Chapter 5

INPUT OFFSET VOLTAGE

5.1 Introduction

Ideally, for an op amp, the DC output voltage should be zero if there is no input signal
applied. That is, the DC transfer curve should cross the origin. However, in practice, due to device
mismatches, the output voltage is typically non-zero, and the transfer curve does not intersect the
y-axis at the origin.

By applying a small differential voltage at the input, the output voltage can be made zero.
This small differential input voltage required to achieve a zero DC output voltage is called the offset
voltage and is a measurement of how well the components used in the op amp are matched.

This set of notes will show how the offset voltage is calculated for emitter-coupled pairs with
resistive loads, emitter-coupled pairs with active loads, source-coupled pairs with resistive loads, and
finally source-coupled pairs with active loads.

5.2 Emitter-Coupled Pair With Resistive Loads

For the emitter-coupled pair with resistive loads shown in Fig. 5.1 below, KVL gives:

delso

VOs:VBEJ_VBEZ = V'r|nElCZISID (5.1)
But by definition of the offset voltage,
0=Vo=(Vec— ICZRZ) ~(Vee— |C1R1) =l Ri—I¢,R. (5.2)

As a result,
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Fig. 5.1 Schematic of an emitter-coupled pair
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le, R: (5.3)
Define:
Alg=1lg —Is, (54)
= Is, * s,
sTTo (5.5)
AR = R —-R, (5.6)
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We get:
DR_éB | _Alsp
0o 2 %5 20
Vos = VinO——5 0 (5.8)
R+ é._R |+ é_ISD
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ForAR << R,Alg<< g,
ARD A|SD AR Algr
_vm[ }—V[In D+ in } 5.9
Vos %‘ Is T % %- ( )
Taylor series expansion for In(1+x) gives
AR Al
Vos = Vil-F -] (5.10)
R Is

Typically, AR/R = 1% Al J/ls = 5%, which corresponds to a offset voltagg bf 1.5 mV.

NOTE: As of now, it has been shown that approximation can be used to estimate the offset
voltage. Alternatively, the offset voltage can be estimated by directly applying differentiation to the

definition of the offset voltage

0Vee

v
3D+ 2YBEA|

als

Vos = Vge, —Vge, = AVee =

which turns out to be even more elegant solution!

5.3 Source-Coupled Pair With Resistive Loads

For the source-coupled pair with resistive loads shown in Fig. 5.2,

=V +A/ 21, \% J 2o,
Vos = Vs =Ves, = Vo e W D), % A Co(W/L),

But by definition of the offset voltage,

0=Vy= (VDD_IDZRZ) _(VDD_IDlRl) = ID,RI_IDZRZ

(5.11)

(5.12)

(5.13)
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Fig. 5.2 Schematic of a source-coupled pair
As a result,
ID; _R
o, R (5.14)
Define:
Alp =lp —1p, (5.15)
. ID] + ID2
lo=—5— (5.16)
AW/L) = (W/L), —(W/L), (5.17)
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) = (W/L),+(W/L),

(W7L 5 (5.18)
(5.19)
AV, =V, -V,
av, = Lt Ve (5.20)
2
AR = R, -R; (5.21)
R=RuitRe (5.22)
2
Put all together, it can be shown that:

_ (Ves—Vy) _éB_A(W/L)

Vos = AVi+—=5 [ R~ (W/D) } (5.23)

Assume that\V, = 10 mV, VggV, = 300 mV,AR/R = 1%,A(W/L)/(WIL) = 5%, the offset
voltage s becomes approximately 20 mV, whichrisuch largerthan that of an emitter-coupled
pair.

NOTE: As for emitter-coupled pairs, the offset voltage of source-coupled pairs can also be
estimated by directly applying differentiation to the definition of the offset voltage

Ve
v,

Vs
a(W/L)

Vs
Bi Bl +

AV, +

Vos = AVgs = AW/L) (5.24)

5.4 Emitter-Coupled Pair With Active Loads

The input offset voltage of differential pairs with active loads is defined as the input voltage
required to drive theurrentoutput to zero (contrast to the cases of resistive loads in which the zero
output voltage is of concern). For the emitter-coupled pair with a current mirror as an active load
shown in Fig. 5.3, the offset voltage can be calculated as follows.

- v.ndelen
Vos= Vg, —Vee, = Vrin [EJ_SID (5.25)

But,
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Fig. 5.3 Schematic of an emitter-coupled pair with active loads

ls,

I, = l¢, = Ig, S (5.26)
2 5.27
le, = I, EE1+ B—% ( )
3
As a result,
Voo =V |n['—53'—52%L+ZDJ (5.28)
0s s ls, B.H

Define the average and the difference values for the saturation currents of both npn and pnp
transistors and the current ggiin the usual way, that is,

Alg=1g—ls, (5.29)
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_lstls,

o= =5~ (5.30)
The offset voltage can be approximated to be:

Vos = VeRee Llemn, 20 (5.31)
IS pnp IS, npn Bpnp

For an emitter-coupled pair witB,,, = 50, Alg/ls = 5%, the offset voltage ¥sis
approximately 4 mV, which is significantly larger than that for resistive loads.

5.5 Source-Coupled Pair With Active Loads

The input offset voltage for a source-coupled pair with active loads as shown in Fig. 5.4 can
be approximated to consist of two components, one from mismatches of the input transistors and the
other referred to the input from the current mirror.

First, let’s calculate the offset contributed by the mismatch of the current mirror. In defining
the difference and average quantities, we will use subscripts N and P to denote the NMOS (input) and
PMOS (load) devices, respectively. As an example,

Ip, +Ip,

Alp, = 1p,—1p, andlp, = - (5.32)

Referring to Eq. (4.172) on Page 321 in Gray & Meyer, the mismatch of the current mirror
can be found to be:

A(W/L
Alp, = lp,—lp, = 'DP—(s/v /L))P—ngAth (5.33)
P

Referred to the input, this current mismatch contributes an input offset voltage of

g1 A(W/L)p_ 0= (Vos=VONA(W/L)s + (AV g_mp 5.34
vosp-ngN%D:(w_/L)p' O AV 2 [(W/L)J ¢ ‘P)gmN 639

The offset contributed by the input transistors is given by

Vos, = AV, +

(VGS_Vt)N[ A(W/L)N} (5.35)

2 (W70)y
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Fig. 5.4 Schematic of a source-coupled pair with active loads

The total input offset voltage ¥s contributed by both the input transistors and the
current-mirror loads becomes:

93«_., + (VGS_V&)N[_A(W/L)N A(W/L)PJ

Vos=Vog +Vog = AV‘N+(Ach)gmN 2 (W/0)y ~ (W/L)»

(5.36)

Assume thaf\V, = 10 mV, VgV, = 200 mV,A(W/L)/(WI/L) = 5%, Gy pmod9mnmos = 1/2, the
offset voltage \bs becomes approximately 35 mV, whichnsuch largerthan that of any other
configuration!

From Eq. (5.36), it can be inferred that, given a fixed device mismatch, the offset voltage can
be reduced by minimizing both the ratia{guod9m nmog and the quantity (¥s-Vy)y. The ratio of the
two transconductances can be reduced by choosing the W/L ratios of the load transistors to be much
smaller than the W/L ratios of the input transistors. On the other hand, a small gate-to-source voltage
requires either that the input devices have large W/L ratios or that the bias current is small.



