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S With the two input terminals connected to a suitable dc 
voltage Vcu, the bias current 7 of a perfectly symmetri
cal differential pair divides equally between the two 
transistors of the pair, resulting in a zero voltage differ
ence between the two drains (collectors). To steer the 
current completely to one side of the pair, a difference 
input voltage vid of at least J2V0V (4VT for bipolar) is 
needed. 

9 Superimposing a differential input signal vid on the dc 
common-mode input voltage VCM such that vn = VCM + 
vid/2 and vI2 = Vcu-vid/2 causes a virtual signal 
ground to appear on the common source (emitter) connec
tion. In response to vjd, the current in Qx increases by 
glnvid/2 and the current in Q2 decreases by gmvid/2. 
Thus, voltage signals of ±gM(RD II r0)vid/2 develop at 
the two drains (collectors, with R D replaced by Rc). 
If the output voltage is taken single-endedly, that is, be
tween one of the drains (collectors) and ground, a 
differential gain of \g (RD [I r0) is realized. Taking the 
output differentially, that is, between the two drains 
(collectors) the differential gain realized is twice as large: 
gm(

RD II r0). 

S The analysis of a differential amplifier to determine 
differential gain, differential input resistance, fre
quency response of differential gain, and so on is 
facilitated by employing the differential half-circuit, 
which is a common-source (common-emitter) transistor 
biased at 1/2. 

• An input common-mode signal vicm gives rise to drain (col
lector) voltage signals that are ideally equal and given by 
-vicm(RD/2Rss) [-vlcm(Rc/2REE) for the bipolar pair], 
where Rss (REE) is die output resistance of the current 
source that supplies the bias current /. When the output is 
taken single-endedly a common-mode gain of magnitude 
\Acm\

 = RD/2RSS (RC/2REE for the bipolar case) results. 

Taking the output differentially results in the perfectly 
matched case in zero Acm (infinite CMRR). Mismatches 
between the two sides of the pair make Acm finite even 
when the output is taken differentially: A mismatch ARD 

causes |A c m | = (RD/2RSS)(ARD/RD); a mismatch Ag„, 
causes \Acm\ = (RD/2Rss)(Agm/gJ. Corresponding 
expressions apply for the bipolar pah'. 

• While the input differential resistance RM of the MOS 
pair is infinite, that for the bipolar pair is only 2rn but 
can be increased to 2(f5 + l)(re + Re) by including resis
tances Re in the two emitters. The latter action, however, 
lowers A j . 

Mismatches between the two sides of a differential pair 
result in a differential dc output voltage V0 even when the 
two input terminals are tied together and connected to a 
dc voltage VCM. This signifies the presence of an input 
offset voltage Vos = V0 /Ad. In a MOS pair there are three 
main sources for Vos: 

ARr. 
Vgv _____D 

2 Rn 

A(W/L) => Vos = -SZ-
VÇY_ A(W/L) 
2 W/L 

For the bipolar pair there are two main sources: 

ARC 

ARr => Vn. = VT 

A / , 

Rc 

AIS 

A popular circuit in both MOS and bipolar analog ICs is 
the current-mirror-loaded differential pair. It realizes a 

8m(Ro \RN 
, r) and a 

for the MOS 
high differential gain t 
low common-mode gain, |A c m | =\i 
circuit ( r o 4 / B 3 R E E for the bipolar circuit), as well as per
forming the differential-to-single-ended conversion with 
no loss of gain. 

The common-mode gain of the differential amplifier 
exhibits a transmission zero caused by the finite output 
resistance and capacitance of the bias current source; 
fz = T„CssRss (t^EEREE for bipolar). Thus the CMRR 
has a pole at this relatively low frequency. 

A multistage amplifier usually consists of three stages: an 
input stage having a high input resistance, a reasonably 
high gain, and, if differential, a high CMRR; an inter
mediate stage that realizes the bulk of the gain; and an 
output stage having a low output resistance. Many CMOS 
amplifiers serve to drive only small on-chip capacitive 
loads and hence do not need an output stage. In designing 
and analyzing a multistage amplifier; the loading effect of 
each stage on the one that precedes it must be taken into 
account. 
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SECTION 7 . 1 : THE MOS DIFFERENTIAL PAIR 

7.1 For an NMOS differential pair with a common-mode 
voltage vCM applied, as shown in Fig. 7.2, let VDD = Vss = 
2.5 V, k'nW/L = 3 mAA^ 2, Vtn = 0.7 V, 7 = 0.2 mA, RD = 
5 k£2. and neglect channel-length modulation. 

(a) Find Vov and Vas for each transistor. 
(b) For vCM = 0, find vs, iDl, iD2, vDl, and vD2. 
(c) Repeat (b) for v c u = +1 V. 
(d) Repeat (b) for v c u = - 1 V. 
(e) What is the highest value of vCM for which Qx and Q2 

remain in saturation? 
(f) If current source I requires a minimum voltage of 0.3 V to 
operate properly, what is the lowest value allowed for vs and 
hence for vCM7 

7.2 For the PMOS differential amplifier shown in Fig. P7.2 
let Vtp = -0 .8 V and k'pW/L = 3.5 mAA^ 2. Neglect channel-
length modulation. 

(a) For vGl = VG2 = 0 V, find Vov and VGS for each of <2i and 
Q2. Also find vs, vm, and vD2. 
(b) If the current source requires a minimum voltage of 
0.5 V, find the input common-mode range. 
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FIGURE P7.2 

7 .3 For the differential amplifier specified in Problem 7.1 
let vG2 = 0 and vG1 = vid. Find the value of vld that corre
sponds to each of the following situations: 

(a) i m = iD2 = 0.1 mA; (b) i m = 0.15 mA and iD2 = 0.05 mA; (c) 
im = 0.2 mA and iD2 = 0 (Q2 just cuts off); (d) iDl = 0.05 mA 

and iD2 = 0.15 mA; (e) i m = 0 mA (Q_ just cuts off) and iD2 = 
0.2 mA. For each case, find vs, vm, vD2, and (vD2 - vm). 

7.4 For the differential amplifier specified in Problem 7.2, 
let vG2 = 0 and vGl = vid. Find the range of vid needed to steer 
the bias current from one side of the pair to the other. At 
each end of this range, give the value of the voltage at the 
common-source terminal and the drain voltages. 

7.5 Consider the differential amplifier specified in Prob
lem 7.1 with G2 grounded and vG1 = vid. Let vid be adjusted 
to the value that causes i m = 0 . 1 1 mA and iD2 = 0.09 mA. 
Find the corresponding values of vGS2, vs, vGSl, and hence 
vid. What is the difference output voltage vD2 - vml What is 
the voltage gain (vD2 - vDl)/vidl What value of vid results in 
i m = 0.09 mA and iD2 = 0.11 mA? 

7.6 The table providing the answers to Exercise 7.3 shows 
that as the maximum input signal to be applied to the differ
ential pair is increased, linearity is maintained at the same 
level by operating at a higher Vov. If | vjd | m a x is to be 150 mV, 
use the data in the table to determine the required Vov and 
the corresponding values of W/L and gm. 

7.7 Use Eq. (7.23) to show that if the term involving v\d is to 
be kept to a maximum value of k then the maximum possible 
fractional change in the transistor current is given by 

fa!,, 

\ 1/2 
= 2jk(l-k) 

and the corresponding maximum value of vid is given by 

^Wmax = 2jkVov 

Evaluate both expressions for k = 0.01, 0.1, and 0.2. 

7.8 An NMOS differential amplifier utilizes a bias current of 
200 LiA. The devices have V, = 0.8 V,W= 100 Ltm, and L = 
1.6 jtan, in a technology for which /UnC0X = 90 tiA/V 2 . Find 
VGs, gm^ and the value of vu for full-current switching. To 
what value should the bias current be changed in order to 
double the value of vid for full-current switching? 

D7.9 Design the MOS differential amplifier of Fig. 7.5 to 
operate at Vov = 0.2 V and to provide a transconductance 
gm of 1 mA/V. Specify the W/L ratios and the bias current. 
The technology available provides V, = 0.8 V and finC0X = 
90 jiAIN2. 

7.10 Consider the NMOS differential pair illustrated in 
Fig. 7.5 under the conditions that 7 = 100 jiA, using FETs 
for which k'n(W/L) = 400 ^ A ' V 2 , and V, = 1 V. What is the 
voltage on the common-source connection for vGl = vG2 = 0? 
2 V? What is the relation between the drain currents in each 
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of these situations? Now for vG2 = 0 V, at what voltages 
must val be placed to reduce iD2 by 10%? to increase iD2 by 
10%? What is the differential voltage, vu = vG2 - vcl, for 
which the ratio of drain currents iD2Am is 1.0? 0.5? 0.9? 
0.99? For the current ratio iDl/iD 

input is required? 
20.0, what differential 

SECTION 7 .2 : SMALL-SIGNAL OPERATION 
OF THE M0S DIFFERENTIAL PAIR 

7.11 An NMOS differential amplifier is operated at a bias 
current I of 0.5 mA and has a W/L ratio of 50, EinC0X = 
250 HAN , VA 

and A r f. 
10 V, and RD = 4 kQ. Find Vov, gm, r0 

D7.12 It is required to design an NMOS differential 
amplifier to operate with a differential input voltage that can 
be as high as 0.2 V while keeping the nonlinear term under 
the square root in Eq. (7.23) to a maximum of 0.1. A 
transconductance gm of 3 mA/V is needed. Find the required 
values of Vov, I, and W/L. Assume that the technology 
available has p,,CBX = 100 pAIV1. What differential gain 
Ad results when RD = 5 kQ? Assume X = 0. What is the 
resulting output signal corresponding to vid at its maximum 
value? 

0 * 7 . 1 3 Figure P7.13 shows a circuit for a differential 
amplifier with an active load. Here Qx and Q2 form the differ
ential pair while the current source transistors QA and Q5 

form the active loads for <2i and Q2, respectively. The dc 

+2.5 V 
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05 
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bias circuit that establishes an appropriate dc voltage at the 
drains of CJi and Q2 is not shown. Note that the equivalent 
differential half-circuit is an active-loaded common-source 
transistor of the type studied in Section 6.5. It is required to 
design the circuit to meet the following specifications: 

(a) Differential gain Ad = 80 V/V. 
(b) 7 ^ = 7 = 100 fiA. 

(c) The dc voltage at the gates of Q6 and Q3 is +1.5 V. 
(d) The dc voltage at the gates of Q7, Q4, and Q5 is -1 .5 V. 

The technology available is specified as follows: )inCox = 
3N p C 0 X = 90 M / V 2 ; Vtn = \Vtp\= 0.7 V, VAn = |VAp| = 20 V. 
Specify the required value of R and the W/L ratios for all 
transistors. Also specify ID and | VGS\at which each transistor 
is operating. For dc bias calculations you may neglect channel-
length modulation. 

7.14 A design error has resulted in a gross mismatch in 
the circuit of Fig. P7.14. Specifically, Q2 has twice the W/L 
ratio of Qy. If vld is a small sine-wave signal, find: 

(a) Im and ID2. 
(b) Vov for each of GJi and Q2. 
(c) The differential gain Ad in terms of RD, I, and Vov. 

FIGURE P7 .13 

FIGURE P 7 . 1 4 

7.15 An NMOS differential pair is biased by a current 
source / = 0.2 mA having an output resistance Rss = 100 kQ. 
The amplifier has drain resistances RD = 10 kQ, using tran
sistors with k'nW/L = 3 mA/V 2 , and r0 that is large. 
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(a) If the output is taken single-endedly, find \Ad\, \Acm\, and 
CMRR. 
(b) If the output is taken differentially and there is a 1% mis
match between the drain resistances, find \Ad\, \Acm\, and 
CMRR. 

7.1 S For the differential amplifier shown in Fig. P7.2, let 
ft and Q2 have k'p(WIL) = 3.5 mA/V 2 , and assume that 
the bias current source has an output resistance of 30 kQ. 
Find Vov, gm, \Ad\, \Acm\, and the CMRR (in dB) obtained 
with the output taken differentially. The drain resistances 
are known to have a mismatch of 2%. 

12*7 J 7 The differential amplifier in Fig. P7.17 utilizes a 
resistor Rss to establish a 1-mA dc bias current. Note that 
this amplifier uses a single 5-V supply and thus needs a dc 
common-mode voltage VCM. Transistors Qx and Q2 have 
k'„W/L = 2.5 mA/V 2 , Vt = 0.7 V, and 1 = 0 . 

(a) Find the required value of VCM. 
(b) Find the value of RD that results in a differential gain Ad 

of 8 V/V. 
(c) Determine the dc voltage at the drains. 
(d) Determine the common-mode gain AVD1/AVCM. (Hint: 
You need to take l/gm into account.) 
(e) Use the common-mode gain found in (d) to determine the 
change in VCM that results in Cj\ and Q2 entering the triode 
region. 

VDD = 5 V 
A A 

F I G U R E P7 .17 

* 7 . 1 8 The objective of this problem is to determine 
the common-mode gain and hence the CMRR of the differen
tial pair arising from a simultaneous mismatch in gm and in RD. 

(a) Refer to the circuit in Fig. 7.11 and let the two drain resis
tors be denoted Rm and RD2 where RDl = RD + (ARD/2) and 

Rm = RD- (ARD/2). Also let gml = gm + (Agm/2) and gm2 = 
8m ~ (Agm/2). Follow an analysis process similar to that used 
to derive Eq. (7.64) to show that 

y2Rss/y 8 m RD ) 
Note that this equation indicates that RD can be deliberately 
varied to compensate for the initial variability in gm and RD, 
that is, to minimize Acm. 
(b) In a MOS differential amplifier for which RD = 5 kQ and 
Rss = 25 kQ, the common-mode gain is measured and found to 
be 0.002 V/V. Find the percentage change required in one of the 
two drain resistors so as to reduce Aan to zero (or close to zero). 

7 .1® Recalling that gm of a MOSFET is given by 

8m = k'n{^(VGS-V,) 

we observe that there are two potential sources for a mis
match between the gm values in a differential pair: a mismatch 
A(W/L) in the (W/L) values and a mismatch AV, in the 
threshold voltage values. Hence show that 

Agm = A(W/L) | AV, 
8 m W/L V0v 

Evaluate the worst-case fractional mismatch in gm for a differ
ential pair in which the (W/L) values have a tolerance o f+1% 
and the largest mismatch in Vt is specified to be 5 mV. Assume 
that the pair is operating at Vov = 0.25 V. If RD = 5 kQ and 
Rss = 25 kQ, find the worst-case value of Acm. If the bias current 
1=1 mA, find the corresponding worst-case CMRR. 

SECTION 7 .3 : THE BJT DIFFERENTIAL PAIR 

7.2® For the differential amplifier of Fig. 7.13(a) let I = 
1 mA, Vcc = 5 V, vat = - 2 V, Rc = 3 kQ, and Q = 100. 
Assume that the BJTs have vBE = 0.7 V at i c = 1 mA. Find 
the voltage at the emitters and at the outputs. 

7 . 2 1 For the circuit of Fig. 7.13(b) with an input of+1 V as 
indicated, and with 7 = 1 mA, Vcc = 5V,RC = 3 kQ, and B = 
100, find the voltage at the emitters and the collector voltages. 
Assume that the BJTs have vBE = 0.7 V at ic = 1 mA. 

7 . 2 2 Repeat Exercise 7.7 (page.X) for an input of -0 .3 V. 

7 . 2 3 For the BJT differential amplifier of Fig. 7.12 find 
the value of the input differential signal, vu = vBl - vB2, that 
causes iEl = 0.807. 

B 7 . 2 4 Consider the differential amplifier of Fig. 7.12 and 
let the B JT P be very large: 

(a) What is the largest input common-mode signal that can 
be applied while the BJTs remain comfortably in the active 
region with vCB = 0? 
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(b) If an input difference signal is applied that is large 
enough to steer the current entirely to one side of the pair, 
what is the change in voltage at each collector (from the con
dition for which vid = 0)? 
(c) If the available power supply Vcc is 5 V, what value of 
IRC should you choose in order to allow a common-mode 
input signal of+3 V? 
(d) For the value of IRC found in (c), select values for I and 
Rc. Use the largest possible value for I subject to the con
straint that the base current of each transistor (when I divides 
equally) should not exceed 2 /iA. Let ¡5= 100. 

7 . 2 5 To provide insight into the possibility of nonlinear dis
tortion resulting from large differential input signals applied 
to the differential amplifier of Fig. 7.12, evaluate the normalized 
change in the current iEl, AiEl/I = (iEl - (1/2))//, for dif
ferential input signals vu of 5, 10, 20, 30, and 40 mV. Provide a 
tabulation of the ratio ((AiEl/I)/vid), which represents the 
proportional transconductance gain of the differential pair, 
versus vld. Comment on the linearity of the differential pair as an 
amplifier. 

0 7 . 2 6 Design the circuit of Fig. 7.12 to provide a differen
tial output voltage (i.e., one taken between the two collec
tors) of 1 V when the-differential input signal is 10 mV. A 
current source of 2 mA and a positive supply of +10 V are 
available. What is the largest possible input common-mode 
voltage for which operation is as required? Assume a — 1. 

D*7 .27 One of the trade-offs available in the design of the 
basic differential amplifier circuit of Fig. 7.12 is between 
the value of the voltage gain and the range of common-
mode input voltage. The purpose of this problem is to dem
onstrate this trade-off. 

(a) Use Eqs. (7.72) and (7.73) to obtain i c i and i a correspond
ing to a differential input signal of 5 mV (i.e., vm -vB2 = 5 mV). 
Assume 0 to be very high. Find the resulting voltage difference 
between the two collectors (v^ - vcl), and divide this value by 
5 mV to obtain the voltage gain in terms of (IRC)-

(b) Find the maximum permitted value for v c u (Fig. 7.13a) 
while the transistors remain comfortably in the active mode 
with vCB = 0. Express this maximum in terms of Vcc and the 
gain, and hence show that for a given value of Vcc, the higher 
the gain achieved, the lower the common-mode range. Use this 
expression to find % M m a x corresponding to a gain magnitude of 
100, 200, 300, and 400 WV. For each value, also give the 
required value of IRC and the value of Rc for I = 1 mA. 

* 7 . 2 8 For the circuit in Fig. 7.12, assuming a = 1 and IRC = 
5 V, use Eqs. (7.67) and (7.68) to find i c l and i c 2 , and hence 
determine v„ = vC2 - vcl for input differential signals vid = 
vm - vB2 of 5 mV, 10 mV, 15 mV, 20 mV, 25 mV, 30 mV, 
35 mV, and 40 mV. Plot v„ versus vid, and hence comment 
on the amplifier linearity. As another way of visualizing lin
earity, determine the gain (v0/vid) versus vid. Comment on 
the resulting graph. 

7 . 2 9 In a differential amplifier using a 6-mA emitter bias 
current source the two BJTs are not matched. Rather, one 
has one-and-a-half times the emitter junction area of the 
other. For a differential input signal of zero volts, what do 
the collector currents become? What difference input is 
needed to equalize the collector currents? Assume a=\. 

* 7 . 3 0 Figure P7.30 shows a logic inverter based on the 
differential pair. Here, Qx and Q2 form the differential pair, 
whereas 6J3 is an emitter follower that performs two func
tions: It shifts the level of the output voltage to make V0H 

and V0L centered on the reference voltage VR, thus enabling 
one gate to drive another (this point will be explained in 
detail in Chapter 11), and it provides the inverter with a low 
output resistance. All transistors have VBE = 0.7 V at Ic = 
1 mA and have 0 = 100. 

(a) For vl sufficiently low that Qx is cut off, find the value of 
the output voltage v0. This is V0H. _ 

(b) For v, sufficiently high that Qx is carrying all the current 
/, find the output voltage v0. This is V0L. 

(c) Determine the value of v, that results in Qx conducting 
1% of /. This can be taken as V1L. 

(d) Determine the value of v, that results in Qx conducting 
99% of I. This can be taken as VIH. 

(e) Sketch and clearly label the breakpoints of the inverter 
voltage transfer characteristic. Calculate the values of the 
noise margins NMH and NML. Note the judicious choice of 
the value of the reference voltage VR. 

(For the definitions of the parameters that are used to charac
terize the inverter VTC, refer to Section 1.7.) 

Vrr = 5 V 

l k f U : l m 

V0O-

0 
v,o [ ö i Q2\ <3VÄ = 3.64V 

110 mA 

\ j l = 1 mA 

FIGURE P 7 . 3 0 

7.31 A BJT differential amplifier uses a 300-tiA bias cur
rent. What is the value of gm of each device? If 0 is 150, what 
is the differential input resistance? 

D 7 . 3 2 Design the basic BJT differential amplifier circuit of 
Fig. 7.16 to provide a differential input resistance of at least 
10 kQ and a differential voltage gain (with the output taken 
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between the two collectors) of 200 V/V. The transistor B is 
specified to be at least 100. The available power supply is 10 V. 

7 . 3 3 For a differential amplifier to which a total difference 
signal of 10 mV is applied, what is the equivalent signal to its 
corresponding CE half-circuit? If the emitter current source is 
100 t(A, what is rc of the half-circuit? For a load resistance of 
10 kQ in each collector, what is the half-circuit gain? What 
magnitude of signal output voltage would you expect at each 
collector? 

7"„34 A BJT differential amplifier is biased from a 2-mA 
constant-current source and includes a 100-Q resistor in each 
emitter. The collectors are connected to Vcc via 5-kQ resistors. A 
differential input signal of 0.1 V is applied between the two bases. 

(a) Find the signal current in the emitters (ie) and the signal 

voltage vbe for each BJT. 

(b) What is the total emitter current in each BJT? 

(c) What is the signal voltage at each collector? Assume a = 1. 

(d) What is the voltage gain realized when the output is taken 

between the two collectors? 

S 7 . 3 5 Design a BJT differential amplifier to amplify a differ
ential input signal of 0.2 V and provide a differential output 
signal of 4 V. To ensure adequate linearity, it is required to 
limit the signal amplitude across each base-emitter junction to 
a maximum of 5 mV. Another design requirement is that the 
differential input resistance be at least 80 kQ. The BJTs avail
able are specified to have 0 > 200. Give the circuit configura
tion and specify the values of all its components. 

7 . 3 6 A particular differential amplifier operates from an emitter 
current source whose output resistance is 1 MQ. What resistance 
is associated with each common-mode half-circuit? For collector 
resistors of 20 kQ, what is the resulting common-mode gain 
for output taken (a) differentially, (b) single-endedly? 

7 . 3 7 Find the voltage gain and the input resistance of the 

amplifier shown in Fig. P7.37 assuming P = 100. 

t 

FIGURE P7 .37 

7 . 3 8 Find the voltage gain and input resistance of the 
amplifier in Fig. P7.38 assuming that 0 = 100. 

+ 15 V 

i 

FIGURE P 7 . 3 8 

7 .39 Derive an expression for the small-signal voltage gain 
v0/vi of the circuit shown in Fig. P7.39 in two different ways: 

(a) as a differential amplifier 

(b) as a cascade of a common-collector stage Qt and a 

common-base stage Q2 

Assume that the BJTs are matched and have a current gain a. 

Verify that both approaches lead to the same result. 

Vcc 

FIGURE P 7 . 3 9 

7 . 4 0 The differential amplifier circuit of Fig. P7.40 utilizes a 

resistor connected to the negative power supply to establish 

the bias current I. 

(a) For vBl = vid/2 and vB2 = -vid/2, where vld is a small sig

nal with zero average, find the magnitude of the differential 

gain, \v0/vid\. 

(b) For vm = vm = vicm, find the magnitude of the common-

mode gain, \v0/vicm\. 

(c) Calculate the CMRR. 
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+ 5 V 

- 5 V 

FIGURE P7 .40 

(d) If vB1 = 0.1 sin 2K x 60f + 0.005 sin 2K X lOOOi volts, 
vm = 0.1 sin 2K x 60f - 0.005 sin 2K X lOOOf, volts, find v0. 

7 . 4 1 For the differential amplifier shown in Fig. P7.41, iden
tify and sketch the differential half-Circuit and the Common-
mode half-circuit. Find the differential gain, the differential input 
resistance, the common-mode gain, and the common-mode 
input resistance. For these transistors, B -

+ 15 V 

FIGURE P7 .41 

7 . 4 2 Consider the basic differential circuit in which the 
transistors have B = 200 and VA = 200 V, with I = 0.5 mA, 
REE = 1 MQ, and Rc = 20 kQ. Find: 

(a) the differential gain to a single-ended output 
(b) the differential gain to a differential output ' 

(c) the differential input resistance 
(d) the common-mode gain to a single-ended output 
(e) the common-mode gain to a differential output 

7 . 4 3 In a differential-amplifier circuit resembling that 
shown in Fig. 7.23(a), the current generator represented by / 
and REE consists of a simple common-emitter transistor oper
ating at 100 jUA. For tills transistor, and those used in the dif
ferential pair, VA = 200 V and B = 50. What common-mode 
input resistance would apply? 

0 7 . 4 4 It is required to design a differential amplifier to 
provide the largest possible signal to a pair of 10-kQ load 
resistances. The input differential signal is a sinusoid of 5-mV 
peak amplitude which is applied to one input terminal while the 
other input terminal is grounded. The power supply available 
is 10 V. To determine the bias current required, 7, derive an 
expression for the total voltage at each of the collectors in 
terms of Vcc and I in the presence of the input signal. Then 
impose the condition that both transistors should remain well 
out of saturation with a minimum vCB of approximately 0 V. 
Thus determine the required value of 7. For this design, what 
differential gain is achieved? What is the amplitude of the 
signal voltage obtained between the two collectors? Assume 
a = l . 

P * 7 . 4 5 Design a BJT differential amplifier that provides 
two single-ended outputs (at the collectors). The amplifier is 
to have a differential gain (to each of the two outputs) of at 
least 100 V/V, a differential input resistance >10 kQ, and a 
common-mode gain (to each of the two outputs) no greater 
than 0.1 V/V. Use a 2-mA current source for biasing. Give 
the complete circuit with component values and suitable 
power supplies that allow for +2 V swing at each collector. 
Specify the minimum value that the output resistance of 
the bias current source must have. The BJTs available have 
¡5 > 100. What is the value of the input common-mode 
resistance when the bias source has the lowest acceptable 
resistance? / 

7 . 4 6 When the output of a BIT differential amplifier is 
taken differentially, its CMRR is found to be 40 dB higher 
than when the output is taken single-endedly. If the only 
source of common-mode gain when the output is taken differ
entially is the mismatch in collector resistances, what must 
this mismatch be (in percent)? 

* 7 o 4 7 In a particular BJT differential amplifier, a production 
error results in one of the transistors having an emitter-base 
junction area that is twice that of the other. With the inputs 
grounded, how will the emitter bias current split between the 
two transistors? If the output resistance of the current source 
is 1 M Q and the resistance in each collector (Rc) is 12 kfi, 
find the common-mode gain obtained when the output is 
taken differentially. Assume a — I. 

SECTION 7 .4 : OTHER N0NIDEAL 

CHARACTERISTICS OF THE 

DIFFERENTIAL AMPLIFIER 

D7.48 An NMOS differential pair is to be used in an 
amplifier whose drain resistors are 10 kQ ± 1%. For the pair, 
k' w/L = 4 mA/V 2 . A decision is to be made concerning the 
bias current / to be used, whether 200 /xA or 400 pA. For dif
ferential output, contrast the differential gain and input offset 
voltage for the two possibilities. 

D7.49 An NMOS amplifier, whose designed operating 
point is at Vov = 0.3 V, is suspected to have a variability of V, 

of ±5 mV, and of W/L and RD (independently) of ±2%. What 
is the worst-case input offset voltage you would expect to 
find? What is the major contribution to this total offset? If 
you used a variation of one of the drain resistors to reduce the 
output offset to zero and thereby compensate for the uncer
tainties (including that of the other RD), what percentage 
change from nominal would you require? If by selection you 
reduced the contribution of the worst cause of offset by a fac
tor of 10, what change in RD would be needed? 

7.5© An NMOS differential pair operating at a bias current I 
of 100 /uA uses transistors for which k'„ = 100 jiAlY2 and 
W/L = 20, with V, = 0.8 V. Find the three components of input 
offset voltage under the conditions that ARD/RD = 5%, 
A(W/L)/(W/L) = 5%, and A V, = 5 mV. In the worst case, what 
might the total offset be? For the usual case of the three effects 
being independent, what is the offset likely to be? (Hint: For 
the latter situation, use a root-sum-of-squares computation.) 

7 . 5 1 A differential amplifier using a 600-^iA emitter bias 
source uses two well-matched transistors but collector load 
resistors that are mismatched by 10%. What input offset volt
age is required to reduce the differential output voltage 
to zero? 

7.52 A differential amplifier using a 600-/M. emitter bias 
source uses two transistors whose scale currents Is differ by 
10%. If the two collector resistors are well matched, find the 
resulting input offset voltage. 

7.53 Modify Eq. (7.125) for the case of a differential 
amplifier having a resistance RE connected in; the emitter of 
each transistor. Let the bias current source be 7. 

7.54 A differential amplifier uses two transistors whose B 
values are Bx and B2. If everything else is matched, show that 
the input offset voltage is approximately VT [ (1 / Bx) - (1 /B2)] • 
Evaluate Vos for B_ = 100 and B2 = 200. Assume the differen
tial source resistance to be zero. 

* 7.5 5 A differential amplifier uses two transistors having VA 

values of 100 V and 300 V. If everything else is matched, find 
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7.58 A differential amplifier for which the total emitter bias 
current is 600 LIA uses transistors for which ß is specified to 
lie between 80 and 200. What is the largest possible input 
bias current? The smallest possible input bias current? The 
largest possible input offset current? 

* 7 . 5 9 A BJT differential amplifier, operating at a bias cur
rent of 500 fiA, employs collector resistors of 27 kQ (each) 
connected to a +15-V supply. The emitter current source 
employs a BJT whose emitter voltage is - 5 V. What are the 

the resulting input offset voltage. Assume that the two transis
tors are intended to be biased at a VCE of about 10 V. 

* 7.5 6 A differential amplifier is fed in a balanced or push-
pull manner with the source resistance in series with each 
base being Rs. Show that a mismatch ARS between the values 
of the two source resistances gives rise to an input offset volt
age of approximately (I/2fi)ARs. 

7.57 One approach to "offset correction" involves the 
adjustment of the values of Rcl and RC2 so as to reduce the 
differential output voltage to zero when both input terminals 
are grounded. This offset-nulling process can be accomplished 
by utilizing a potentiometer in the collector circuit, as shown in 
Fig. VI.51. We wish to find the potentiometer setting, repre
sented by the fraction x of its value connected in series with 
Rcl, that is required for nulling the output offset voltage that 
results from: 

(a) Rcl being 5% higher than nominal and i ? C 2 5% lower than 

nominal 
(b) <2i having an area 10% larger than that of Q2 
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positive and negative limits of the input common-mode range 

of the amplifier for differential signals of <20-mV peak 

amplitude, applied in a balanced or push-pull fashion? 

* * 7 . 6 0 In a particular BJT differential amplifier, a produc

tion error results in one of the transistors having an emitter-

base junction area twice that of the other. With both inputs 

grounded, find the current in each of the two transistors and 

hence the dc offset voltage at the output, assuming that the 

collector resistances are equal. Use small-signal analysis to 

find the input voltage that would restore current balance to 

the differential pair. Repeat using large-signal analysis and 

compare results. Also find the input bias and offset currents 

assuming I = 0.1 mA and P\ = P2 = 100. 

D7.61 A large fraction of mass-produced differential-

amplifier modules employing 20-kQ collector resistors is 

found to have an input offset voltage ranging from +3 mV to 

- 3 mV. If the gain of the input differential stage is 90 V/V, by 

what amount must one collector resistor be adjusted to reduce 

the input offset to zero? If an adjustment mechanism is 

devised that raises one collector resistor while correspond

ingly lowering the other, what resistance change is needed? 

Suggest a suitable circuit using the existing collector resistors 

and a potentiometer whose moving element is connected to 

Vcc. What value of potentiometer resistance (specified to 1 

significant digit) is appropriate? 

SECTION 7 .5 : THE DIFFERENTIAL AMPLIFIER 

WITH ACTIVE LOAD 

D 7.6 2 In an active-loaded differential amplifier of the form 

shown in Fig. 7.28(a), all transistors are characterized by 

k'W/L = 3.2 mA/V z , and | VA 

I for which the gain va/vu = 80 V/V. 
20 V. Find the bias current 

7 . 6 3 In a version of the active-loaded MOS differential 

amplifier shown in Fig. 7.28(a), all transistors have k'W/L = 
0.2 mA/V 2 and | VA | = 20 V. For VDD = 5 V, with the inputs 

near ground, and (a) I = 100 pA or (b) I=400 p A , calculate the 

linear range of v„, the g m of Qx and Q2, the output resistances of 

Q2 and Q4, the total output resistance, and the voltage gain. 

7 . 6 4 Consider the active-loaded MOS differential amplifier 
of Fig. 7.28(a) in two cases: 

(a) Current-source I is implemented with a simple current 

mirror. 

-(b) Current-source I is implemented with the modified 

Wilson current MINOR shown in Fig. P7.64. 

Recalling that for the simple mirror Rss = r o \ Q and for the 

Wilson mirror Rss = gm7ro7ro5, and assuming that all transis

tors have the same | VA | and k'W/L, show that for case (a) 

CMRR = 2[ —A X 2 

08 
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and for case (b) 

CMRR = JÎ 

where Vov is the overdrive voltage that corresponds to a drain 

current of 7 / 2 . For k'W/L = 10 mA/V 2 , / = 1 mA, and 

10 V, find CMRR for both cases. 

D * 7 . 6 5 Consider an active-loaded differential amplifier 

such as that shown in Fig. 7.28(a) with the bias current source 

implemented with the modified Wilson mirror of Fig. P7.64 

with 7 = 100 p A . The transistors have |V,| = 0 . 7 V and 

k'iW/L) = 800 pAN2. What is the lowest value of the total 

power supply (VDD + Vss) that allows each transistor to oper
ate with Vn \VGS\? 

* 7 . 6 6 (a) Sketch the circuit of an active-loaded MOS dif

ferential amplifier in which the input transistors are cascoded, 

and a cascode current mirror is used for the load, 

(b) Show that if all transistors are operated at an overdrive volt

age Vov and have equal Early voltages | VA |, the gain is given by 

Ad = 2 ( V A / V 0 V ) 2 

Evaluate the gain for V o v = 0.25 V and VA = 20 V. 

7.67 The differential amplifier in Fig. 7.32(a) is operated 

with 7 = 100 p A , with devices for which VA = 160 V and d = 

100. What differential input resistance, output resistance, 

equivalent transconductance, and open-circuit voltage gain 

would you expect? What will the voltage gain be if the input 

resistance of the subsequent stage is 100 kQ? 

0 * 7 . 6 8 Design the circuit of Fig. 7.32(a) using a basic current 

mirror to implement the current source I. It is required that the 
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equivalent transconductance be 5 mA/V. Use ±5-V power sup

plies and BJTs that have P = 150 and VA = 100 V. Give the com

plete circuit with component values and specify the differential 

input resistance Rid, the output resistance R0, the open-circuit 

voltage gain A d , the input bias current, the input common-mode 

range, and the common-mode input resistance. 

D*7 .69 Repeat the design of the amplifier specified in 

Problem 7.68 utilizing a Widlar current source [Fig. 6.62] to 

supply the bias current. Assume that the largest resistance 

available is 2 kQ. 

D7.70 Modify the design of the amplifier in Problem 7.68 

by connecting emitter-degeneration resistances of values that 

result in Rid = 100 kQ. What does Ad become? 

7.71 An active-loaded bipolar differential amplifier such 

as that shown in Fig. 7.32(a) has I = 0.5 mA, VA = 120 V, and 

P = 150. Find Gm, R0, A d , and Rid. If the bias-current source is 

implemented with a simple npn current mirror, find REE, Acm, 

and CMRR. If the amplifier is fed differentially with a source 

having a total of 10 kQ resistance (i.e., 5 kQ in series with the 

base lead of each of Ox and Q2), find the overall differential 

voltage gain. 

* 7 . 7 2 Consider the differential amplifier circuit of Fig. 7.32(a) 

with the two input terminals tied together and an input 

common-mode signal vwm applied. Let the output resistance 

of the bias current source be denoted by REE, and let the P 

of the pnp transistors be denoted Bp. Assuming that P of the 

npn transistors is high, use the current transfer ratio of the 

mirror to show that there will be an output current of 

vicm/PpREB. Thus, show that the common-mode transconduc

tance is 1 /ppREE. Use this result together with the differential 

transconductance Gm (derived in the text) to find an alternative 

measure of the common-mode rejection, unserve that this 

result differs from the CMRR expression in Eq. (7.174) by a 

factor of 2, which is simply the ratio of the output resistance 

for common-mode inputs (ro4) and the output resistance for 

differential inputs (ro2 // ro4). 

* 7 . 7 3 Repeat Problem 7.72 for the case in which the cur

rent mirror is replaced with a Wilson mirror. Show that in this 

case the output current will be vICM/P
2

pREE. Find the com

mon-mode transconductance and theratio Gmcm/Gm. 

7 . 7 4 Figure P7.74 shows a differential cascode amplifier 

with an active load formed by a Wilson current mirror. Utiliz

ing the expressions derived in Chapter 6 for the output resis

tance of a bipolar cascode and the output resistance of the 

Wilson mirror, and assuming all transistors to be identical, 

show that the differential voltage gain Ad is given by 

Ad — 3ßgmro 

Evaluate A d for the case I = 0.4 mA, P = 100, and VA = 120 V. 

Vrr = + 5 
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D7.75 Consider the bias design of the Wilson-loaded cas

code differential amplifier shown in Fig. P7.74. 

(a) What is the largest signal voltage possible at the output 

without Q7 saturating? Assume that the CB junction conducts 

when the voltage across it exceeds 0.4 V. 

(b) What should the dc bias voltage established at the output 

(by an arrangement not shown) be in order to allow for posi

tive output signal swing of 1.5 V? 

(c) What should the value of V B I A S be in order to allow for a 

negative output signal swing of 1.5 V? 

(d) What is the upper limit on the input common-mode volt

age vctp. 

* 7 . 7 6 Figure P7.76 shows a modified cascode differential 

amplifier. Here ¿ 3 and Q4 are the cascode transistors. How

ever, the manner in which Q3 is connected with its base 

current feeding the current mirror Q-,-Qs results in very 

interesting input properties. Note that for simplicity the cir

cuit is shown with the base of Q2 grounded. 
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(a) With vI=OV dc, find the input bias current IB assuming 
all transistors have equal value of B. Compare the case with
out the Q7-Qa connection. 
(b) With »j = 0 V (dc) + vm, find the input signal current ib and 
hence the input differential resistance R i d . Compare with the case 
without the Qj-Qn connection. (Observe that Q4 arranges that 
the emitter currents of Q_ and Q2 are very nearly the same!) 

7 . 7 7 Utilizing the expression for the current transfer ratio 
of the Wilson mirror derived in Section 6.12.3 (Eq. 6.193) 
derive an expression for the systematic offset voltage of a 
B JT differential amplifier that utilizes apnp Wilson current 
mirror load. Evaluate Vos for B P = 50. 

7 . 7 8 For the folded-cascode differential amplifier of Fig. 7.35, 
find the value of V"B I A S that results in the largest possible 
positive output swing, while keeping Q3, Q4, and the pnp tran
sistors, that realize the current sources out of saturation. Assume 
vcc = VEE = 5 V. If the dc level at the output is 0 V, find the 
maximum allowable output signal swing. For I = 0.4 mA, 
B P = 50, i% = 150, and VA = 120 V find Gm, R ^ , R o S , R 0 , and A d . 

7.79 For the BiCMOS differential amplifier in Fig. P7.79 
let VDD = VSS = 3V,I= 0.4 mA, k'W/L = 6.4 m A / V 2 ; IV J 

for p-channel MOSFETs is 10 V, | VA\ for npn transistors is 
120 V. Find Gm,R0, and Ad. 

' 0 
a, 

- V , 'ss 
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SECTION 7 .6 : FREQUENCY RESPONSE OF THE 
DIFFERENTIAL AMPLIFIER 

7,8® A MOSFET differential amplifier such as that shown 
in Fig. 7.36(a) is biased with a current source I = 200 p A . The 
transistors have W/L = 25, k'„ = 128 pA/V2, VA = 20 V, Cgs = 

30 fF, Cgd = 5 fF, and Cib = 5 fF. The drain resistors are 20 kQ 
each. Also, there is a 90-fF capacitive load between each drain 
and ground. 

(a) Find Vov and g m for each transistor. 
(b) Find the differential gain A d . 
(c) If the input signal source has a small resistance Rsig and 
thus the frequency response is determined primarily by the 
output pole, estimate the 3-dB frequency fH. 
(d) If, in a different situation, the amplifier is fed symmetri
cally with a signal source of 40 kQ resistance (i.e., 20 kQ in 
series with each gate terminal), use the open-circuit time-
constants method to estimate fH. 

7 . 8 1 The amplifier specified in Problem 7.80 has R s s = 100 kQ 
and Css = 0.2 pF. Find the 3-dB frequency of the CMRR. 

7 . 8 2 A BJT differential amplifier operating with a 1-mA 
current source uses transistors for which B = 100, fT = 600 MHz, 
Cu = 0.5 pF, and rx = 100 Q. Each of the collector resistances 
is 10 kQ, and ra is very large. The amplifier is fed in a sym
metrical fashion with a source resistance of 10 kQ in series 
with each of the two input terminals. 

(a) Sketch the differential half-circuit and its high-frequency 
equivalent circuit. 
(b) Determine the low-frequency value of the overall differ
ential gain. 
(c) Use Miller's theorem to determine the input capacitance 
and hence estimate the 3-dB frequency fH and the gain-
bandwidth product. 

7 . 8 3 The differential amplifier circuit specified in Prob
lem 7.82 is modified by including 100-Q resistor in each of 
the emitters. Determine the low-frequency value of the over
all differential voltage gain; Also, use the method of open-
circuit time-constants to obtain an estimate f o r / H . Toward 
that end, note that the resistance 7?u seen by C„ is given by 

= l(Rug + rx)\\RinKl+GmRc)+Rc 

where 

% = (B+l)(Re + re) 

The resistance R T seen by C„ is given by 

n R s i „ + rx + Re 

R = r \\ — - - -
1 + gmKe 

D 7 . 8 4 It is required to increase the 3-dB frequency of the 
differential amplifier specified in Problem 7.82 to 1 MHz by 
adding an emitter resistance R e . Use the open-circuit time-
constants method to perform this design. Specifically, use the 
formulas for and R K given in the statement for Problem 7.83 
to determine the required value of the factor (1 + gmRe) and 
hence find R e . Make appropriate approximations to simplify 
the calculations. What does the dc gain become? Also deter
mine the resulting gain-bandwidth product. 

7 . 8 5 A current-mirror-loaded MOS differential amplifier is 
biased with a current source 7 = 0.6 mA. The two NMOS tran
sistors of the differential pair are operating at Vov = 0.3 V, and 
the PMOS devices of the mirror are operating at Vov = 0.5 V. 
The Early voltage VAn = \VAp\ = 9 V. The total capacitance 
at the input node of the mirror is 0.1 pF and that at the output 
node of the amplifier is 0.2 pF. Find the dc value and the fre
quencies of the poles and zero of the differential voltage gain. 

7.86 A differential amplifier is biased by a current source 
having an output resistance of 1 MQ and an output capaci
tance of 10 pF. The differential gain exhibits a dominant pole 
at 500 kHz. What are the poles of the CMRR? 

7.87 For the differential amplifier specified in Problem 7.82, 
find the dc gain a n d / H when the circuit is modified by elimi
nating the collector resistor of the left-hand-side transistor and 
the input signal is fed to the base of the left-hand-side transistor 
while the base of the other transistor in the pair is grounded. 
Let the source resistance be 20 kQ and neglect rx. (Hint: 
Refer to Fig. 6.57.) 

7 . 8 8 Consider the circuit of Fig. P7.88 for the case: 7 = 
200 pA and V o v = 0.25 V, Rsig = 200 kQ, RD = 50 kQ, Cgs = 

Cgd = 1 pF. Find the dc gain, the high-frequency poles, and an 
estimate oifH. 

F I G U R E P7 .88 Also determine the gain-bandwidth product. 
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7 . 8 9 For the circuit in Fig. P7.89, let the bias be such that 
each transistor is operating at \QQ-(iA collector current. Let the 
BJTs have B = 200, fT = 600 MHz, and Cp = 0.2 pF, and neglect 
ra and rx. Also, Rsig = Rc = 50 kI2. Find the low-frequency gain, 
the input differential resistance, the high-frequency poles, and 
an estimate offH. 

SECTION 7 .7 : MULTISTAGE AMPLIFIERS 

7 . 9 0 Consider the circuit in Fig. 7.40 with the device geom
etries (in (an) shown at the bottom of this page: 

Let 7REF = 225 (lA, \V,\ = 0.75 V for all devices, (inC0X = 
180 fiA/V-, (ipC0X = 60 (lA/V 9 V for all devices, 

Vss = 1.5 V. Determine the width of Q6, W, that will 
ensure that the op amp will not have a systematic offset volt
age. Then, for all devices.evaluateID, )V0V\, \VGS\, gm, and r„. 
Provide your results in a table similar to Table 7.1. Also find 
Aj, A 2 , the dc open-loop voltage gain, the input common-
mode range, and the output voltage range. Neglect the effect 
of VA on the bias current. 

0 * 7 . 9 1 In a particular design of the CMOS op amp of 
Fig. 7.40 the designer wishes to investigate the effects of 

increasing the W/L ratio of both Qx and Q2 by a factor of 4. 
Assuming that all other parameters are kept unchanged, refer 
to Example 7.3 to help you answer the following questions: 

(a) Find the resulting change in | Vov| and in gm of <2i and Q2. 
(b) What change results in the voltage gain of the input 
stage? In the overall voltage gain? 
(c) What is the effect on the input offset voltages? (You 
might wish to refer to Section 7.4). 
(d) Iff, is to be kept unchanged, how must Cc be changed? 

7 . 9 2 Consider the amplifier of Fig. 7.40, whose parameters 
are specified in Example 7.3. If a manufacturing error results 
in the W/L ratio of Q7 being 50/0.8, find the current that Q7 

will now conduct. Thus find the systematic offset voltage that 
will appear at the output. (Use the results of Example 7.3.) 
Assuming that the open-loop gain will remain approximately 
unchanged from the value found in Example 7.3, find the cor
responding value of input offset voltage, Vos. 

7 . 9 3 Consider the input stage of the CMOS op amp in 
Fig. 7.40 with both inputs grounded. Assume that the two 
sides of the input stage are perfectly matched except that the 
threshold voltages of Q3 and QA have a mismatch AVt. Show 

Transistor Q. Q 2 Q 3 Q 4 Q s Q 6 Q 7 Q 8 

I W/L 30/0.5 30/0.5 10/0.5 10/0.5 60/0.5 W/0.5 60/0.5 60/0.5 j 
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that a current gm3AV, appears at the output of the first stage. 
What is the corresponding input offset voltage? Evaluate this 
offset voltage for the circuit specified in Example 7.3 for 
AV, = 2 m V . (Use the results of Example 7.3.) 

7 . 9 4 A CMOS op amp with the topology in Fig. 7.40 has 
Sm\ = gmi = 1 mA/V, gm6 = 3 mA/V, the total capacitance between 
node D 2 and ground = 0.2 pF, and the total capacitance between 
the output node and ground = 3 pF. Find the value of Cc that 
results iaf, = 50 MHz and verify that/, is lower than/ z a n d / K . 

* 7 . 9 5 Figure P7.95 shows a bipolar op-amp circuit that 
resembles the CMOS op amp of Fig. 7.40. Here, the input 
differential pair Q_-Q2 is loaded in a current mirror formed by 
Q3 and 6j 4. The second stage is formed by the current-source-
loaded common-emitter transistor Q5. Unlike the CMOS circuit, 
here there is an output stage formed by the emitter follower Q6. 
Capacitor Cc is placed in the negative-feedback path of Q5 and 
thus is Miller-multiplied by the gain of Q5. The resulting large 
capacitance forms a dominant low-frequency pole with rn5, thus 
providing the required uniform -20-dB/decade gain rolloff. All 
transistors have B = 100, | VBE\ = 0.7 V, and r-0 ="°°. 

(a) For inputs grounded and output held at 0 V (by negative 
feedback, not shown) find the emitter currents of all transistors. 
(b) Calculate the dc gain of the amplifier with 7^ = 1 0 kQ. 
(c) With RL as in (b), find the value of Cc to obtain a 3-dB 
frequency of 100 Hz. What is the value off, that results? 

0 7 . 9 6 It is required to design the circuit of Fig. 7.42 to pro
vide a bias current IB of 225 (lA with Q_ and Q9 as matched 
devices having W/L = 60/0.5. Transistors Qw, Qn, and Qn 

are to be identical and must have the same gm as Q_ and Q9. 
Transistor Qi2 is to be four times as wide as Qi3- Let k'n = 
3kp = 180 (lA/V2, and VDD = Vss = 1.5 V. Find the required 
value of RB. What is the voltage drop across RB7 Also specify 
the W/L ratios of Ql0, Qn, Qt2, and Qi3 and give the expected 
dc voltages at the gates of Ql2, Qw, and g 8 . 

7 . 9 7 A BJT differential amplifier, biased to have re = 50 Q 
and utilizing two 100-Q emitter resistors and 5-kii loads, drives a 
second differential stage biased to have re = 20 Q. All BJTs have 
/3= 120. What is the voltage gain of the first stage? Also find the 
input resistance of the first stage, and the current gain from 
the input of the first stage to the collectors of the second stage. 

7 . 9 8 In the multistage amplifier of Fig. 7.43, emitter resistors 
are to be introduced—100 Q in the emitter lead of each of 
the first-stage transistors and 25 Q. for each of the second-
stage transistors. What is the effect on input resistance, the 
voltage gain of the first stage, and the overall voltage gain? 
Use the bias values found in Example 7.4. 

D 7 . 9 9 Consider the circuit of Fig. 7.43 and its output resis
tance. Which resistor has the most effect on the output resistance? 
What should this resistor be changed to if the output resistance is 
to be reduced by a factor of 2? What will the amplifier gain 
become after this change? What other change can you make 
to restore the amplifier gain to approximately its prior value? 

0 * 7 . 1 0 0 (a) If, in the multistage amplifier of Fig. 7.43, 
the resistor R5 is replaced by a constant-current source = 1 mA, 
such that the bias situation is essentially unaffected, what 
does the overall voltage gain of the amplifier become? 



7 8 8 CHAPTER 7 D I F F E R E N T I A L A N D M U L T I S T A G E A M P L I F I E R S 

+ 10V 

- 1 0 V 

lOkfl 

FIGURE P 7 . 1 0 1 

Assume that the output resistance of the current source is 
very high. Use the results of Example 7.5, 
(b) With the modification suggested in (a), what is the effect 
of the change on output resistance? What is the overall gain 
of the amplifier when loaded by 100 Q to ground? The origi
nal amplifier (before modification) has an output resistance 
of 152 Q. and a voltage gain of 8513 V/V. What is its gain 
when loaded by 100 O? Comment. Use j3= 100. 

* 7 . 1 0 1 Figure P7.101 shows a three-stage amplifier in 
which the stages are directly coupled. The amplifier, how
ever, utilizes bypass capacitors, and, as such, its frequency 
response falls off at low frequencies. For our purposes here, 
we shall assume that the capacitors are large enough to act as 
perfect short circuits at all signal frequencies of interest. 

(a) Find the dc bias current in each of the three transistors. 
Also find the dc voltage at the output. Assume j VBE\ = 0.7 V, 
P = 100, and neglect the Early effect. 
(b) Find the input resistance and the output resistance. 
(c) Use the current-gain method to evaluate the voltage gain 
v0/vt. 
(d) Find the frequency of the high-frequency pole formed at 
the interface between the first and the second stages. Assume 
that C ^ = 2 pF and C%2 = 10 pF. 

D * * * 7 . 1 0 2 For the circuit shown in Fig. P7.102, which 
uses a folded cascode involving transistor Q3, all transistors 
h a v e \ V B E \ = 0.7 Vfor the currents involved, VA = 200 V, and 
P= 100. The circuit is relatively conventional except for Q5, 
which operates in a Class B mode (we will study this in 
Chapter 14) to provide an increased negative output swing for 
low-resistance loads. 

(a) Perform a bias calculation assuming |Vg £ | = 0.7 V, high 
A VA = °°, v+ = v_ = 0 V, and v0 is stabilized by feedback to 

about 0 V. Find R so that the reference current IMP is 100 /JA. 
What are the voltages at all the labeled nodes? 
(b) Provide in tabular form the bias currents in all transistors 
together with gm and ra for the signal transistors (QX, Q2, Q3, 
QA, and QS) and r0 for QC, QD, and QG. 
(c) Now, using P = 100, find the voltage gain v0/(v+ - v_), 
and in the process, verify the polarity of the input terminals. 
(d) Find the input and output resistances. 
(e) Find the input common-mode range for linear operation. 
(f) For no load, what is the range of available output voltages, 
assuming | V C £ s a t | = 0 . 3 V? 
(g) Now consider the situation with a load resistance connected 
from the output to ground. At the positive and negative limits of 
the output signal swing, find the smallest load resistance that 
can be driven if one or the other of QX or Q2 is allowed to cut off. 

0 * * * 7 . 1 03 In the CMOS op amp shown in Fig. P7.103, 
all MOS devices have | V,| = 1 V, jinCox = 2 (o pC O T = 40 pAN2, 
\VA\ = 50 V, and L = 5 /an. Device widths are indicated on 
the diagram as multiples of W, where W = 5 /mi. 

(a) Design R to provide a 10-/iA reference current. 
(b) Assuming v0 = 0 V, as established by external feedback, 
perform a bias analysis, finding all the labeled node voltages, 
VGS and ID for all transistors. 
(c) Provide in table form 7 0 , VGS, g,„, and r0 for all devices. 
(d) Calculate the voltage gain v0/(v+- v_), the input resistance, 
and the output resistance. 
(e) What is the input common-mode range? 
(f) What is the output signal range for no load? 
(g) For what load resistance connected to ground is the output 
negative voltage limited to - 1 V before Q-, begins to conduct? 
(h) For a load resistance one-tenth of that found in (g), what 
is the output signal swing? 
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