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1 Introduction

Figure 1.1: Linearized differential pair in weak inversion [1] [2].
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Figure 1.2: Principle of the linearized differential pair in weak inversion [1] [2].

Figure 1.1 shows a linearized differential pair operating in weak inversion [1] [2]. It is based on the
principle illustrated in Figure 1.2. By making My, K-times larger than M, and My, K-times larger
than Ma, results in introducing some offset voltage in the differential pairs M1,-Mo, and Mip-May,
shifting their I-V characteristic as shown in Figure 1.2 by an offset voltage Vot = nUr - In(K). The
differential current I,q £ I; — I, shows a more linear characteristics with an extended linear range

[1].

Figure 1.3: Half linearized differential pair a of Figure 1.1 in weak inversion with 51, = K - B2, [1].
The analysis of the linearized differential pair of Figure 1.1 can be done by separating the linearized

differential pair into the differential pair a shown in Figure 1.3 and the differential pair b shown in
Figure 1.4.
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Figure 1.4: Half linearized differential pair b of Figure 1.1 in weak inversion with o, = K - Sy [1].
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2 Large-signal analysis

« Derive the expression of the differential current I,q, = I1q — I2q of the half differential pair a
shown in Figure 1.3 in differential mode i.e. with V;; = Vj. 4+ V;4/2 and Vi3 = Vie — Vj4/2. Assume
that both transistors are biased in weak inversion and in saturation with My, K-times larger
than Mg, (i.e. f1o = K - fa2,). Simplify the analysis assuming that all slope factors are equal
N1q = N2, = n. Hint: use the offset voltage Vs 2 nUr In(K) or K = eVors/(nUr)

Looking at Figure 1.3 we can write

Vit _ Vsa
Ila:KID()e"UT e Ur (21)
Via _Vsa
I2(l — IDO enUT e Ur , (22)
Ila + IQa = Ib'
Replacing (2.1) and (2.2) into (2.3), we get
_Vsa I 1
e Ur — b v (2.4)

Vi1
Ipo Ken(zJT 4 enUr

Replacing (2.4) in (2.1) and (2.2), we get

Vi1
KenUT
Lo =1y v T (2.5)
K en Ur + enUT
Via
e"UT
Iyg =1y i T (2.6)
KenUT + e"UT
In differential mode we have
Vi
‘/;,'1 = Vvic + ?ld, (27)
Vi
Vi = Vie = 5" (2:8)
Replacing in (2.5) and (2.6) results in
Vid Vid
K62'n Ur KenUT
Lia=1p Vid Vie Iy Vid ’ (2‘9)
Kemtr y o mbs  Kentr 41
__Vid
e 2n Up Ib
Iy, =1 v —vg = Vi . (2.10)
Ke2nUT _|_€ 2nUp KenUT _I_l
Defining
VoffénUT IH(K) (2.11)
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or
Voss
K =entr (2.12)
we get
Vid+Vors
e nUp
Ila = Ib Via ' Vors (213)
e nUp + 1
Iy
I =~ v (2.14)
e "Ur 41
The differential current is then given by
Vid+Vors Vid+Vors Vid+Vors
e "Ur —1 e Ur —e 2nUr Via +V,
Ioda £ Tia — Ina = I ViV Iy I Vi Vorr Iy tanh (loff) (2.15)
i o % o Y o 2n UT
e nUp +1 e 2nUp +€ 2nUp

Similarly for the half differential pair b shown in Figure 1.4, the currents Iy, and I are given by

Vit _Vsp
Ly = Ipge™it ¢ Ur (2.16)
Vie Ve
Iy =K IpgerUr e Ur (2.17)
iy + Iop = Iy (2.18)

Following the same process, the differential current for differential pair b is given by

. S
A g _ g €"T—erT id — Voff
Togp = Iy — Iop = 1 vV Ve I, tanh <2TL Ur ) (2.19)

enUT —|—€"UT

« Using the above result, deduce the large-signal differential current I,q 2 I; — I5 of the linearized
differential pair of Figure 1.1 in differential mode.

The differential current I,q £ I; — I5 of the linearized differential pair of Figure 1.1 in differential mode
is then given by

Ia 2 — Iy = L+ Iy — Iog — Iop = Ta — Tog + Ity — Iop = Loga + Loan, (2.20)

which can be written in terms of V;4 as

Vid+voff> (V% —Voff>
Iq=1 h (| ——~ h| ——~L 2.21
od b {tan ( on Ur + tan o Ur ( )
In normalized form we can write 7 S
. A Llod Loda Lodb
2 fod _ 2.22
lod 2[[) 9 5 ( )
where
I .
ioda = oda = tanh <U1d + UOff) 3 (223)
I 2
I P
Gody = odb _ tanh <Uld Uoff) ) (2.24)
I 2
with
V
Vig = n[ZJT’ (2.25)
v
Vosf 2 ﬁ = In(K). (2.26)
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Eqn (2.22) is plotted versus v;4 in Figure 2.1 for different values of K. Note that K = 1 corresponds
to the normal differential pair.

The differential transconductance of the linearized differential pair is then given by

A Gm _ Ima + Gmb

on & 5 . (2.27)
where
gma = 1 — tanh? (””2”“) : (2.28)
gmp = 1 — tanh? <U“l_2”“ff> : (2.29)
Gmo 2 QnIbUT. (2.30)

Eqn (2.27) normalized to its maximum value is plotted versus v;q in Figure 2.2 for different values of K.
Note that K =1 corresponds to the normal differential pair. We see that the linear range is extended.
The case K = 3.73 actually corresponds to the maximally flat case where there are no ripples in the
gm Vversus v;q characteristic. Above this value, a small ripple starts to appear.

1.0_
__osf
\Q
d i —— K=1.00
8 0.0 K=3.73
m I —— K=7.00
>
s

—0.5_-

_1_0- T b by s by b b by b by

Vig = Vigl(nUy)

Figure 2.1: io,q = I,q/(21y) versus v;qg = Viq/(nUrp).
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3 Small-signal analysis

e Draw the small-signal schematic of the half differential pair a shown in Figure 1.3, assuming
that all the transistors are biased in weak inversion and in saturation. Derive the equivalent
transconductance in differential mode AV;; = —AV;o = AV,4/2

Al
A oda
Gmeqa = A‘/’Ld

(3.1)

with Alyg, = Al — Aly, and AV;y = AV — AVjs. Assume that the output conductances can
be neglected.

Gm1a'AViq Gmoa'AViz

Figure 3.1: Small-signal circuit of the half-circuit shown in Figure 1.3

The small-signal circuit of the half differential pair a of Figure 1.3 is shown in Figure 3.1 where we have
neglected the transistor output conductances. Contrary to the normal differential pair, for Figure 1.3
in differential mode, we can no more assume that the common source node is a virtual ground because
of the assymmetry between M, and Ms,. Assuming additionally that G, < Gmaoa < Gms2a, the
differential pair transconductance is then given by

A AIoda _ Gmla Gms?a + Gm?a Gmsla

G 2 = 3.2
med A‘/:Ld Gmsla + GmsQa ( )
If we assume that all transistors are biased in weak inversion, the transconductances are given
IDla
G = -9 3.3
mla n UT ’ ( )
Ip2a
QG = == 3.4
m2a n UT ) ( )
1
Gsta = —5; (3.5)
1
GmsQa = 5;a. (36)
(3.7)

The quiescent currents Ipi, and Ipg, are given by setting V;g = 0 in (2.9) and (2.10), resulting in

K
Dla K +1 b (3 8)
I
I = . .
D2a K +1 (3 9)
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The transconductances G,,1, and G514 are then related to G,9, and Gy,s24 according to

Gmia = KGmQa» (310)
Gmsia = K Gms2a- (311)
Replacing in (3.2) results in
2 2K

Greqa = Ky1ome = g Gm2a- (3.12)

We see that for K = 1, Gpeqa reduces to Gpia = Gmaq as expected.

With
IDla K Ib
G = = 3.13
mla nUT K + 1 ’I’LUT’ ( )
1 1 1
Ginza = 22 = ’ (3.14)

nUr K+1nUp’

we can express Gpeqq in terms of I, according to

2K Iy
G = . 3.15
meat T (K +1)2 nUr ( )
For K =1, corresponding to the normal differential pair, we have as expected
I
G =G = . 3.16
mla m2a m UT ( )

e Derive the equivalent transconductance in differential mode for the other half differential pair b

s Alogy

Gmeqb = Av;d

(3.17)

with Alqg = Al — Alsy,. Assume again that the output conductances can be neglected.

The equivalent transconductance of the other half differential pair b of Figure 1.4 is simply given by

s ALg, 2K

Gmeqb: AV _1—|—K‘

Gmip- (3.18)

Note that G,,1p is actually equal to Gpaq.

o Derive the equivalent small-signal transconductance G,eq = Aloq/AViq of the linearized differen-
tial pair of Figure 1.1, where Al,y £ AI; — Al is the small-signal differential output current and
AV;y = AV;1 — AVj9 is the small-signal input voltage. Reuse the expressions of the equivalent
transconductances Gega and Gpeqp 0of the half differential pairs a and b.

For the linearized differential pair, the small-signal output current is given by
Al,y= AL — Aly = ALy + ALy — Alyy — Alsyy = Alyge + Al (319)

The equivalent transconductance is the given by

A Al _ Aloq Aloap o

meq — = = Gmega meqb- 2
Gimeq AVig  AVig  AVig Chmeqa + Gmeap (3.20)

© C. Enz Fundamentals of Analog VLSI Design 26.11.2025



FExercise 10 10

Reusing expressions (3.12) and (3.18), we get

2K 4K

m (sza + Gmlb) = —— Gmaa (321)

Gmeq: K+1

since Gy = Gmaq. We can express Gieq in terms of I, as

4K I 4K
Gmeq = = Gm. 3.22
T (K+1)2nUr  (K+1)2 (3:22)

For K =1, corresponding to the normal differential pair, we get

I

Gmeq = Gm = Ea

(3.23)
which corresponds to the transconductance G, of the normal differential pair with a bias current equal
to 21;.

The transconductance reduction of the linearized differential pair compared to the normal differential

pair is then given by
G 4K
£ = . 3.24
S G, T &2 (3:24)

This illustrates the trade-off between transconductance and linear range for a given current budget. As
the linear range is extended by increasing K, the transconductance decreases according to (3.24).
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4 Noise analysis

e Derive the output noise conductance G outa and Gpousp Of the half differential pairs a of Figure 1.3
and Figure 1.4, respectively, in terms of the transistor noise conductances including the noise
coming from the bottom bias source.

AI1a AIZa

éGmm A\/I% Gms1a AVS% %Gmsk AVSa %GmZa'AViZ é’n%

Figure 4.1: Small-signal circuit of the half-circuit shown in Figure 1.3 including noise source.

From the small-signal circuit shown in Figure 4.1, including the noise sources, we get

Gnouta - |Hn1a‘2 : Gnla + ’Hn2a|2 : Gn2a + ‘Hna|2 : Gnaa (41)
where P
Gni = Yni - Gmi + G2, - 7 I/I;:Li for i = la,2a,a (4.2)
and
Hpi = 2 (4.3)
nla — K + 1’ .
2K
o =~ 7 4
K-1
Hy,=——. 4.
e — (45)
which for K =1 (normal differential pair) reduce to
Hpia =1, (4.6)
Hy0q = —1, (4.7)
H,,=0. (4.8)

We see that for K = 1, the noise of the differential pair directly contributes to the differential output
current with a gain of 1 or —1 and the noise coming from the bottom current source is eliminated.

We get a similar result for the half differential pair b, namely

Gnoutb = |I{nlb|2 : Gnlb + ‘];1712b|2 ' GnQb + |Hnb|2 : ana (4'9)
where P
Gri = Yni - G + G2, - fI/I;ZLi for i = 1b,2b, b (4.10)
and
2K
Hnlb = _Hn2a = K+ R (411)
2
Hn2b = _Hnla = _K T K (412)
K-—-1
H,,=——. 4.1
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e Derive the output noise conductance of the linearized differential pair of Figure 1.1 using the
results obtained for the half differential pair.

The output noise conductance of the linearized differential pair of Figure 1.1 is simply equal to twice
that of one half differential pair
Gnout = 2Gnouta (414)

e Calculate the input-referred noise resistance R,;, and the input-referred thermal noise resistance
Ry

The input-referred noise resistance is obtained by dividing Gyout by G,Qneq resulting in

K —1)?
The input-referred thermal noise is obtained by replacing
Gria = Yn1a Gmia = Ynia K Gmaa, (4.16)
Gn2a = Yn2a Gm2a- (4.17)
resulting in ,
R = g it (D) T (4.18)

o Calculate the thermal noise excess factor yyeq = Gineq Rt of the linearized differential pair.

The thermal noise excess factor of the linearized differential pair is given by

27711(1 27n2a K (K - 1)2 Yna Gma

A
=G R, = 4.19
Tneq = Smeq Tt = H T T TR 41 TOK(K 1) Goza (4.19)
If we assume that Y14 = VYn2a = Yna = Vn, We get
K-1? @G
Yneqg =270 |1+ ( ) = (4.20)

4K<K + 1) Gimoa

We see that the thermal noise excess factor of the linearized differential pair is degraded by the
contribution of the bias current source. Note that for K = 3.73, the factor (K — 1)2/(4K (K + 1)) is
equal to 0.106. This means that the contribution of the bias current source can be made negligible by
making G,,q <€ Gmoe. In this case the thermal noise excess factor of the linearized differential pair is
about equal to that of the conventional differential pair. This means that the linearization process has
no impact on the thermal noise excess factor.
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