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1 Introduction

Figure 1.1: Schematic of the differential pair with resistive load.

Figure 1.1 shows a differential pair composed of two NMOS transistors M; and M-, loaded with
resistors R; and Rg, respectively. Since there are two input terminals, the output current or voltage
depends on both the input voltages V;; and Vjs. It is usually more interesting to express the output
current or voltage in terms of the differential and common mode input voltages V4 and V;. defined
as

Via £ Vi1 =V,
a Vit + Vig

Vi 2

The differential mode and common mode operations are defined for V;. = const. and for V;; = 0,
respectively. The input terminals are set to an appropriate common mode voltage Vj., to which a
differential voltage V;4 is superimposed according to

v

Vi = Vie + 5"
Vi
Vio = Vie = 5.
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2 Small-signal analysis

Figure 2.1: Small-signal schematic of the differential pair with resistive load.

Figure 2.1 shows the small-signal schematic of the differential pair of Figure 1.1, where Y, corresponds
to the admittance to ground at the common source node made of the output conductance of the bottom
current source and the total capacitance between the common source node and ground.

If the transistors and resistances are perfectly matched, in small-signal operation (i.e. Gi1 = G2 = Gy,
and R; = Re = R), an increase of the gate voltage of M; by AV;;/2 combined with a decrease of the
gate voltage of My by the same amount keeps the common source node unchanged. This node can
therefore be considered as a virtual AC ground (i.e. AVg). The circuit then reduces to a common-source
stage loaded by a resistance R which has a voltage gain —G,,, R. The differential stage has therefore
the same ideal differential voltage gain A,q = —G,, R as the common-source stage.

Of course we can find this results by solving the KCL equations of the equivalent small-signal circuit of
Figure 2.1. Writing the KCL equation for the three nodes leads to

Gm1 AVer + AV, /Ry =0, (2.1)
Gm2 AVga + AV /Ry =0,
Gm1 AVar + Gra AVgo = Y AVs.

Additionally, the incremental gate voltages are related to the input voltages according to

AV = AV — AVg, (2.4)
AV = AViy — AVs. (2.5)

Solving together, we obtain the incremental output voltages as

(Gma +Y,) AVit — GraAVi
Gm1 +Gma + Y5
—Gm1AVit 4+ (G1 + Y5) AV

Gml + Gm2 + YS .

AV, = =Gy Ry - ) (2.6)

AVig = —Gpma Ry - (2.7)

We now express the output voltages in terms of the differential and common mode voltages AV;; and
AV defined as

AVig £ AVyy — AV, (2.8)
AV + AVip

AV £ :
2

(2.9)
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such that
AV;
AVip = AVie + = ¢ (2.10)
AV
AVip = AV, — ;/“l. (2.11)

The differential mode of operation is then defined for AV;, = 0, whereas the common mode operation
corresponds to AV;y = 0.

The differential voltage gain, is then defined as
s AVoq _ AV, — AV

Ava = = 2.12
vd AV;d Av;d ( )
and is obtained from (2.6) and (2.7) as
m m m Gm s 2
» Gm1 G2 (B1 + Ra) + (G B + Gz R2)Ys/ ‘ (2.13)

Gml +Gm2 +}/5

Assuming that the transistors and resistances are perfectly matched Gy, = Gima = Gy and Ry = Ry =
R, the expression for the differential voltage gain simplifies to the expected result

Apg = —Gm R. (2.14)

One of the main feature of the differential pair is to reject the input common-mode voltage. In the
case the transistors and resistances are perfectly matched, the common-mode to differential output
voltage gain is ideally equal to zero because AV, = AV,s. However, if there is a mismatch between
the transistors or the resistances (or both), AV,; # AV,s and therefore a differential output voltage is
generated. The common-mode to differential voltage gain is given by

Gm2 R2 — G By

Ape =Y, - 2.15
Gm1+Gm2+Y; ( )

From (2.15), we see that for a perfect matching (i.e. G;,1 = G2 and R; = Rg) then A,. = 0 since
Gm1 R1 = Gima Ro = G, R. Note that at low frequency, Y; is equal to the output conductance Gy of
the bottom current source. The common-mode to differential voltage gain is proportional to Ggs. We
can account for the mismatch by replacing

G = Gm + #, (2.16)
Gm2 = G — #, (2.17)
Ry =R+ %, (2.18)
r=r-5F (2.19)
resulting in
Ave = =G5 Gdfr fam ' <AGim * A}f) = _Gdg : (AGCZn " ARR) ’ (2.20)

since G, > Gys.

The ability of the differential pair to reject the differential voltage is measured by the common-mode
rejection ratio or CMRR defined as

2 ‘Avd’ ~ 2Gm/Gds

CMRR = .
[Aucl ~ 3G 1 AR

(2.21)

From (2.21), we observe that the CM RR is proportional to the transistor intrinsic gain (or self-gain)
Gm/Gs.
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3 Noise analysis
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Figure 3.1: Small-signal schematic of the differential pair with resistive load including the noise sources.

The equivalent small-signal circuit of Figure 1.1 including all the noise sources is shown in Figure 3.1
where 1,51 and I,p/0 represent the noise of My and Ms, whereas I,,g1 and I, o represent the thermal
noise of Ry and Ry. For noise analysis the inputs are connected to the dc common-mode input voltage
Vie so that AV;; = AV =0 and AV = AVge = —AVg. The output noise voltages are then simply

given by

A‘/nol =—-R- (Ian + InR1)>
A‘/7102 =—-R- (InMZ + InRQ)-

and the differential output noise voltage is given by

A‘/nout =-R- (Ian + Ian - InM2 - InRQ)-

The PSD of the differential output noise voltage is then simply given by

Snout = R*. (SIan + anm + SInM2 + SInRQ) =2R”. (SIn]\/I + SInR)‘

which can also be written in terms of the output noise resistance R, out

Snout = 4kT Rnout

with
Rnout = R2 . 2(GnM + GnR)

The noise conductances G,y and G,r are given by

_ Pn
1

The input-referred noise resistance at low-frequency is then given by

R.. — Rnout _ Rnout _ 2GnM+GnR
" AWl (G R)? Ghn

The input-referred thermal noise resistance is then given by

29

1
G (14 nen),

Rnin,th
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where n, represents the contribution of the resistances relative to the contribution of the differential
pair
B 1
Tth = Y Gm R '
From (3.11), we see that the larger the differential gain, the lower the contribution of the resistances

to the input-referred thermal noise resistance, which is consistent with the intuition that the larger the
gain of the first stage the lower the contribution of the following stages to the input-referred noise.

(3.11)

The input-referred flicker noise resistance is only due to the transistors since the resistances only

generate thermal noise
Pn

Rnin,fl(f) = 2WLf

(3.12)

If we include a capacitance C' in parallel to the resistors R, the output thermal noise PSD is given by

So
= —— '1
Snout,th 1+ (w/wC)Qa (3 3)
with
So=8kT R+ (10 Gm R+ 1) (3.14)

and w, = 1/(RC) is the cut-off frequency. The output noise is therefore a 15-order low-pass filtered
white noise. The noise bandwidth is therefore given by

We 1

Bu =7 = Iro (3.15)
The resulting variance of the output thermal noise voltage is then given by
2kT 2kT v, Gy R 2KT _ 2KT
2 n Gm ~
= — n m 1 prm— = . n m -].
Viout th c (" Gm R+ 1) c + c c Gm R (3.16)

assuming that G,, R > 1. We see that the contribution of the resistance is simply 2k7"/C because
the noise level is proportional to R while the cut-off frequency is inversely proportional to R. The
contribution of the differential pair depends on G,, because G,, sets the noise level but the cut-off
frequency is set by R and does not depend on G,,.

The variance of the input-referred thermal noise voltage is then given by

1% 2%kT 1 2, kT
V2 nout,th ( ) ~ Tn (3 1 7)

ninth = (G RE - CGmR \" " GnR) CGn R

From (3.17), we see that the variance of the input-referred thermal noise for G,, R > 1 is inversely
proportional to the voltage gain GG,,, R and proportional to the transistor thermal noise excess factor

Tn-

i Note

Note that because the noise bandwidth is set by R and is independent of G,,, we can set
independently the bandwidth with R, the DC gain with G}, and the thermal noise power with C.
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4 Offset analysis

Because of the transistor and resistor mismatch, the output voltage is not equal to zero when the
differential input voltage is zero. To calculate the offset voltage we can reuse the expression of the
output noise voltage (3.3) obtained in the noise analysis and replace

AT
Lo = +—57, (4.1)
Loase = _%’ (4.2)
I, AR
Inpy = +-2 - = 4.3
R1 +R 5 ( )
I, AR
Ipy = —20. 200 4.4
R2 R 2 ( )

The resulting differential output offset voltage is then given by

AR Alp
Vos,out = —R Ip - (R + Ib) (4.5)
The dc input-referred offset voltage is then given by
Vos out Ib (AR AID )
V. — , -0 (=2, =P) 4.6
*~"GnR Gm \R I, (4.6)
The variance of the input-referred offset voltage is then given by
2 L \* 2
Vo =\ G, ) (CAR/R T OALL/In)- (4.7)
The variance UQA Ip/Ip depends on the transistor - and Vp-mismatch according to
G 2
2
OAIp/Ip = Tapp + (I;n) COAV (4.8)
resulting in
2 2 I \? 2 2
oy, :UAVTO+ Gf . <UAR/R+OAB/B) (49)
m
The variances UQAVTO and O'QA /3 can be expressed in terms of the transistor area according to
A},
AVio T (4.10)
AZ
2 _ B

From (4.9), we see that the contributions of the resistance mismatch and transistor S-mismatch to the
input-referred offset voltage can be minimized by biasing the differential pair in weak inversion. The
input-referred offset voltage then reduces to the transistor Vpg mismatch.

© C. Enz Fundamentals of Analog VLSI Design 29.09.2025
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5 Common-mode input range analysis (CMIR) and
differential-mode output range analysis (DMOR)

The minimum common-mode input voltage is limited by the saturation voltage of the bias current
source

‘/ic,min = VG’S + VDSsat,Iba (51)

where Vg is the gate-to-source voltage of M;-Ma and Vpgsat, 7, the saturation voltage of the bias
current source.

The maximum common-mode input voltage is limited by the voltage drop across the load resistance
and the differential pair transistors M;-Ms going out of saturation. Indeed, when increasing the
common-mode input voltage the common-source node voltage follows reducing the Vpg voltage of
M;-Ms until it becomes smaller than the saturation voltage Vpgsqe:- The maximum common-mode
input voltage is therefore given by

Viesmaz = Vas — Vpssat — BRIy + Vpp, (5.2)

where Vg is the gate-to-source voltage of M1-Mg and Vpgses its saturation voltage.

The maximum output voltage is simply equal to Vpp. One of the output voltage saturates to Vpp
when the differential voltage is large enough for all the bias current to be steered into one side of the
differential pair leaving no current flowing in the other branch making its voltage equal to Vpp.

The minimum output voltage corresponds to the same situation with all the current flowing into one
branch. The voltage drop across the load resistor is then R 2[, leading to

Vo,min = Vpp — 21 R. (5.3)
The output voltage swing at each output node V,; and V9 is then given by
AV maz = Vomaz — Vomin =21y R (5.4)
so that the voltage swing of the differential output voltage V4 is simply

A‘/od,maac =2 A‘/;),maa: = 4Ib R. (55)

© C. Enz Fundamentals of Analog VLSI Design 29.09.2025
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6 Example

We want to size the circuit of Figure 1.1 for the specifications given in Table 6.1. We need to find
the minimum current and size the transistor to achieve this specs. We will design the amplifier for a
generic 180nm bulk CMOS process. The physical parameters are given in Table 6.2, the global process
parameters in Table 6.3 and finally the MOSFET parameters in Table 6.4.

Table 6.1: Specifications for the differential pair with resistive loads.

Specification Symbol Value  Unit
Input common mode voltage Vi 0.8 \%
DC gain Age 25 dB
DC gain Age 18 -
Bandwidth B 1 MH=z
Input-referred thermal noise resistance  Ryip in 10 kQ
Maximum input-referred offset voltage Vs 2 mV

Table 6.2: Physical parameters

Parameter Value Unit

T 300 K
Ur 25.875 mV

Table 6.3: Global process parameters

Parameter Value Unit

Vbb 1.8 \%
Cox 8443  -Lh,

Wonin 200 nm
Lin 180 nm

Table 6.4: Transistor process parameters

Parameter NMOS PMOS Unit
sEKV parameters

n 1.27 1.31 -
Ispec[] 715 173 nA

Vro 0.455 0.445 \%4
Lsat 26 36 nm

A 15 20 o

Overlap capacitances parameters

Cepo 0.366  0.329 i
Caso 0.366  0.329 L2
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Table 6.4: Transistor process parameters

Parameter NMOS PMOS Unit
Capo 0 0 L2
Junction capacitances parameters
cy 1 1.121 .
Crsw 0.2 0.248 £
Flicker noise parameters
Krp 8.1e-24 8.1e-24 J
AF 1 1 -
p 0.05794 0.4828  Vom
Matching parameters
Ay ) 5 mV - um
Aﬁ 1 1 % - um
Source and drain sheet resistance parameter
Rgp 600 2386 o
Width and length parameters
AW 39 54 nm
AL -76 -72 nm

6.1 Design

In order to minimize the input-referred offset voltage, the differential pair is biased in weak inversion
with 1C = 0.1. The differential pair transconductance is set by the specification on the input-referred
thermal noise resistance according to

Ruin s = 7 - (L4 1), (6.1)
m
with 1
= . 6.2
Ith Tn Adc ( )
The transconductance is then given by
2
G = 2 (L) (63)
nin,th

The DC gain is given by the spec, but we need the thermal noise excess factor 7, to compute 7.
Knowing IC we can calculate 7, = 0.653 and the transconductance is then G,, = 141.939 pA/V.

The load resistance is then set by the DC gain to R = 125.285 k€2 which we round to a slightly higher
value to have some margin on the gain.

Choosing R = 126 kQ we get Ag. = 25.049 dB.

The transconductance also writes

G I
Gm = jfec 9ms = %[}: 9ms, (64)

from which we get the specific current

Gm nUT

P (6.5)

Ispec =

Knowing IC we can calculate g,,s = 0.092 and the specific current I, = 50.970 pA. From I and
I1C' we get the bias current I, = 5.097 pA.

© C. Enz Fundamentals of Analog VLSI Design 29.10.2025
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We round the bias current to I, = 5.100 pA. The W/L is then given by W/L = 71.328. To finally find
W and L we use the specification on the maximum input-referred offset. If we neglect the § mismatch
and the mismatch of the load resistance, we have

Aav;,
V;)s max — L0 6.6
ma = VL (6.6)

We finally get W = 21.114 pm and L = 296.012 nm, which we round to W = 21.1 um and L = 300
nm.

Finally, the load capacitance is set by the bandwidth as C, = 1.263 pF.

The design is finalized and summarized in Table 6.5.

Table 6.5: Summary of the design.

Parameter Value Unit

I 5.1 wA
R 126 kQ
Cr 1.263 pF
w 21.1 wm
L 300 nm

6.2 Simulation

We can now simulate the designed circuit with ngspice to check whether we meet the specifications.

6.2.1 Operating point

Before running the AC simulation, we first need to check the quiescent voltages and currents and the
operating points by running an .OP simulation. The node voltages are extracted from the .ic file and
presented in Table 6.6.

Table 6.6: Operating point information.

Node Voltage

vdd 1.8
inl 0.8
in2 0.8
outl 1.1574
out?2 1.1574
1 0.384426
ic 0.8
id 0

Table 6.7: Operating point information extracted from ngspice .op file for each transistor.

Transistor Ip [pA] Ispee [pA]  IC n Vpsat [MmV]

M1 5.100 74.619 0.068 1.27 117
M2 5.100 74.619 0.068 1.27 117

© C. Enz Fundamentals of Analog VLSI Design 29.10.2025
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Table 6.8: Small-signal operating point information extracted from ngspice .op file for each transistor.

Transistor 1 Gps [WA/V]  Gp [BA/V] G [0A/V]  Gas [BA]V]

M1 1.27 183.610 143.521 39.060 1.030
M2 1.27 183.610 143.521 39.060 1.030

The large-signal transistor bias information and the small-signal parameters extracted from the
simulation are given in Table 6.7 and Table 6.8, respectively.

6.2.2 Large-signal differential transfer characteristic

We now simulate the large-signal DC input-output transfer characteristic. The simulation result is
presented in Figure 6.1.

157
1.0F
0.5F
=l :
ke 0.0 r
S [
> - Vop= 1.8V
03 [ V,=08V
[ Vogmax = 1284 V
-1.0 Vogmin & -1.284 V
] Vodswing = 2569 V|

%3 02 -01 00 01 02 03

Vig V]
Figure 6.1: Simulated large-signal input-output characteristic.

From Figure 6.1, we see that the differential output voltage swing is Vg swing = 2.569 V, which as
expected corresponds to 4R I, = 2.570 V.

6.2.3 Transfer function

The simulated transfer function is shown in Figure 6.2.

From Figure 6.2 we see that the simulation matches the theoretical estimation. However, the DC gain
is slightly smaller than the specification because of the transistor output conductance which has not
been accounted for. On the other hand, the simulated bandwidth is slightly higher than the target
because the DC gain is slightly smaller.

6.2.4 Input-referred noise

We can compare the theoretical input-referred noise to that obtained from simulations. The simulation
results are presented in Figure 6.3.

We can check that the noise contribution of the load resistors is negligible. This is shown in Figure 6.4,
which plots the input-referred thermal noise PSD for M;-Ms and R1-Ro.
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Figure 6.2: Simulated gain response compared to theoretical estimation.
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Figure 6.3: Simulated input-referred noise PSD.
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Figure 6.4: Breakdown of the contributions to the simulated input-referred white noise PSD.

We see that the contribution of Ri-Rg is 10.813 dB smaller than the contribution of M;-Ms.

6.3 Reducing the supply voltage

If we reduce the supply voltage keeping the same bias current, the RI drop across the load resistor will
not change and remains equal to Vpp — Ve = 0.643 V. If we keep the same input common-mode
voltage V;. = 0.800 V, then the voltage at node 1 remains the same V(1) = 0.384 V. The Vpg voltage
of M1-Ms for Vpp = 1.800 V is Vpg = 0.773 V. If we reduce the supply voltage to Vpp = 1V, the
Vps voltage gets negative and the transistors Mi-Msy go out of saturation!

We need to reduce the input common mode voltage but leaving enough voltage at node 1 to keep the
bias transistor in saturation. The Vg voltage Mi-Ms is 0.416 V. We therefore could reduce V. to
0.6 V which would leave 0.184 V for the bias current source and increase the Vpg voltage of M;-My
to 0.173 V. This should be just enough to keep M;-Mjy in saturation owing to the fact that they are
biased in weak inversion.

What this illustrates is that the maximum gain of a G,,, R gain stage is directly related to the supply
voltage. Indeed, the voltage gain is given by
G GmnUr Vpp — Vou

A =GpR=—"".RI, =
d I, b I, nUr

(6.7)

If we assume that both the current source transistor and the differential pair are biased in weak inversion
for maximum current efficiency and minimum saturation voltage, we then have G,, nUp/I, = 1 and
Vout,min = 2VDssat = 8Ur. The voltage gain is then given by

~ Vpp —2Vpssat _ Vpp/Ur —8

A C: =
d nUr n

(6.8)

The minimum supply voltage for a given voltage gain including the peak-to-peak output signal swing
2A V4 is given by
VbD,min = nUT - Age + 2VDssat + 2AVous. (6.9)

The minimum supply voltage given by (6.9) is plotted versus Ag4. in Figure 6.5.

From Figure 6.5, we see that the minimum supply voltage to achieve the desired voltage gain Agz. = 18
is Vbp,min = 0.9 V, so close to 1 V.

© C. Enz Fundamentals of Analog VLSI Design 29.10.2025
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Figure 6.5: Minimum supply voltage versus voltage gain.
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