as the difference in voltags between the two col-
lector terminais, then vy = 0 when the transistors are matched and the collec-
tor resistors are matched, which means that the offset voltage is zero.

The collector currents can be writien as

llf| = ISI{,FM_]J""JI' {]456{‘})
and
i = Igae 2t b1 (14.56(b))

where 5, and fg» are related to the reverse-saturation currents in the B-E
junictions and are functions of the electrical and geometric transistor proper-
ties. If the two transistors are exacily matched, then fg = lg; if there 15 any
mismatch in the electrical ot geometric parameters, then gy # I,
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Figure 14.16 Basic bipolar difference amplifier

The input offset voltage is defined as the input differential voltage required
to produce a zero output voltage, of in this case Lo produce i, = iy Figure
14.17 shows the i~ versus vy characteristics of two unmatched \ransistors.
Slightly different B-E voltages must be applied to produce equal collector
currents that will result in a zero output voltage in the diff-amp.

Figura 14,17 The i versus vge charactenstics for two unmatched bipolar ransisiors

For ix = ics. we have

ISI‘?VmIVr = [/ br (14.57)
ar
e("'lfl_"ﬂfl”r'r = ;5_2 (14.58}
51

We define the offset veltage as

vae1 — Yaer = Vs
Since vy — vy = vgp — Vg, then the offset voliage Py is the differential
input voliage that must be applied to produce icy = irs.
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Equation {14.58) can then be written as
S I .

eha.\.l’l b !_:; [1459(31)

or

. I
Vos =¥z ln(%) (14.59(b))
5l

Example 14.8 Objective: Calculaie the offset voltage in a bipolar diff-amp for a
given mismatch belween the inpul transistors.

Consider the diff-amp in Figure 14.16 with transistor parameters {5, = 07" A and
For = 105 % 10714 A,

Solution: From Equation {14.59(b)), the offset voltage is

=14

Vos= Vrin(’ﬂ) = (0.026}In % = 0.00127V = 1.27mV
I_g] 1= 10 !

Commant: A 5 percent difference in fg for O, and for (; produces an offset voltage of

1.27 mV. Since the offset voltage s defined as a positive quantity, if in the previous

example fg) were 5 percent larger than gy, the offset voltage would also be 1.27mV.

It should be cautioned that the oifset voltage in this example is one com-
ponent of the offset voliage for the entire op-amp. For example, if the two
collector resistors are not equal, then the two-sided output voltage v, will not
be zero even if the two transistors are identical. Nevertheless, the calculation
provides information on one source of offset voltage, as well as the resulting
magnitude of Vys.

Test Your Understanding

14.48 Consider the bipolar diff-amp in Figure 14.16 with transistor pararmeters
I =2 x 100" A and I = 1.85 x 107" A. Calculate the offset voltage. (Ans. 203mV)

Bipolar Active Load Dif-Amp Slage

Figure 14.18 shows a bipolar diff-amp with a simple two-transistor active load.
As before, this input stage is biased with a constant-current source. If ¢, and
{J, are matched and if (), and (4 are matched, then fg splits evenly between @y
and (; for v, = v;, and the E-C voltages of ¢y and (4 are equal. The one-
sided dc output voltage v, will therefore be one E-B voltage below V.

If, however, O, and O, are not exactly matched, then i¢; and iy may not
be equal sinee the active load influences the sphit in the bias current, even il
and (4 are matched. This effect is caused by a finite Early voltage. Taking the
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e
ic3 i

¥ 2 1] ¥2

p-
Figure 14.18 Basic bipctar dif--amp with active load

Eatly voltages into account, but neglecting base currents, we can write the
collector currents as

oy = iy = fm(e"ﬂf“"'f}(l + "‘E')

v
e (14.60(a))
=.r Pt.nj'fyr (1+ EC‘J')
sl )1 485

and
: . v '
f-("l — i-("d = fs:(é’"ﬂ'” r)(l + _C'E_?)
egal b YeCa
= [ (e"em!t (I +~—)
( L

Il we assume that @, and @, are matched, then /5 =l =15 and
V= Vam V. Assume that Q; and @, are slightly mismatched, so that Iy
# Igq but siill assume that V3 = ¥,y = V5. For vy = vy, we have vge = vae;
also, vem = Ve = vpey = vgp. Taking the ratio of Equations (14.60(a)) and
(14.60(b)} produces

(14.6(b))

L JepeotEl [ 42
feL V‘” I Var (14.61)
AN AP
Equation {14.61) can be rearranged in the form
I+ :ff' ; i
T AN _ 5'3 AN (14.62)

| 4 £8 T, veg fg 1 +"£C4
AP Var -
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Since Oy is connected as a diode, vy is 2 constant for a given bias current
and supply veliage, which means that the lefi side of Equation (14.62) is a
constant. If gy = fgy, then veg = vep, and vgey = vep = vgey. However, if
Ig1 # Igq, then the collecior-emitter voltages on (5 and (2, must change, If,
for example, lgy > fgq, then vgey is larger than veg,. If, on the other hand,

Isq > I53, then vgegy 1s smaller than veg;, and @, may be driven into saturation
by the musmartch.

Example 14.9 Objective: Calculale the change in output voltage for a given mis-
match in the active load transistors,

Consider the diff-amp in Figure 14.18 with ¥t = 10 V. Assume that @, and {; are
matched with vge = vger = 0.6V, and assume that veg = vepy = v = 0.6V, Let
Iy = 1051y Also assume that ¥ = Vp =30V,

Solutlon: Since vpgy = 0.6V = v, then for v| = v, = 4,
FeEl = V+ =10V

The left side of Equation (14.62) is therefore

l+$s—I |+I_q
Van _ 30 36
TR T S
Fap 50
We have that

veca ¥ vepr =V g = 106V
or
Vegr: = 10.6 — YECY

Equation (14.62) then becomes

. 10.6 — very
1.186 = 1.cs—ul++i
50
which yields
Veog = 194V

Comment: A 5 percent difference between the properties of 3 and O, produces a
change from 0.6 (o 1.94 V in the E—C voltage of £,

Computer Simulation Verification: A PSpice analysis of the ofTset voliage effects in
the active load diff-amp was performed. The two input terminals are at ground potential.

Using g =5x 107" A for all transistors, the PSpice analysis shows that
vegp = 0.654V rather than the assumed value of 0.6V. Also, vgey is E19V rather
than equal to vgg;. This occurs because the circuit is slightly unbalanced; that is, ig
includes the base currents of (3 and (,, and iy does mot. When &; and Q, are not
matched and fs, = 1.05/g = 5.25x 107"* A, then vgey increases to 2.51 V, compared to
1.94V from the hand analysis. If, however, f =095 =475 % 107% A, then Q4
£0es into saturation.
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An offset voltage that will slightly change /- and i~ will allow the E-C
voltage of O, to be adjusted back 1o its original value.

As shown in actual op-amp circuits, resistors are usually included in the
emitters of the active load transistors. By producing a slight imbalance in the
two resistor values, we can change the ratio of i¢y 10 i, causing a change in
the output voltage. This is discussed in the next section when offset voltage nuil
adjustment is discussed.

Test Your Understanding

*44.17 Consider the active load bipolar difi-amp stage in Figure 14.18. Assume the
circuit and transistor paramncters are as given in Example 14.9, Using Equations
(14.60(a)y and (14.60{b)}. determine the offset voltage Vg = |vges — vegy| such that
vpes = Veca and vop = vepz. (Ans. 1.27 mV)

MOSFET Ditf-Amp Stage

Figure 14.19 shows a basic MOSFET diff-amp in which the differential pair is
biased with a constant-current source. Il M, and M; are matched, then for
v = vy =0, Iy splits evenly between the two transistors and ip) = {p>. Since a
two-sided output is the voltage difference between the two drain terminals,
then for this symmetrical situation, vy = 0 and the oflset voltage is zero.

Figure 1419 Basic MOSFET diff-amp

The drain currents can be written as
ipy = Kutvgsi = Vam)’ (14.63(2))
and

i Kolvgs: — Vvl (14.63(b))
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As previously stated, the conduction parameters K, and £, are functions
of the electrical and geometric properties of the (wo transistors, and the thresh-
old voliages Vyyy and Fry; are also functions of the transistor electrical prop-
ertigs. If there is a mismatch in electrical or geometric parameters. then we may
have K, # K,z and Vg # Vo

As with the bipolar diff-amp, the input offset voltage is defined as the input
differential voltage that must be applied to produce a zero output voltage, or

Vas = vasi — Yas2 (14.64)

When the ofiset voltage is applied, ip, = ipy = Ip/2; when the two drain resis-
tors are equal, then v; =0. Solving Equations (14.63(a)) and (14.63(b)} for
ves1 and 1gs and substituting the results into Equation (14.64), we find

'!E in2
Vos = X, + Vrw — !_L'_z+ Frvz (14.65)

The various difference and average quantitics are defined as follows:

ﬁk—:l = Kﬂ'l T KHZ (1466('))

K, = 5’.1.:;.-_&"‘_3 {14.66(b))

AVyw = Viwy — Viwz (14.67(a))
and

Vi = Lot Ve (14.67(b))

<

Combining Equations (14,66(2)) and (14.66(b)), we have

K,=K,+ é;’j (14.68(a))
and

Kip=K, - &f . (14.68(b))
Similarly.

Vim = Vo + 1 (14.69(8))
and

Viny = Vi = 22 (14.69))

Noting that ip = ipy = [p/2 and substituting Equations (14.68(a))
through (14.69(b)) into Equation (14.65), we obtain

i 1 1
Vi 2 = AVry 14.70
L [Jx,, Ak, JK - (.sx,/zy] AT L
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If we assume that AKX, < K, then Equation (14.70) reduces to

l lo (DK,
Vos = - K, \'K

) LAV a4.71)

Equation {14.71) is the offset voltage in a MOSFET diff-amp as a function
of the differences in conduction parameters and threshold voltages.

Example 14.10 Objective: Calculate the offset voltage in a MOSFET diff-amp
stage for a given mismatch between input transistors.

Consider the diff-amp in Figure 14.19 with transistor parameters K,; = 105 pA/V".
Ky = IMFA"V cand Fry; = Frya. Assumme !Q 200 pA.

Solutlon: From Equation (14.66{a)), the difference in conduction parameters is
AK, =K, - K,; = 105~ 100 = SpA/V?

Frem Equation {14.66(b)). the average of the conduction parameters is
Ky+K, 105+100

= i = = 102, V2
K, 3 5 102.5uA/
The magnitude of the offset voltage is. from Equation (14.71),
1 {1, (oK L [0 05
¥ =- f—=. = =021V ; v
Wosl =3 /3% ( K, ) 3 2(102.5)(101.5) L e

Commaent: A 5 percent dilference in conduclion parameter values between the inpul
MOS transistors produces an offset vollage of 24.1 mV.

Test Your Understanding

1448 Assume the MOSFET diff-amp shown in Figure §4.19 is biased with a cur-
rent fp = ISOpA Let Fryy = Fry:. Assume the nominal conduction parameter value is
K, = SUpA,r‘V' Delermine the maximum \rarldtlon &K, such that the offset voltage is
fimited 10 Vg = 20mV. jAns. AK, = 1.63aA/V?)

Compating the results of Examples 148 and 14.10 shows that typically the
ofTset voltage for a MOSFET diff-amp is substantially larger than that of a
bipelar dilf-amp. The difference can be explained by comparing Equation
(14.71} for the MOSFET diff-amp and Equation (14.5%(b}) for the bipolar
diff-amp. The offset vollage for the MOSFET dilf-amp is direcily proportional
to the percent change in conduction parameter values, whereas the offset volt-
age for the bipolar diff-amp is proportional to the logarithm of the percemt
change in the fg current parameters. In addition, the offset voltage for the
MOSFET pair is proportional to

Viglka=Vis — Vyx

which is typically in the range of 1-2V. In contrast, the offset vollage for the
bipolar pair is proportional to

Yy % 26mV



