The BJT Differential Amplifier
ECE 3050 Analog Electronics

The differential amplifier or diff amp is used in applications where it is desired to have an output
voltage that is proportional to the difference between two input voltages. Fig. 1(a) shows the basic
circuit diagram. The tail supply is modeled as a current source I&z having an output resistance Rg.
In the case of an ideal current source, Rq is an open circuit. Often a diff amp is designed with a
resistive tail supply. In this case, I&z = 0. There are two outputs shown. Either or both can be
used. Often the difference voltage between the two outputs is used.
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Figure 1: (a) Circuit diagram of the differential amplifier. (b) First equivalent bias circuit for Q1.
(b) Second equivalent bias circuit for ¢;.

The dc bias circuit is obtained by setting v;1 = v;o = 0. The tail supply can be divided into
two parallel current sources of value I&z /2, each having an output resistance 2Rg. By symmetry,
no dc current flows between the two sides of the circuit so that the two sides can be separated. The
circuit obtained for )y is shown in Fig. 1(b). The circuit for @5 is identical. The circuit shown in
Fig. 1(c) is obtained by making a Thévenin equivalent of the tail supply in Fig. 1(b). The bias
equation for Ig is

I
0— (V™ —IHRg) = ﬁRB + Vi + Is (Rg + 2Rg)

This can be solved Ig to obtain
-V 4+ I&?RQ — VBE

I —
= Rp/(1+B) + Rp + 2Rg

The dc collector-to-base voltage is given by
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This must be greater than zero for the two BJTs to be biased in the active mode. The collector to
emitter voltage is given by

Ve =Vo — Vg =Vo — (VB *VBE) = Ve + VBE



It follows that r., r., and rq for each transistor are given by
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To solve for the small-signal value of v,1, we zero V', V™, and I&z to form the ac signal circuit.
Then the circuit seen looking out of the emitter of )7 is replaced by a Thévenin equivalent circuit.
To obtain this, we first replace the circuit seen looking into the emitter of Qo with a Thévenin
equivalent circuit. This circuit is shown in Fig. 2(a), where

ro +Re/(1+B) S o + Re
“? e Lo+ Re/ (1+B)

Vealoo) = U2 Y R/ (1+ B)

The Thévenin voltage and resistance seen looking out of the emitter of ()1 are given by

Rq
Rg + Rg + rie2

Vtel = Ve2(oc) Rie = Rg + RQH (RE + Tz'eQ)

The new circuit is shown in Fig. 2(b).
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Figure 2: (a) Ac signal circuit for Q1.(b) Circuit for calculating v, and 7.
The circuit for calculating v,; and 74, is shown in Fig. 2(c). We can write
Vo1 = —le1(se) X Ticl[ Ro = (Gmpvit — Gmevte1) X Tic|Re Tout = ric||Re

where

« ro — Ree/ B 1 arg + 7l ro + 75| Ree

G = = T =
m T,e + RteHTO o + Rte e Rte + T,eHTO To + T,e Zc 1-— aRte/ (T,e + Rte)

When the above results are combined, we obtain

Av2
Vo1 = —Ap1vi1 + Apavia = — A1 <Uz'1 T A Vi2
vl

where A,1 and A, are the voltage gains given by

Rq ro + Re/(1+ )

At = Gy X 1e|| R Ao = G X Ticl|Ro X
! b I&e 2 IRe Ro+ Rg +rie2 7. +1r0+ Re/ (1 +5)




By symmetry, vye is given by

. — A Av2
Vo2 = —VUp1 = —Ay1 | Vi2 — A Vi1
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We see that the gains for v;; and v;e differ by the ratio A,2/A,1. This is given by

Av2 . Gme RQ To +RC/ (1 +ﬁ)
Ay Gy Rg+ Rp+riea 7, +10+ R/ (14 )

If this ratio is unity, v,1 and v,2 are proportional to the difference between the two input voltages.
It can be seen that the ratio is exactly unity only if Rg — oo and ry — oo.
Let v, be the differential output voltage. This is given by

A,
Vo = Vo1 — Vo2 = — (Ap1 + Ap2) (Vi1 — vi2) = — A1 <1 + I j) (vi1 — vi2)

This is proportional to the difference between the two input voltages even if Rg < oo and 79 < 0.
The rg approximations to the gains are obtained by letting rg — 0o except in the expression
for r;.. We obtain

Rq
Av sz ic R Av :Gm ic R
1 X Tic|| Re 2 XT||CXRQ+RE+T,6
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The expression for 7, is the same except 7. is calculated with Ry, = Rg + Rql| (Rg +1.).
The equivalent circuit seen looking into the base of )1 consists of the resistor r;, in series with
the voltage vy (o). These are given by

(1+8)ro+ Rc

=7+ (1 R
(7)) Tr+( +ﬁ)re+ te TO+Rte+RC

ro + Re . ro + Ro/ (14 5) ro + Re
Rie+10+Re “rl+ro+ R/ (1+B) Rie+ro+ Re

The equivalent circuit is shown in Fig. 3(a). The circuit for Q2 is shown in Fig. 3(b), where vys(,c)
is given by

Ub1(oc) = Vtel

M:U. ro + Re/ (14 5) ro + Ro
Rie + 10+ Re Z11“§3+1“0+R(;/(1 +B) Rie +10+ Re

Ub2(oc) = Vte2

The two base equivalent circuits can be used to calculate the base currents i, and ips.
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Figure 3: (a) Equivalent circuit for i;;. (b) Equivalent circuit for 4.



Example 1 It is given that Ib = 2mA, Ry = 50kQ, Rp = 1k, R = 10092, Rc = 10k,
VT =20V, V- = =20V, Vp = 0.025V, r, =20Q, B3 =199, Vgg = 0.65V, and V4 = 50V.
Calculate the small-signal values for v, and ve2, the output resistance Ty, and the equivalent
input circuit seen by each source.

Solution. First, we solve for the dc emitter current in each transistor. It is
—V=+ 1R — VBE
N Rp/(1+B8)+ R +2Rg

To verify that the transistors are in the active mode, we calculate the collector-to-base voltage

I =1.192mA

Ig
1+
Because this is greater than zero, both BJTs are in the active mode. The collector-to-emitter
voltage is Vop = Vop + Vg = 8.859 V. Thus the resistances r., r., and rq are

Vep=VT —algRc +

Rp =8209V

re= YT _g097q o =BEETr L si470 0 p = YAt VOR g s0k0
Ig 148 alp
The resistances r;. and Ry, are
’ To + RC

Tie

=7, =37.32Q) Rie = Rp + Ro|| (R + 1ie) = 236.9Q2
TT,6+TO+RC/(1+ﬁ) t E QH( E T)

The transconductances G,,;, and G,,. and the resistance r;. are

o ro— Rie/B 1 1 arg+r, 1

=—38S Gme = =
Tl 4 Riellro 10 + Rie 271 M Ry +1l|ro o1, 270.8

. To + T,eHRte
o 1-— OlRte/ (’I“’e +Rte)
It follows that the gains A,; and A, are
Avl = Gmb X TicHRC = 36
Rq ro + Ro/ (1+ )

Gmp = S

= 398.9Q

Tic

Ao = Ge X Ticl|Ro X =35.91
? ricll Ro R + R +riea 7, +10+ Ro/ (1+ )
Thus v,1 and v,9 are
Vol = *361)1'1 + 35.91%2 Vo2 = *36%’2 + 35.911),’1
The differential output voltage is
Vo = Vol — Vp2 = 71.91 (Uﬂ — 'UZ'Q)
The output resistance is
Tout = TicHRC = 9.755 kN
In the equivalent input circuits, rip, Upi(oc), and vVyo(oe) are
(1+8)ro+ Re
b =Tz + (1 e + Rie = 19.82k2
rip =Tz + (L+ B) re + Roe” =m0
ro+ Re/(1+5) ro + Re
oc) — Ui = 0.9953v;
o0 = 2+ Re/ (L+ B) Ree + 70 + Re ?
Reo/ (1 R
Ub2(oc) = Vil rot C/( + ﬁ) Tot fic = 0.9953v;1

. +710+ Rc/ (1+ ) Rie + 10+ Re



