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The FET Differential Amplifier

Basic Circuit

Fig. 1 shows the circuit diagram of a MOSFET differential amplifier. The tail supply is modeled
as a current source I’Q having a parallel resistance Rg. In the case of an ideal current source, Rg
is an open circuit. Often a diff amp is designed with a resistive tail supply. In this case, I, é) = 0.
The object is to solve for the small-signal output voltages and output resistance.

Figure 1: MOSFET differential amplifier.

DC Solutions

(a) Zero both inputs. Divide the tail supply into two equal parallel current sources having a current
I/Q /2 in parallel with a resistor 2Rg. The circuit obtained for M; is shown on the left in Fig. 2.
The circuit for Ms is identical. Now make a Thévenin equivalent as shown in on the right in Fig.
2. This is the basic bias circuit.
e ith Vg =0, Vgg =V— — , an s = Itg + , the bias equation from the
With V¢ 0, Vs 1% IbRQ d R Rs + 2Rg, the bi ion f he FET
bias notes is

T
Ip (Rs +2Rq) + |22 — [0~ (V™ ~ IHRq) — Vio] =0

(f) Let a = Rgg, b = 1/\/?, and ¢ = — [() — (V‘ — IéRQ> — VTO]. Use the quadratic equation
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Figure 2: DC bias circuit for Mj.

to solve for \/Ip, then square the result to obtain
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Note that there is a second solution using the minus sign for the radical. This solution results in
Vas < Vro, which is a non realizable solution. The desired solution is the one which gives the
smaller value of Ip.

(e) Check for the active mode. For the active mode, Vps > Vigs — Vo = /Ip/K.

I
Vps =Vp —Vs = (Vpp —IpRpp) — Vs = (Vbp — IpRpp) — (\/ ?D - VTO)
(f) If Rg = o0, it follows that Ip; = Ips = Ib/2.

Small-Signal or AC Solutions

The solutions assume that the two FETs are matched.
(a) Calculate g, and rs.

gm =2/ KlIp Ts = —
Im

(b) Redraw the circuit with V* =V~ =0 and Ié = (. Replace the two FETs with the simple
T model. The source part of the circuit obtained is shown in 3.
(c) Solve for i/, and i,.

i Vi1 - Vi2 Rq
L g+ Rs+ Rgl (rs + Rs) 75+ Rs+ Rl (rs + Rs) Rg + 75 + Rs




Figure 3: Source equivalent circuit for ro = oc.

i = Vi2 B Vi1 Rq
52 Ts—i-Rs—i-RQH (rs + Rg) TS+RS+RQ|| (rs + Rg) Rg +rs+ Rg

(d) Solve for vo1, Vo2, Tout1, and reys from the drain equivalent circuits.

Figure 4: Drain equivalent circuits.

) ) —rid||Rp Rq
Vo1 = —iyTid| Rp = —i517ial| Rp = rid Vil — Vg ———
ot = —laTid Rp = ~tarial fip re+Rs+Roll(re + Rs) \'"' " “Rq +r. + Rs

) ) —rid||Rp Rq
Voo = —iloriil|Rpy = —i' <7l R = rid Vig — V] m—————————
o2 = ~larial o = larill R = T T T R Y2 T Ry e 1 Rs

Toutl = Tout2 = Tid”RD
(e) Special case for Rg = oo.
—r R —7rid||R
Vo1 = il fp_ (vi1 — vi2) Vog = il Rp_ (vie — vi1)
2 (rs + Rs) 2 (rs + Rg)

(f) To include the body effect in these equations, divide all input voltages by 1+ x and replace
rs with ), = rg/ (14 x), where X = gmp/gm is the transconductance ratio. If Rg = 0 and Rg = oo,
the factor 1 4 x cancels out in the equations for v, and v,2 and the body effect goes away.

Common-Mode Rejection Ratio

The CMRR for the BJT differential amplifier was defined with the output taken from only one
side of the diff amp. To illustrate another way of defining the CM RR, it will be assumed that the
output is taken differentially between the two outputs. In this case, the CM RR is doubled.



(a) Define the differential input and output voltages

Vid = Vi1 — V42 Vod = Vol — Vo2
(b) With v;1 = v;4/2 and v;a = —v;4/2, use the solutions from above to solve for the differential
output voltage v,q-
—74||Rp Rq Vid
Uod = Vol — Vo2 = 14— |2
od ol = To2 rs+RS+RQH(rs+RS)< Ro+7rs+ Rs) 2

_ridHRD 2RQ + Ts + Rsﬁ
7“s+RS+RQH(’I“S+RS) Rg+rs+Rs 2

Solve for the differential gain A,.

Ay = Yot _ 1 —7id||Rp 2Rg +1s + Rs
v Vid 27’S+R5+RQH (T‘S—i-Rs) RQ+TS+R5

(c) Define the common-mode input and output voltages vicn, and voen.-

Vil + Vi Vol + Vo2
Viem = 9 Voem = 9

(d) With v;1 = vij2 = Vjem, use the solutions from above to solve for the common-mode output
voltage Voem.-

Voom = Vol + Vo2 _ 1 _TidHRD < - L) Viem
2 275+ Rs + Rgl| (rs + Rs) Rg +rs+ Rg

1 —ridl| Rp rs+Rs

2754+ Rs + Rgl| (rs + Rs) Rg + s + Rs e

Solve for the common-mode voltage gain Aycp,.

A _ Voem _ 1 _Tz’dHRD rs + RS
vem Viem 2rs+ Rg + RQH (rs + Rg) Rg +rs+ Rg

(e) Solve for the common-mode rejection ratio.

Avd

2Rg +rs+ Rg 2Rg
= == 1
A’L)Cm

CMRR = ‘

Express this in dB.

QRQ
CMRR g = 201 1
dB og < + - R5>

(f) To include the body effect in the equation for CM RR, replace rs with v, =75/ (1 + x).
Example 1 For I = 2mA, Ry = 50kQ), Rg = 1kQ, Rg = 1009, Rp = 10kQ, V* =20V,
V- =-20V, K=25x10"3A/ V2, Voo = 1.5V, and X = 0.01, calculate vo1, Vo2, Vod, Touts and
CMRR.

Solution.

I [T
[D1:ID2:7Q:1HIA VGS:VTO+ %:2.132\/

1
Vps =Vp — Vg = <V+ — EQRD> — (=Vgs) =12.13V

4



-1
gm = 22/KIp =3162mS 1, = 1 516230 ro = A HVbs 910
9m Ip
Ris = Rs + Ro| (rs + Rs) =512.79Q  rig = 10 <1 + %) + Ry = 294.5k0
S
_TidHRD RQ
= i1 — Vip—=—"——— | = —11.6Tv; 11.57v;

Vo2 = —11.67v;0 + 11.57v;1
Vod = Vol — Vo2 = —23.24 (Uil - UiQ) Tout = TidHRD = 9.672kQ

Vol + Vo2

Voern = — = —0.096v;¢m,
e 9 .
Apg = ria| R o t7: Tl y39,
rs + Rs + Rgl| (rs + Rs) Rg+rs+ Rs
_ —ridl Rp st Bs 06
vem rs + Rs + Rg| (rs + Rg) Rg +rs+ Rg '
Avd

CMRR;p = 20log =47.65dB

vem

The MOSFET Diff Amp with Current-Mirror Load

Figure 5: MOSFET diff amp with current-mirror load.

Fig. 5 shows a MOSFET differential amplifier with a current mirror load. If we assume
that M; and M> are matched, the dc current Ig divides equally between the devices so that
Ip1 = Ip2 = Ig/2. Thus we can write gmi = gm2 = gm. To solve for the open-circuit small-signal
output voltage v,., we first solve for the short-circuit small-signal output current is.. First, we
resolve the inputs into common-mode and differential components. Because a current source is
used to bias the sources, the common-mode signal currents in the devices are zero. Therefore,
we only need to consider the differential solution. To obtain this, replace v;; with the voltage



vig = (vi1 — vi2) /2 and v;o with —v;q. For the differential inputs, the signal voltage at the sources
is zero. Because both the drain and source of My are connected to signal ground, the Early effect
is absent in Ms. Similarly, it is absent for My. Although the drains of M; and Ms are not at
signal ground, it would be expected that the small-signal voltage across them is small because M3
is connected as a diode. Thus it would be expected that the Early effect can be neglected for M;
and Ms. In this case, the current 5. can be written by inspection.

When the Early effect is neglected, is. can be written

lse = U4 — Td2 = 143 — 142 = U1 — td2 = 2iq41

The latter is because 140 = —t41. To solve for 41, replace the circuits seen looking into the sources
of My and My by small-signal Thévenin equivalent circuits. The circuit is shown in Fig. 3 with
Rs =0 and Rgp = oo. It follows that i4; and i, are given by
iq1 = % = I (11 — vig) ise = 2041 = gm (Vi1 — Vi2)
Ts 2
To solve for the small-signal output voltage v,., we must know the small-signal resistance seen
looking into the output terminal. This is calculated with v;; = v;2 = 0. The resistance seen
13q4 looking into the drain of My is rgq. To determine the resistance r;40 seen looking into the
drain of My, the Thévenin resistance R:so seen looking out of its source is required. This is the
Thévenin resistance 7351 seen looking into the source of Mj. If rg; is neglected, this is given by
Tis] = Ts1 = gt Thus g0 is given by

R 1
Tid2 = T02 (1 + M) + Risa = 2192 + —
Tisl gm?2

It follows that r.,: and the open-circuit output voltage v,. are given by

1
Tout = Tid3||Tid2 = ro3]| (27“02 + g_>

'm2

. 1
Voc = tscTout = Gm |:7“03H <27402 + 9_>] (Uz'l - 7)7;2)

m2



