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The BJT Differential Amplifier

Basic Circuit

Figure 1 shows the circuit diagram of a differential amplifier. The tail supply is modeled as a current
source Ig. The object is to solve for the small-signal output voltages and output resistances. It
will be assumed that the transistors are identical.

Figure 1: Circuit diagram of the differential amplifier.

DC Solution

Zero both base inputs. For identical transistors, the current I divides equally between the two
emitters.
(a) The dc currents are given by

1 1
IElZIE2:7Q 11312132:2(17:2_5) Iev=lIc2 = —~

(b) Verify that Vop > 0 for the active mode.

1
Vo =Vo — Vg = (V+—OCIERC) — <_1—f,3RB> :V+—OzIERC+

(e) Calculate the collector-emitter voltage.

Ve =V —Ve=Vo— (VB —VBe) =Ves + VBE



Small-Signal AC Solution using the Emitter Equivalent Circuit

This solution uses the rg approximations and assumes that the base spreading resistance r, is not
ZETO.

(a) Calculate gy, rr, Te, and 7.
e Ve Voo Betratrn 0 VatVor
_VT ﬂ-_IB e_IE e 1+ﬁ 0= Ig

(b) Redraw the circuit with V' =V~ = 0. Replace the two BJTs with the emitter equivalent
circuit. The emitter part of the circuit obtained is shown in Fig. 2(a).
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Figure 2: (a) Emitter equivalent circuit for i¢; and ie2. (b) Collector equivalent circuits.

(c¢) Using Ohm’s Law, solve for ie; and ies.
iy — Vi1 — Vi2
" 2(ric+ Rp)

(d) The circuit for ve1, Vo2, and 74y is shown in Fig. 2(b).

Z.62 = _iel

. . —a X ;.|| Ro
Vol = —flci(se) X Ticl[Re = —a X ie1 X Tic||[Ro = 2(7’—% (vi1 — via)
e
) . —a X ric||Ro
Vo2 = —lea(se) X Ticl| Ro = —a X djea X Tic|| R = 2(7“—-;01['315) (vie — vi1)
e

Toutl = Tout2 = TicHRC
B (2RE + Tie)
Rp+ 717+ 71:+2RE + e
(e) The resistance seen looking into either input with the other input zeroed is

+ (Rp+ 71 +7x) || 2RE + Tie)

Tie =10 |1+

Tin=Rp+71s+rr+ (1+5) (2RE + 7ie)

The differential input resistance r;,4 is the resistance between the two inputs for differential input
signals. For an ideal current source tail supply, this is the same as the input resistance r;, above.

Diff Amp with Non-Perfect Tail Supply

Fig. 3 shows the circuit diagram of a differential amplifier. The tail supply is modeled as a current
source Ié having a parallel resistance Rg. In the case of an ideal current source, R¢ is an open
circuit. Often a diff amp is designed with a resistive tail supply. In this case, Iég = 0. The solutions
below are valid for each of these connections. The object is to solve for the small-signal output
voltages and output resistances.
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Figure 3: BJT Differential amplifier.

DC Solutions

This solution assumes that I’Q is known. If I is known, the solutions are the same as above.

(a) Zero both inputs. Divide the tail supply into two equal parallel current sources having a
current I(,/2 in parallel with a resistor 2Rg. The circuit obtained for @1 is shown on the left in
Fig. 4. The circuit for ()5 is identical. Now make a Thévenin equivalent as shown in on the right
in Fig. 4. This is the basic bias circuit.

(b) Make an “educated guess” for Vpg. Write the loop equation between the ground node to
the left of R and V~. To solve for Ig, this equation is

Ig
1+

(c) Solve the loop equation for the currents.

0— (Vﬁ —IégRQ) = Rp+ Vg +1g (RE+2RQ)
~V~ +IyRg — Vap

N Rp/(1+ )+ Rg+2Rg

(d) Verify that Vop > 0 for the active mode.

1
IE=§=(1+B)IB

Ig
1+ 5

1+

Vep=Vo—Vp = (V+ — aIERc) — < RB> =V —algRc + Rp

(e) Calculate the collector-emitter voltage.
Ve =Vo = Ve =Vo - (Ve — Vee) = Ve + VaE
(f) If Rg = o0, it follows that Igy = Igs = Ib /2. If the current source is replaced with a resistor
R only, the currents are given by

I V7 — Vg
In=-"—(1+p8)Ig=
p="r=0+8)Is Rp/(1+ B) + Re + 2Rg




Figure 4: DC bias circuits for Q.

Small-Signal or AC Solutions

This solutions use the ry approximations.
(a) Calculate gy, 7, and 7.

alg (1+8)Vr _Bptrptre o Va+Vop
0~ aIE

Im = ?T w T Tie = 113
(b) Redraw the circuit with V' =V~ =0 and Ity = 0. Replace the two BJTs with the emitter
equivalent circuit. The emitter part of the circuit obtained is shown in 5(a).

(o) (b)

Figure 5: (a) Emitter equivalent circuit. (b) Collector equivalent circuits.

(c) Using superposition, Ohm’s Law, and current division, solve for ie; and ..
i = Vi1 _ Vi2 " Rq
“ rie+ Re+ Rl (rie + Re)  rie + Rp + Rol| (rie + RE) ~ R +7ie + RE
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V2 _ Vi1 % Rq
rie + Re + Rg|| (rie + RE)  7ie + RE + Rg|| (rie + RE)  RQ +7ie + RE

For Rg = oo, these become

e =

Vil — V42 iy — Vi2 — Vi1
2(rie + Rp) ¢ 2(rie + RE)

el =

(d) The circuit for vo1, Vo2, Tout1, and Toue2 is shown in Fig. 6.

out? ToutZ
s %Rc Res |

woﬂ’—

r

[ — Y2
PE) Q',’
%01 Tie Tic c2

Figure 6: Circuits for calculating vo1, vo2, Tout1, and royuta-

. . —a X7 ”RC’ RQ
Vol = —iry X Tiel|Ro = —a X i1 X 14e||Ro = < Vil — Ujg——————
ol cl 7,c|| C el 7,c|| C Tio + RE T RQH (Tie T RE) 71 72 RQ T+ RE

Vo2 = —ing X Tic||Ro = —a X Ge1 X Tic||[Ro =

—a X 1c||Re < Rg
Vi2 — Vil
Tie + Re + Rg|| (1ie + RE) Rg +rie + Rp

Toutl = Tout2 = TicHRC

Rie
Tic = T0 1+m +(RB+7”3;+T7T)HR,56 Ry :RE—i-RQH (Tie—i-RE)

(e) The resistance seen looking into the v;; (v;2) input with v =0 (v;; = 0) is
riv=Rp+ 1y +71r+ (14 5) Ree
(f) Special case for Rg = oo.

vy = =2 TiellBe (g = 2 X TeellBo
ol 9 (Tie + RE) i1 12 02 2 (rie + RE) 2 i1
(g) The equivalent circuit seen looking into the two inputs is shown in Fig. 7. The resistors
labeled 77 are given by

e =7z + 1+ (1+58)Rp

The differential input resistance r;4 is defined the same way that it is defined for Fig. ??. That
is, it is the resistance seen between the two inputs when v;; = v;4/2 and v;s = —v;4/2, where v;q is
the differential input voltage. In this case, the small-signal voltage at the upper node of the resistor
(14 ) Rq is zero so that no current flows it. It follows that ;4 is given by

Tid = 2 (RB + ?”;T)



Figure 7: Equivalent circuits for calculating ip; and dps.

Differential and Common-Mode Gains

(a) Define the common-mode and differential input voltages as follows:

_ Uil + U
Vid = Vi1l — V2 Viem = —
With these definitions, v;1 and v;o can be written
_ Vid o Vid
Vi1l = Viem + — Vi2 = Viem — —~

2

By linearity, it follows that superposition of v;.; and v;q can be used to solve for the currents and
voltages.
(b) Redraw the emitter equivalent circuit as shown in Fig. 8.

Figure 8: Emitter equivalent circuit.

(c) For vi1 = v;4/2 and v;a = —v;q/2, it follows by superposition that v, = 0 and
i = Uid/2 i , = —’Uid/Q
‘ Tie + Rp ‘ rie + RE
Vol = — X Ge1 X Tic||[Re = —a X ric| Rc via _—ax Ticl[ R (vi1 — vi
ol el ic C P RE 5 - RE 5
Vo2 = —Q X g2 X T4 HR = o X riCHRC% _ taXx TicHRC Vi1 — V2
02 e2 ic|[LWC rie + RE 2 rie + RE 2
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The differential voltage gain is given by

Ay Vol Vo2 _ _1 aricHRC

Vid Vid 2rie+ RE

(d) For v;1 = via = Vjem, it follows by superposition that i, = 0 and

o] = Viem Gy = Viem
el rie + RE +2Rq e2 rie + R + 2R
Vol = — X Ge1 X Tic||Re = —a X Tic|| Re S — —a X ric| Re Vi1 + Vi2
ol el ic C - RE + 2RQ cm Tio + RE T 2RQ 5
Vo2 = — X Geg X Tie||[Ro = —a X ric||[Ro v — & X ric|Ro (vit + vi2
02 e2 ic C Tio + RE T 2RQ wcm Tio + RE . 2RQ 5

The common-mode voltage gain is given by

4 Vol _ Vo2 _ a X 1ic||Reo
cm — - -
Viem Viem Tie + Rp + 2RQ

(e) If the output is taken from the collector of 1 or (2, the common-mode rejection ratio is
given by
Vo2/Vid
Uo2/vicm

Vol /Uid
Vo1 /Uicm

This can be expressed in dB.

_lme-i-RE-i-?RQ_l Rg

M = = _ e
CMRR 2  rie+REg 2 rie+Rg

1 Rq
M =201 -+ ——=
CMRR,B Oog<2+7"ie+RE>
Example 1 For Ib = 2mA, Rg = 50kQ, Rp = 1kQ, Rg = 100Q, Rc = 10kQ, VT =20V,
Vo=-=-20V, Vyr=0.025V, r, =209, =99, Vg =0.65V, and V4 = 50V, calculate v,1, vo2,
Vod, Tout, and CMRR.

Solution.
0 (V- IpRe) ~ Vir

I pu—
"7 Rp/(1+B) + Re + 2Ro

=1.192mA

Ip
1+

g =02 _gouras = UEOVE +IB) Vr
E

Vp
_VT _RB-F’I“QE
1+ 05

VC’B = VC — VB = (V+ — OéIERc') — ( RB> = 8.209V

= 2.097kQ

e—_:2- Q e —
T Ts 0.97 T

_ Va+Ver
=1

+7r, = 31.17Q

T0 = 49.869 k2 Ric = Rp + RQH (Tz‘e + RE) = 230.832

,3 <2RE + Tie)
Rp+r:+2Rg + 7ie

Tie =710 |1+ } + (R +7x) || 2RE + rie) = 390.5kQ2

—a X 1ic||Re Rg >
ol = i — U@ ) — _36.840;; + 36.75v;
Yol e + R + Rol| (rie + Rp) (Ul R — ! 2

Vo2 = —36.84v;9 4+ 36.75v;1



Tout = Tic||Rc = 9.75 k)

1lax Tic”RC'
Agg = —= 2120 36,80
d 2 1+ Rg
—a X 1ic||Re
Avern = = —0.0964
Tie + R+ 2Rq
_ Ava | _
CMRRp = 201log |-="-| = 51.63dB

The Diff Amp with an Active Load

Figure 9 shows a BJT diff amp with an active load formed by a current mirror with base current
compensation. Similar circuits are commonly seen as the input stages of operational amplifiers and
audio amplifiers. The object is to solve for the open-circuit output voltage v,., the short-circuit
output current is., and the output resistance r,,¢. By Thévenin’s theorem, these are related by the
equation Ve = i5cTout- It Will be assumed that the current mirror consisting of transistors Q3 — Qs
is perfect so that its output current is equal to its input current, i.e. i.4 = i.1. In addition, the rg
approximations will be used in solving for the currents. That is, the Early effect will be neglected
except in solving for r,,s. For the bias solution, it will be assumed that the tail bias current Ig
splits equally between ()1 and Q2 so that Ig = Igs = Ig/2.
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Figure 9: Diff amp with active current-mirror load.

Because the tail supply is assumed to be a current source, the common-mode gain of the circuit is
zero when the rg approximations are used. In this case, it can be assumed that the two input signals
are pure differential signals that can be written v;; = v;4/2 and v;3 = —v;4/2. For differential input
signals, it follows by symmetry that the signal voltage is zero at the node above the tail current



supply Ig. Following the analysis above, the small-signal collector currents in )1 and ()2 are given
by

. o o Vid . o o Vid
Lel(se) — i + RE7 Le2(se) — _Tie T RE7
where R
ryy = BT TT
1+ 05

The short-circuit output current is given by
lse = Ted — T2

With ¢.4 = ie3 = i¢1 and i = —i,.1, this becomes

« (6%
Vid =
Tie + RE Tie + RE

7;:sc = 21‘01(30) = ('Uil - Ui2)

The output resistance is given by
Tout = TO4HTZ‘C2
where r;co is given by

B (QRE + Tie)
Rp +rr+2Rg +ric

Tiea =70 |1+ + (RB + T'ﬂ-) ” (QRE + Tie)

By Thévenin’s theorem, the small-signal open-circuit output voltage is given by

« (7”04H7“z'c2)

et R 1Y)

Voe = TscTout =
Example 2 For Io = 2mA, Rp = 100Q, Ry =51Q, VT =15V, V- = —-15V, Vp = 0.025V,
. =500, 8 =99, a =099 Vg1 = Ve = 0.65V, Vgps = Vegps = Veps = 0.65V, Voo =
Voa = 13.7V, and V4 = 50V, calculate igc, Toyt, and v,.. Because r, > 0, we add it to Rg in the
equations above.

Solution. o1 .
T BT Ty
Tel = Te2 = —— = 25€) Tiel = Tiea = ———— + T = 26.5€)
1 2 To 1 2 1+ 75
. ol
Rieo = 2RE + 1401 = 128.5Q lgg = ————— (’Uﬂ - 1)7;2) = 0.0128 (Uz'l - 1)7;2)
Tie + RE
Va+ (Voo + ViE) BRie
= = kQ ic2 — 1 -_ T e — 2 kQ
T02 alo)2 65 Tie2 =710 |1+ P —— + (Rp +77) || Rte = 362.7
+ _
ros = AT VT =V gy or o = roa||rics = 45.34 k<

I
Voc = iscrout =579.2 (vil - Ui2)

This is a dB gain of 55.3 dB.



