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15-2 THE DIFFERENTIAL AMPLIFIER

The funetion of a differential amplifier! (abbreviated pirr amp) is, in general,
to amplify the difference between two signals. The need for pIFF AMPs arises
in many physieal measurements Where response from de to many megahertz
is required. It is also the basie stage of an integrated operational amplifier
with differential input.

Figure 15-5 represents a linear active device with two input signals vy, v,
and one output signal v, each measured with respect to ground. In an ideal
piFF AMP the output signal v, should be given by

vo = Ay — v2) (15-5)

where A, is the gain of the differential amplifier. Thus it is seen that any
signal which is common to both inputs will have no effect on the output voltage.
However, a praetical piFr Amp cannot be deseribed by Eq. (15-5), because, in
general, the output depends not only upon the difference signal va of the two
signals, but also upon the average level, called the common-mede signal v,

where
Vg =t — Uy and v = 3(vy + va) (15-6)

For example, if one signal is +50 4V and the second is —50 pV, the output will
not be exactly the same as if v; = 1,050 uV and v = 950 uV, even though the
difference vy = 100 pV is the same in the two cases.

The Common-mode Rejection Ratio The foregoing statements are now
clarified, and a figure of merit for a difference amplifier is introduced. The
output of Fig. 15-5 can be expressed as a linear combination of the two input
voltages

Vo = Asvs + Aqvs (15‘7')_
where A,(45) is the voltage amplification from input 1(2) to the output under
the condition that input 2(1) is grounded. From Eqs. (15-6)

vy = 0 + 3 and vy = ¥, — Vg (15-8)
If these equations are substituted in Eq. (15-7), we obtain

v, = Agqvg + A, (15-9)
where
Wy R e A e Ay (15-10)

Fig. 15-5 The output is a linear function of
vy and v; for an ideal differential amplifier;
t, = Aa(vy — v3).
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The voltage gain for the difference signal is 4,4, and that for the common-mode
signal is 4., We can measure Ay directly by setting », = —v, = 0.5 V, s0
that v; = 1 V and v. = 0. Under these conditions the measured output volt-
age v, gives the gain A, for the difference signal [Eq. (15-9)]. Similarly, if we
setv; =v; = 1V, thenvy = 0,0. =1V, andv, = 4. The output voltage now
18 a direct measurement of the common-mode gain 4..

Clearly, we should like to have 4, large, whereas ideally, A, should equai
zero. A quantity called the common-mode rejection ratio, which serves as a
figure of merit for a pirF AMp, is defined by

Ay

CMRR = p = i

(15-11)

From Egs. (15-9) and (15-11) we obtain an expression for the output in the
following form:

Ve = Aava (1 42 ”—) (15-12)
p Yy

From this equation we see that tlie amplifier should be designed so that p is
large compared with the ratio of the common-mode signal to the difference
signal. For example, if p = 1,000, v. = 1 mV, and vz = 1 &V, the second term
in Eq. (15-12) is equal to the first term. Hence, for an amplifier with a
common-mode rejection ratio of 1,000, a 1-uV difference of potential between
the two inputs gives the same output as a 1-mV signal applied with the same
polarity to both inputs.

EXAMPLE (g) Consider the situation referred to above, where the first set of
signals is v, = +50 uV and v, = — 50 gV and the second set is v, = 1,060 pV and
ve = 950 uV. If the common-mode rejection ratio is 100, caleulate the percentage
difference in output voltage obtained for the two sets of input signals. (&) Repeat
part @ if p = 10,000,

Solulion a. In the first case, vy = 100 #V and v, = 0, so that, from Eq. (15-12),
v, = 1004, uV.

In the second ease, v; = 100 pV, the same value as in part a, but now v, =
#(1,050 + 950) = 1,000 uV, so that, from Eq. (15-12),

v 1[}0,4,,(1 20N vonut 't 4 l{l) uV
p 100

These two measurements differ by 10 percem-..
b. For p = 10,000, the second set of signals results in an output
vo = 1004 4(1 4 10 X 107%) wV

whereas the first set of signals gives an output v, = 1004, V. Hence the
two measurements now differ by only 0.1 percent.

ls




r’

|

Sec. 15-3 OPERATIONAL AMPLIFIERS / 507

15-3 THE EMITTER-COUPLED DIFFERENTIAL AMPLIFIER

The circuit of Fig. 15-6 is an excellent pirr amp if the emitter resistance R, is
large. This statement can be justified as follows: If V,; = V,, = V,, then
from Egs. (15-6) and (15-9) we have Vy= V,y — Ve =0 and V, = 4.V,
However, if R, = o, then, because of the symmetry of Fig. 15-6, we obtain
Ia = I. = 0. Bince Iy < I.», then I., =~ I, and it follows that V, = 0.
Hence the common-mode gain A. becomes zero, and the common-mode rejec-
tion ratio is infinite for K, = o and a symmetrical circuit.

We now analyze the emitter-coupled ecireuit for a finite value of R,. A.
can be evaluated by setting V,, = V,. = V, and making use of the symmetry
of Fig. 15-6. This eircuit ean be bisected as in Fig. 15-7a. An analysis of this
eircuit (Prob. 15-10), using Eqs. (8-67) to (8-69) and negleeting the term in h,,
in Eq. (8-68), yields

Vﬂ' {251”34 - h'fr)Ra:

A = V. — 2R.(1 + hy) + (R, + he)(2h,.R, + 1)

(15-13)

provided that h..R.< 1. Similarly, the difference mode gain 4, can be
obtained by setting V3 = —V,» = V,/2. From the symmetry of Fig. 15-6.
we see that, if V,; = — Vg, then the emitter of each transistor is grounded for
small-signal operation. Under these conditions the circuit of I'ig. 15-7b ean
be used to obtain 4,. Hence

provided h,.R. << 1. The common-mode¢ rejection ratio can now be obtained
using Eqgs. (15-11), (15-13), and (15-14).

From Hq. (15-13) it is seen that the common-mode rejection ratio inereases
with R, as predicted above. There are, however, practical limitations on the
magnitude of R, because of the quiescent de voltage drop across it; the emitter

Fig. 15-6 Symmetrical emitter-
coupled difference amplifier.




h

508 / INTEGRATED ELECTRONICS Sec. 15-3

L Vﬂ i

Fig. 15-7 Equivalent circuit
for a symmetrical differential
amplifier used to determine
(a) the common-made gain
A. and (b) the difference
gain Aa.

(&)

supply Vgs must become larger as R, is inereased, in order to maintain the
quiescent current at its proper value. If the operating currents of the transis-
tors are allowed to decrease, this will lead to higher h;, values and lower values
of hy.. Both of these effects will tend to decrease the common-mode rejec-
tion ratio.

Differential Amplifier Supplied with a Constant Current Frequently, in
practice, R, is replaced by a transistor circuit, as in Fig, 15-8, in which R, R,
and E; can be adjusted to give the same quiescent conditions for @1 and Q2
as the original circuit of Fig. 15-6. This modified circuit of Iig. 15-8 presents
a very high effective emitter resistance R, for the two transistors Q1 and Q2.
Since R, is also the effective resistance looking into the collector of transistor
03, it is given by Eq. (8-70). In Sec. 8-15 it is verified that R, 1is hundreds of
kilohms even if R, is as small as 1 K.

We now verify that transistor Q3 aets as an approximately constant cur-

j:vcc

Fig. 15-8 Differenticl am-
plifier with constant-current

stage in the emitter circuit.
Nominally, B = R,

48
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rent source, subject to the condition that the base current of @3 is negligible.
Applying KVL to the base circuit of @3, we have
= ; Rﬂ
IsR3 + Vggs = Vp 4+ (Vee — V) R, T R

where Vp is the diode voltage. Hence

e Veeka VpRy
Ig=1;= 7 (RI + Rs -+ Ri+ R» VBE-:) (15-16)

(15-15)

If the circuit parameters are chosen so that

m Y VBEB {15-17)
then
- VerRs
For= Rs.(Rl. + Ra) (Ro=45)

Since this current is independent of the signal voltages V,; and V.., then
Q3 acts to supply the piFr amp consisting of @1 and @2 with the constant
current Io.

The above result for I, has been rendered independent of temperature
beecause of the added diode D. Without D the current would vary with tem-
perature because Vpgg; decreases approximately 2.5 mV/°C (See. 5-8). The
diode has this same temperature dependence, and hence the two variations
canecel each other and I, does not vary appreciably with temperature. Since
the cutin voltage Vp of a diode has approximately the same value as the base-
to-emitter voltage Vyg; of a transistor, then Eq. (15-17) eannot be satisfied
with a single diode. Hence two diodes in series are used for Vp (Fig, 15-11).

Consider that @1 and @2 are identical and that Q3 is a true constant-
current source. Under these circumstances we can demonstrate that the
common-mode gain is zero. Assume that V,3 = Vi = V,, so that from the
symmetry of the cireuit, the collector current I,; (the increase over the quies-
cent value for V, = 0)in @1 equals the eurrent I, in Q2. However, since the
total current increase I, -+ I.» = 0 if Is = constant, then [., = I.. = 0 and
A: = aE/V- = _IoER:/V! = 0.

Practical Considerations®* In some applications the choice of V,; and
V.2 as the input voltages is not realistic because the resistances i, and R,.
represent the output impedances of the voltage generators V,; and V... In
such a case we use as input voltages the base-to-ground voltages Vi and Vi
of Q1 and @2, respectively. For the analysis of nonsymmetrical differential
circuits the reader is referred to Ref. 4.

The differential amplifier is often used in de applications. It is difficult
to design de amplifiers using transistors because of drift due to variations of
heg, Var, and Igpe with temperature. A shift in any of these guantities
changes the output voltage and cannot be distinguished from a change in
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input-signal voltage. Using the techniques of integrated cireuits (Chap. 7),
it is possible to construet a pirF AmMp with Q1 and Q2 having almost identical
characteristics. Under these conditions any parameter ehanges due to tem-
perature will cancel and the output will not vary.

Differential amplifiers may be cascaded to obtain larger amplifications
for the difference signal. Outputs V., and V,, are taken from each collector
(Fig. 15-8) and are coupled directly to the two bases, respectively, of the next
stage (I'ig, 15-11).

Finally, the differential amplifier may be used as an emitter-coupled phase
inverter. For this application the signal is applied to one base, whereas the
second base is not exeited (but is, of course, properly biased). The output
voltages taken from the collectors are equal in magnitude and 180° out of
phase.

15-4 TRANSFER CHARACTERISTICS OF A DIFFERENTIAL AMPLIFIER

It is important to examine the transfer characteristic® (I versus Ve, — Viga)
of the p1Fr aAMP of Fig. 15-8 to understand its advantages and limitations, We
first consider this eircuit qualitatively. When Vg, is below the cutoff point
of @1, all the current Iy flows through Q2 (assume for this discussion that Vzs
is constant). As Vg carries Q1 above cutoff, the current in @1 increases,
while the current in @2 decreases, and the sum of the currents in the two
transistors remain constant and equal to I,. The total range AV, over which
the output can follow the input is Relp and is therefore adjustable through an
adjustment of I,.
From Fig. 15-8 we have

Igy + Iz = —1Ip (15-19)
Ver — Ve: = Vieer — Vg (15-20)

The emitter current Iz of each transistor is related to the voltage Vjzz by the
diode volt-ampere characteristic

I = IseVsal?s (15-21)

where I is defined in terms of the Ebers-Moll parameters in Prob. 15-12,
If we assume that @1 and Q2 are matched, it follows from Egs. (15-19) to
(15-21) that
Sy ID
" 14 exp[—=(Var — Vi) / V7]

and I¢: is given by the same expression with Vg, and Vg, interchanged. The
transfer characteristics deseribed by Eq. (15-22) for the normalized collector
currents Iey/Ip (and Igz/Ip) are shown in Fig. 15-9, where the abscissa is the
normalized differential input (Vg — Vag)/ V.

Im = —fm

(15-22)
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Fig. 15-9 Transfer characteristics of the basic differen-
tial-amplifier circuit,

If Eq. (15-22) is differentiated with respect to Vi, — Vs, we have the
transconductance gnq of the DIFF amp with respect to the differential input
voltage, or

dffl IO
i = ey 5-2
d(Va — Vo), 1™ = 4, (15-23)

where gnq is evaluated at Vg; = Vga. This equation indicates that, for the
same value of [y, the effective transconductance of the differential amplifier
is one-fourth that of a single transistor [Eq. (11-4)]. An alternative proof of
Eq. (15-23) is given in Prob. 15-11.

The following conclusions ean be drawn from the transfer curves of Fig,
15-9:

1. The differential amplifier is a very good limiter, sinece when the input
(Va1 — V) exceeds +£4Vr (= +100 mV at room temperature), very little
further increase in the output is possible.

2. The slope of these curves defines the transconductance, and it is clear
that gmq starts from zero, reaches a maximum of I/4Vy when Iy = Iey = 415,
and again approaches zero.

3. The value of g.q is proportional to I [Eq. (15-23)]. Since the output
voltage change V,; is given by

Vo = ﬂmn‘R#(V.El > V}m} {15-24'}

it is possible to change the differential gain by varying the value of the current

Io. This means that automatic gain control (AGC) is possible with the pier
AMP.
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