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Device Mismatch and Tradeoffs in the Design
of Analog Circuits
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Abstract—Random device mismatch plays an important role in
the design of accurate analog circuits. Models for the matching of
MOS and bipolar devices from open literature show that matching
improves with increasing device area. As a result, accuracy re-
quirements impose a minimal device area and this paper explores
the impact of this constraint on the performance of general analog
circuits. It results in a fixed bandwidth-accuracy-power tradeoff
which is set by technology constants. This tradeoff is independent
of bias point for bipolar circuits whereas for MOS circuits some
bias point optimizations are possible. The performance limita-
tions imposed by matching are compared to the limits imposed
by thermal noise. For MOS circuits the power constraints due
to matching are several orders of magnitude higher than for
thermal noise. For the bipolar case the constraints due to noise
and matching are of comparable order of magnitude. The impact
of technology scaling on the conclusions of this work are briefly
explored.

Index Terms—BiCMOS analog integrated circuits, bipolar
analog integrated circuits, bipolar transistors, circuit analysis,
CMOS analog integrated circuits, design methodology, mismatch,
matching, MOSFETs, sensitivity.

1. INTRODUCTION

EVICE mismatch is too often treated as part of the
black art of analog design. However, extensive studies
into the matching behavior of devices have yielded a good
understanding of the underlying physical phenomena and offer
designers quantitative models for the prediction of device vari-
ations. Section II of this paper reviews the mismatch data and
models published in open literature, which show that a circuit
designer can improve the matching of devices by increasing
their area. In Section III the effects of device mismatches on
the dc operation of basic transistor configurations are analyzed.
Traditionally such analysis is done on the basis of large signal
device equations and, for larger circuits, results in tedious
calculations or requires many simplifying assumptions. We
illustrate an analysis method for the calculation of the dc accu-
racy of large analog circuits based on a small signal analysis.
Several authors have discussed the challenges and system
level limitations in analog signal processing imposed by thermal
noise and device mismatch (see, e.g., [1]-[4]). The main goal
of this paper is to investigate in detail the impact of transistor
mismatch on the design tradeoffs at the circuit level. The yield
of offset sensitive analog circuits such as some analog-to-digital
converters [5], digital-to-analog converters [6], and analog com-
putation circuits [7], depends on the accuracy of the sub-blocks;
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from the desired parametric yield for the overall circuit optimal
accuracy specifications are derived which together with the re-
quired bandwidth and low power consumption are important
requirements during the design. In Section IV we demonstrate
that, since the accuracy specifications impose a minimal device
area, they fix the tradeoff between power and bandwidth for
basic analog building blocks such as, current mirrors, inverting
voltage amplifiers and operational transconductance amplifiers.
For MOS circuits the tradeoff can be slightly improved with the
optimization of the bias point and the optimization of voltage
and current signal processing circuits is analyzed in detail. How-
ever, the bandwidth-accuracy-power tradeoff is largely fixed and
determined by technological parameters.

The tradeoff relationships derived for the circuit level are then
extended to evaluate the limitations of analog signal processing
in Section V. The mismatch limits on power consumption are
compared to the thermal noise limits. The evolution of these
limits with process scaling is also discussed. Finally, we briefly
review some techniques that can break the mismatch imposed
limits in certain applications.

The link between accuracy requirements, the speed or band-
width and the power consumption applies to analog circuits for
a wide range of applications such as bandgaps [8], [9], RAM
sense amplifier design [10], high-speed analog-to-digital con-
verters [7], [11], [12] and digital-to-analog converters [6], par-
allel analog pre-processing and computation chips [13], [14],
and sensor arrays and read-out electronics as in, e.g., high-en-
ergy physics experiments [15] or CMOS imagers.

II. EXPERIMENTAL DATA FOR DEVICE MISMATCH

Manufacturing variations result in process and device pa-
rameter variations from lot to lot, wafer to wafer, die to die,
and device to device and can be categorized as systematic or
random. Lot-to-lot and wafer-to-wafer variations are common
to all devices in the circuit. E.g., due to over-etching all tran-
sistors have a shorter than nominal length. They introduce a
systematic shift in the device characteristics and circuit per-
formance. Differential circuit topologies and proper biasing
techniques can make the integrated circuit’s performance
largely insensitive to these systematic variations. Processing
gradients introduce systematic device variations which are
independent of device size. Their effect on the circuit perfor-
mance can be largely eliminated by layout techniques such
as symmetry and common-centroid layouts. Device-to-de-
vice variations, e.g., the number of dopant atoms under the
gates of identical MOS transistors differs randomly, result in
random differences between the device characteristics and are
commonly called device mismatch; they cannot be predicted
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during the design phase and are dependent on the device size.
A circuit designer can only use the device dimensions (area,
width, length), the device layout and the device bias point to
control the matching.

Next, we review the experimental data and mismatch models
available in open literature with the designer’s perspective in
mind while focusing on the dominant effects and dependencies.
Some higher order effects will be neglected for the benefit of
compact but sufficiently accurate expressions that allow the de-
velopment of analytical expressions for the tradeoffs in circuit
performance.

A. MOS Transistor Matching Models

The mismatch of two closely spaced, identical MOS tran-
sistors has been extensively investigated down to deep-submi-
cron device sizes [8], [16]-[21]. The experimental data shows
that threshold voltage differences AV and current factor dif-
ferences! AB(8 = pCoxW/L [22]) are the dominant sources
underlying the drain-source current or gate-source voltage mis-
match for a matched pair of MOS transistors. These random dif-
ferences have a normal distribution with zero mean and a vari-
ance dependent on the device area W - L

A2f
o} (AVy) = W‘.TL (1)
o(AB)\* _ 45
(%57) -7 @

where W is the gate-width and L the gate-length, and the pro-
portionality constants Ay and Ag are technology-dependent.
Although V7 and 8 have some common process parameter de-
pendencies, the experimental data further shows a low correla-
tion between AVr and Af and the assumption that they can be
modeled as independent random variables is generally accepted
[18], [19], [23], [24]. Table I and Fig. 1 summarizes the propor-
tionality constants for several industrial CMOS processes pub-
lished in open literature. The validity of the area dependence for
parameter matching has been demonstrated for a wide range of
technologies (Table I) including some AV measurements for
50 nm devices [20].

For widely spaced devices an extra term depending on the
distance needs to be included in the models for the random
variations in (1) and (2), [18], [19], [24], but for typical device
separations (<1 mm) and typical device sizes this correction
is small. Several authors have also observed a deviation from
the area dependence law for narrow or short devices [24]-[27].
For the Vr matching this can be largely attributed to the con-
trol by the gate of extra or less depletion charge. Other more
extensive mismatch models have also been investigated but the
addition of extra parameters is often only warranted for use in
computer simulation models where accuracy over a wide range
of operating points and device sizes is required [28]. The intro-
duction of extra parameters in the mismatch model often results
in strong correlation between them which is undesirable [26],
[29].

I'Width and length variations are assumed sufficiently small that they could
be neglected in the model presented in (2) (see, e.g., [17], [18]). Recent results
from poly gate variation studies in deep-submicron technologies could indicate
that a more extensive current factor model will be required in the future.

1213

NMOS
40 L) ) L) ! l 4
s 1 o| g
> : [ ]
E 20F AN iy 42 R
ETT RO 0 =
<> : <C
a B H
10 _0 . TSRO PP NPT -1
d
O L L L 1 L
0 500 1000 1500 2000 2500
Technology node [nm]
(a)
PMOS
50 ! L) L) l ! 5
: : : n
) S ORIt Tt . 2 £+
> : : : : : >
[S A - u : : : X
= OO m =H : i =
S 20 [ gy 2 L
< : u : : :
u ﬁ ﬁ ﬁ
m : : :
o S S S A
0 500 1000 1500 2000 2500

Technology node [nm]
(b)

Fig. 1. Matching parameters A (M) and Az(<) from different technology
nodes for (a) nMOS and (b) pMOS devices (see also Table I).

For the sake of clarity of the derivations, we assume the
source and bulk connected so that Vsg = 0 and no bulk effect
occurs. However, if a bulk effect does occur in a circuit, the
extra mismatch due to the mismatch in the bulk-effect coeffi-
cients [18] results in an extra degradation of the Vp matching
of the transistors and all derivations and conclusions in this
paper are easily extended by adjusting the value of Ay 7.

Most mismatch characterization has been performed on de-
vices in strong inversion in the saturation or linear region but
some studies for devices operating in weak inversion have also
been conducted [28]-[32]. Qualitatively, the behavior in all re-
gions is very similar; Vp and (3 variations are the dominant
source of mismatch and their matching scales with device area
which is the basic assumption for the derivations in this paper.
Some authors suggest that the same proportionality constants
can be used across regions [29], [32], while others have ob-
served a significant difference [33].

The device layout style, device position and orientation typi-
cally do not strongly influence the random variations between
devices but can introduce strong systematic differences [10],
[21], [34]. Therefore, good analog layout practices for matched
devices include the use of dummy devices [21], maintaining the
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TABLE 1
MATCHING PROPORTIONALITY CONSTANTS FOR SIZE DEPENDENCE FOR DIFFERENT INDUSTRIAL CMOS PROCESSES
Technology Type Avr A5 | (gn/Ips)y, | Vas — Vo),
[mVum 1| [Youm ] [S/A] [V]
2.5um [18] nMOS 30 2.3 0.77 2.61
pMOS 35 3.2 0.91 2.19
1.2pum [19] nMOS 21 1.8 0.86 2.33
pMOS 25 4.2 1.68 1.19
1.0pm [15] nMOS 13 2.5 1.92 1.04
pMOS 23 3.0 1.30 1.53
1.0pm SOI [23] | nMOS 13 2.1 1.62 1.24
pMOS 16.5 4.1 2.48 0.80
0.7um [26] nMOS 13 1.9 1.46 1.37
pMOS 22 2.8 1.27 1.57
0.5um [56] nMOS 12 1.2 1.00 2.00
0.5um [12] nMOS 11 1.8 1.64 1.20
pMOS 13 2.3 1.77 1.13
0.35pum [12] nMOS 9 1.9 2.11 0.95
pMOS 9 2.25 2.50 0.80
0.25um [12] nMOS 6 1.85 3.08 0.65
pMOS 6 1.85 3.08 0.65
0.25pm [8] nMOS 7.5 - - -
pMOS 6.0 - - -
0.18um [8] nMOS 33 - - -
0.18um [21] nMOS 5 1.04 2.08 0.96
pMOS 5.49 0.99 1.80 1.11

same current direction, the use of symmetric layouts to cancel
processing gradients (e.g., common-centroid layouts for large
devices), avoiding metal coverage [35], and maintaining iden-
tical metal fill patterns around the devices [36]. Packaging in-
duced stress can also introduce systematic device mismatches
which can be avoided by changing the circuits location on the
die [37].

B. Bipolar Transistor Matching Models

For analog applications bipolar devices are typically biased
in the ideal operation region, which spans several orders of
magnitude in current. Several experimental mismatch studies
[38]-[40] have investigated the matching of the collector cur-
rent I and the base current I for a pair of identical, closely
spaced bipolar transistors. For the ideal bias region, the data
shows that the relative base current mismatch (o(Alg)/Ip)
and the relative collector current mismatch (o(Alg)/Ic) are
independent of the bias point. The matching improves with the
emitter area Ar and can be modeled as follows:

Ic Ap’
Over different poly-emitter npn generations, typical values for
the technology constant Aj;, are in the 2% to 5% pm range
and for technology constant Ay are in the 1% to 4% pm range
[38].

The physical causes of bipolar mismatch have not been as
extensively studied as in the case of MOS devices. Mismatch
models based on analytical derivations or device simulation
studies have not been found in the open literature [38]. In [40]
the physical causes for bipolar mismatch have been studied
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experimentally. The dominant causes are technology depen-
dent and include variations in the base sheet resistance, the
base-emitter current densities and the emitter size.

The intrinsic matching of bipolar devices is very good so
that careful layout techniques such as the use of dummy de-
vices, avoiding metal coverage, and maintaining identical en-
vironments around devices, are even more essential to avoid
matching degradation and achieve this high intrinsic matching
in practical circuits [41].

III. ANALYSIS OF THE EFFECT OF DEVICE MISMATCHES
ON DC CIRCUIT OPERATION

A. Errors in Matched MOS Transistor Pairs

For the calculation of the effect of mismatches on circuit
performance it is more convenient to model a pair of matched
devices M7, My with a random difference AV and A as
two devices with each a random variation 6 Vr; and 63; in their
parameters so that AVy = 6§V — 6V, AB = 661 — 60,
and 02(6Vii) = (A%7)/(2WL) and o2((66,)/(8)) =
(A%)/(2WL). The computation of the dc offset due to tran-
sistor mismatches can then be reduced to a small-signal analysis
similar to a noise analysis [42], [43]. The effect of the device
parameter variations 6V7; and 63; is represented by an equiv-
alent voltage and current error source as shown in Fig. 2(a).
The transistor action is modeled by the standard dc small
signal model including the transconductance g,, and output
conductance g, [44]-[46].

In practical circuits two types of errors are commonly of in-
terest; for the voltage biased pair in Fig. 3(a), the drain-source
current error Alpg = 6Ips2 — 6Ips,1 is important; for the
current biased pair in Fig. 3(b), the gate-source voltage error
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AVgs = 6Vgs,2 — 6Vis,1 is important. Using a drain-source
current model valid in all regions of operation (see, e.g., [47]),
the following expressions which are valid from weak to strong
inversion are easily obtained for saturated devices:

02(AVG5)

) g/ D2 (AVE) (@)

Gl (U%ﬂ)y‘ ©

( a(ﬁm

UQ(AVT) +

These expressions are plotted in Fig. 4 for bias points? ranging
from weak inversion to strong inversion. Equations (4) and (5)
combined with (1) and (2) provide a first order model which
is sufficient for the purposes of the tradeoff analysis in this
paper. To obtain expressions valid over a wide range of geome-
tries more extensive models can be required. For typical bias
points (i.e., (Vgs — Vr) < 0.65 V) the relative effect of the
Vo mismatch dominates over the 4 mismatch. At the bias point
where (g /1) = (gm/I)m = Ag/Avr, the contribution of
the Vr mismatch equals the contribution of the § mismatch
in (4) and (5). The values for (g, /I) and the corresponding
(Vas — Vi )m are given in Table L. The data shows that for the
analysis of the implications of device mismatch on typical cir-
cuit behavior, the effect of 4 mismatch for MOS transistors can
often be neglected. We will revisit the validity of this assump-
tion in Section V-B.

We can summarize that variations in Vp and (3 are the most
dominant causes of mismatch for MOS devices; parameter
variations decrease with increasing device area [see (1) and
(2)]; MOS transistor current matching or gate-source voltage
matching is bias point dependent; and, for typical bias points,
Vo mismatch is the dominant error source for drain-source
current or gate-source voltage matching.

2In this paper we use the (Vs — Vi) or the (¢, /I) to refer to the biaspoint
for an MOS. See Appendix.

(a) MOS transistor and (b) bipolar transistor with parameter variations and their equivalent model for the calculation of current and voltage variations.
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Fig. 3. Two basic biasing arrangements for an MOS device: voltage biasing
(a), where transistor variations result in variations in the drain-source currents
Ips; or current biasing (b), where transistor variations result in variations in the
gate-source voltages Vis.

B. Errors in Matched Bipolar Transistor Pairs

As illustrated in Fig. 2(b), the effect of the variations in Ip
and ¢ can be represented in a dc small signal model by two in-
ternal current error sources 61p ; and 61¢c; with o(61p ;) =
(A1B)/(V2VAR)Ip and o(61c:) = (Arc)/(V2VAE)Ic.
The transistor action is represented by the standard dc small
signal parameters 7, g, and r, [44], [45].
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Fig. 4. Drain-source current (—) (a) and gate-source voltage (—) (b) mis-
match for a 0.25 ¢m/0.25 p#m nMOS transistor in a 0.25 gm CMOS technology
with Ay = 6 mVpmand Ag = 1.85% pem [12]; the contributions from V.
mismatch (V) and 3 mismatch (o) are also shown separately.

The two basic biasing configurations of Fig. 3 can now be
revisited for bipolar devices using the equivalent model from
Fig. 2(b) and the following expressions are obtained:

(45 s (52

oy (42" + (1) (452)
o*(AVer) = <_C> L+ (1/gmt=) + (1/gmro))?

~ 2(KT/q)? ("%“)2 )

m

where kT'/q is the thermal voltage (=26 mV at room tempera-
ture); the approximation for o(AVpg) assumes a large current
gain hpg = (Ic)/(IB) = gmr- and a large output resistance
r, for the transistor.

We can summarize that variations in the base current and
collector current are the most important causes of mismatch in
bipolar circuits; transistor variations reduce with increasing de-
vice area [see (3)]; the errors are bias point independent; the
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collector current mismatch? is the dominant error source for col-
lector current and base-emitter voltage matching.

C. DC Offset Calculation for a Fully Differential OTA

By representing device mismatch as error sources in the dc
small signal equivalent model as in Fig. 2, the calculation of
the sensitivity of a circuit to device mismatches and param-
eter variations can be reduced to a small signal analysis [42],
[43]. As an example we now calculate the input offset voltage
for the fully differential operational transconductance amplifier
(OTA) in Fig. 5. First we short the differential outputs and cal-
culate the output error current §/,,¢,1 due to the error sources.
Table II lists the respective multiplication factors’ for the contri-
bution of each error source to §/,,¢,1. We then null the internal
error sources and apply an equivalent input differential offset
voltage source 6 V,s and again compute the output error current
6Iout,2 = (Qm1/2)6vos

The multiplication factors for matched pairs (M, M),
(Mao, M3,), (May, M3p), (Mya, My,) have opposite signs
so that this fully differential topology cancels any systematic
shiftsé in V7 or 3 (i.e., all 6V; or 6; are identical). However,
random variations result in a random equivalent input offset
voltage that can be computed by equating 6/oy¢,1 and 6/oys,2.
Now the 6 Vi; and (63;/3) are independent stochastic variables
and the variance of 6V, depends the sum of the variances in
(1) and (2). For most practical bias points the contribution of
the 4 mismatch can be neglected compared to the V- mismatch
and the following expression is then obtained:

2
% (6Vos) = UZ(AVTla,lb) + (%) . (UZ(AVTQa,.?;a)

2
+0?(AVrap.3)) + <gm_4> -0 (AVraq ). (8)

Yml

The equivalent input offset voltage is strongly dependent on
the contribution of the input differential pair. The sensitivity to
the other pairs can be reduced by decreasing g,,,3 and g,,,4 com-
pared to g,,,1. Since in this example all devices are biased with
the same current, this can only be achieved by decreasing the
(gm/I) for M3 and My, and thus increasing their (Vs — Vr),
which comes at the cost of a reduced output swing.

IV. IMPLICATION OF MISMATCH ON THE
PERFORMANCE TRADEOFFS AND DESIGN
OPTIMIZATION OF ANALOG CIRCUITS

In the upcoming paragraphs, the derivations and examples
are for MOS analog circuits. For bipolar circuits very similar
derivations can be performed. In the interest of clarity, the dis-
cussion of the tradeoffs in bipolar circuits is postponed to a sep-
arate paragraph.

3In the examples studied here the base is voltage biased and the contribution
of the base current mismatches to the errors is small. However, in bipolar circuits
with very high impedances at the base, the base current mismatch contribution
can be significant.

4By calculating the output current we do not have to include the output
impedance in the expressions. This calculation technique is similar to tech-
niques used in circuit noise analysis (see, e.g., [45]).

5The second-order errors in the current mirrors due to the finite transconduc-
tance and output conductance have been neglected.

6With the exception of process gradients which can be addressed by common
centroid layout techniques.
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Fig. 5.
pairs; the common-mode feedback circuit is omitted for clarity. (b) Equivalent ¢
resistances 1, have been omitted for clarity.

TABLE 11
MULTIPLICATION FACTORS FOR THE CONTRIBUTIONS
OF THE DIFFERENT MISMATCH SOURCES IN 81, ¢

0 Vi
(=9m1/2)(gms/gm2) & —Gm1 /2
(gm1/2)(gms/Gm2) = g1 /2

P Ips.i
(1/2)(gms/gmz) ~ 1/2
(=1/2)(gms/gme) = —1/2

M,
My,

M, —gms /2 (1/2)(gms /gmz) = 1/2
M3, Gms/2 -1/2

My, gms /2 (=1/2)(gms/gme) ~ —=1/2
Mg, —gms/2 1/2

My, Iy /2 —1/2

My, —my /2 1/2

M, 0 0

During the design of a MOS circuit the designer has to
choose the current, width and length of the devices. For a
given current and bias point (Vgs — Vi), only the aspect ratio
(W/L) of the device is fixed, but the width or the length can
still be chosen freely. The use of shorter channel devices helps
to reduce the capacitive load in the circuit. This results in a
lower power consumption for a given bandwidth or operation

(a) Schematic of a fully differential operational transconductance amplifier where (.M 1as M1y), (Maa, .M3a), (Mo, Msy), (Mya, Myy) are matched

ircuit for the calculation of the effect of transistor mismatches; the transistor output

frequency (“speed”) and a reduction in the power-bandwidth
ratio. However, due to device mismatch there is a minimal
required device area (W - L) to achieve a given dc accuracy.
This introduces an additional constraint that fixes the minimal
area and thus circuit capacitance. We will show that, as a
consequence, the power-bandwidth ratio cannot be optimized
independently of the dc accuracy requirements.

In the subsequent paragraphs we derive the connection
between dc accuracy, bandwidth and power consumption for
several basic analog circuit blocks. We only consider Vi mis-
matches and collector current mismatches as the dominant
sources of error and neglect the effect of 8 and base current
mismatches. This assumption was substantiated in Section II
and will be re-examined in Section V-B. We demonstrate that
the power-bandwidth-accuracy tradeoff is only weakly depen-
dent on the device sizing and mainly depends on technological
and physical constants. We also investigate the optimal design
of these blocks in view of these constraints.
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A. Current Signal Processing Blocks

A current mirror is an important building block for signal pro-
cessing and for biasing in many analog circuits. Fig. 6 shows the
schematic for a 1-1 current mirror. This is considered a current
processing block since the signals of interest are the input cur-
rent and the output current; the gate-source voltage that develops
is crucial in the operation of the circuit but its value or accuracy
is not of direct interest.

Under nominal operation, the output current I, of the mirror
is equal to the input current [;;,. Systematic errors can occur,
e.g., due to the limited output resistance of the devices. These
systematic errors can be corrected during the design stage by
topology improvements (e.g., by using cascode devices) and as
such do not fundamentally limit the accuracy. The random vari-
ations in the device parameters result in device mismatches in
every fabricated circuit; these cause dc offsets in the output cur-
rent which cannot be corrected during the design phase. To ob-
tain a zero output, an input offset current has to be applied whose
standard deviation can be calculated as follows:

Avr
vVWL

0(los) = 0(6lout) = IBias ( gm ) )

Ipias

where Ipyas is the bias current, g, the transconductance, and
W and L are the width and length of the devices.

In a typical application the relative accuracy of the current
signal processing depends on the ratio of the maximal input
current signal, I;, rvs, and the 3o value? of the input referred
offset current Iog. The distortion and linearity requirements?
determine the maximal Ij,rns. We assume a typical bias mod-
ulation index of 1/2 and I, rwvs is then Igras/(2v/2). The dc
accuracy is now

2WL
12(gm /D) Avr

Iin rRvs
30’([03)

Accpe = (10)

which illustrates the direct connection between accuracy and the
device area.

Typically, the bandwidth, which determines the maximal
input signal frequency or speed, and the power consumption
are the other two most significant specifications besides accu-
racy. A mirror operating in strong inversion® has a bandwidth

"By using the 3o value of the offset current, the current mirror meets the
accuracy specification with a probability of about 99.7%. This probability has a
direct impact on the yield of the total chip and in complex systems with many
stages, a higher probability can be required for the individual stages to obtain a
high yield [5]-[7]; more than a 3¢ variation has then to be accounted for in (10).
Note however that an increased dc accuracy increases the power consumption
or reduces the bandwidth of the circuit substantially [see (12)].

8Typically, the distortion and linearity specifications determine the magnitude
of the largest signals that can be processed correctly by the circuit. For the sake
of clarity, we assume that the distortion specifications are met under the given
assumptions. If very high linearity is required, only smaller signals compared
to the bias can be used and this will result a lower accuracy or a higher power
consumption [7].

9This derivation can easily be repeated for devices operating in moderate or
weak inversion by using the appropriate value of the gate-source and gate-bulk
capacitances for the bandwidth calculation. Since the optimal performance of
the current mirror is in strong inversion, we present that case here.
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]in Iaut + 6Iaut
My, M

Fig. 6. Current mirror as a basic current signal processing block; M, and
M, are matched devices.

BW = ¢m1/(27(Cgs1 + Cas2)) [44]-[46], a power con-
sumption P = 2IgrasVpp and thus a power-bandwidth ratio
of

P 8T CoxVDD

—ox DD oW L).

BW 3 (gm/]) (an

For a given bias point (g,, /I ), using a smaller device area yields
a lower power consumption and higher bandwidth at the ex-
pense of a reduced accuracy. Substituting the minimal device
area required by the accuracy specifications from (10) into (11)
results in the following performance tradeoff relationship:

BW - Acche 1 1 1 12)
P - 3841 CoxAZ2. (gm/I)Vop

The dc accuracy requirement fixes the power-speed ratio of the
circuit and the tradeoff between the bandwidth, the accuracy
and the power consumption is set by technology constants
(Cox; Avr, Vpp). Operating the mirror toward strong inver-
sion by choosing a bias point with a large (Vgs — Vr) and
a small (g,,/T), is the only design parameter a designer can
modify to improve this tradeoff. Power supply and voltage
swing limitations typically do not allow for an improvement far
beyond a 2x factor.

Table III shows the simulation results for the performance of
four 1-1 current mirrors in a 0.18 pm CMOS technology. A 1-1
mirror with 10/0.18 m/pm transistors is used as the reference
point (Ref). The performance of three modified mirrors (LP, HS,
HA) all operating at about 1/2 the (g,,/I) of the Ref mirror are
simulated as well. The LP mirror is sized toward lower power
consumption, the HS mirror is sized for high speed and the HA
mirror transistor sizes are chosen to improve the accuracy. The
simulations confirm that LP, HS and HA mirrors have indeed
the same P/(BW Acch ) ratio since they operate at the same
(gm/I). The P/(BWAccd ) ratio for the Ref mirror is about
twice the other mirrors’ ratio which is consistent with (12) and
its (gim/T) being twice as large.

B. Voltage Signal Processing Blocks

To study the implications of device mismatches for circuits
that process voltage signals we consider two different circuit ar-
chitectures: open loop and feedback (or closed loop) topologies.

1) Open Loop Topologies: Many important voltage signal
processing circuits rely on an open loop circuit topology. For
instance, in high-speed flash analog-to-digital converters [5] the
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TABLE III
COMPARISON OF THE SIMULATED PERFORMANCE FOR DIFFERENT 1-1
CURRENT MIRRORS IN A 0.18-ym CMOS TECHNOLOGY

Ref ]| LP | HS | HA
W om ] 10 2.6 7 52
T [m ] 018 || 025 | 0.18 | 025
- [m2] I8 || 065 | 072 | 13
Area (normalized) || 2.77 1 111 2
[1/V] 689 || 359 | 354 [ 36
(gm/T) (normalized) || 1.95 || 1.01 1 1.02
o [1A] 430 || 240 | 480 | 4%0
BIAs (normalized) 2 1 2 2
[ [GHZ] 1659 || 1224 | 214 | 126
(normalized) 1.36 1 1.75 1.03
o2 [ 4343 || 6432 | 73.28 | 130.26
e (normalized) || 0.75 1 113 | 2.02
] T1 | 055 | 055 | 053
BW Acche | (normalized) || 2.08 || 1.04 | 1.04 1

input signal is compared with different reference voltages in par-
allel. A simplified block diagram is illustrated in Fig. 7; the input
signal is buffered by the input block B which often consists of
a “Sample-and-Hold” followed by a buffer; this buffer drives
the input of blocks C, . .., Cx which can be pre-amplifiers or

comparators.
The accuracy of the signal processing depends on the offset
voltages of C,...,Cy whose input stages invariably consist

of differential pairs. A typical measure for the accuracy is then

Vin Rms _ Vin RmsVWL
30(Vos,i) 3Avr

where Vi, rus is the signal level at the buffer output, and W
and L are the width and length of the input devices. Again, to
improve the accuracy, the area of the input device has to be
increased which results in a larger capacitive load at the buffer
output. For an input pair operating in strong inversion the input
capacitance for stage C; is Ciy, ;i = Cgs/2 = 1/2-2/3Cox WL
[22] and the dc accuracy and input capacitance are related by

.2
A 2 _ Clnﬂ‘/in RMS
“pe T T30 A2

ox Ay

Interestingly, the numerator in (14) is proportional to the energy
stored and removed from the input capacitors Ciy, ; [5].

The power-bandwidth tradeoff in the circuit of Fig. 7 is set
by the total load at the buffer B output and the efficiency of the
buffer. For a buffer operating in class A mode, the dc bias current
must be larger than the signal current amplitude and the supply
voltage Vpp must be larger than twice the signal voltage ampli-
tude; a lower bound on the power consumption for a signal with
frequency f; is then: P > 247 - fs- N - COXA%,T ~ACCQDC. For
practical buffer circuits the power consumption will be larger
due to voltage headroom and distortion requirements. After re-
casting this power bound into

BWAcch e 1 1
< .
P =~ 247N Cox A%
we conclude there is again a bandwidth-accuracy-power
tradeoff for this type of circuit.

2) Feedback Topologies: Active electronic devices have
strongly nonlinear characteristics and linear voltage signal

ACCDC = (13)

(14)

15)
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Fig. 8. Linear voltage amplifier using an opamp in a feedback topology.

processing circuits most often use feedback topologies.
The feedback amplifier in Fig. 8 is a representative ex-
ample of a feedback voltage amplifier and has a voltage gain
AcL = Vout/Vin = Ra/R; . For the typical case of a large gain
amplifier (R; > R;) and an input pair operating in strong
inversion, the dc accuracy is given by (13) and is proportional
to the input capacitance Cj, as in (14). More stringent dc
accuracy requirements lead to larger input devices and a larger
C;n which with the feedback network R;, R, introduces a
parasitic pole in the loop gain transfer function. To maintain
stability, this pole needs to be moved to frequencies beyond
Qistab times the unity gain bandwidth of the loop where aiggqap 1S
2 or larger for typical designs [44]-[46]. This requires reducing
the impedances R; and R, and results in a larger loading of the
amplifier’s output buffer and increases its power consumption.
It can be shown that closed loop bandwidth BW g, accuracy
and power consumption are again closely tied

BWer, - Acche 1 1
P - 6”TOéstabACL OOXA%/T '

(16)

Remarkably, both in (15) and (16) the tradeoff between the
different specifications is only determined by technology con-
stants and the circuit designer has little influence on this overall
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Fig. 9. Linear voltage amplifier with feedback topology implemented with a
differential pair as a simple operational amplifier.

tradeoff. We now study two circuit level realizations for Fig. 8
to find circuit design guidelines that improve the tradeoff.

a) Two Transistor Differential Amplifier: Fig. 9 shows a
circuit implementation of Fig. 8 using a differential pair as a
simple operational amplifier. For very high-precision designs
large input devices are required and the gate capacitance is the
dominant capacitance in this circuit; we neglect the effects of
the other capacitors in this first order analysis. The bandwidth
of the circuit is then set by BW¢y, = g,,,/(27Chy). The power
consumption is given by P = 2IpasVpp and the maximum
output signal is a fraction of the available supply voltage or
Vin RMS = a(iistoVDD/(ZﬁACL) where Acr, is the closed
loop gain and agjsto 1S @ parameter smaller than one that de-
creases with more stringent linearity requirements for the de-
sign. Combining these relationships with the expression for the
dc accuracy and input capacitance (14) the following tradeoff
relationship is obtained:

BWer - Acche  (gm/DVop0die 1 a7
P N 96m AL, Cox A1

Interestingly, the best combined performance for this voltage
mode circuit when gain, speed, accuracy and power consump-
tion are considered, is obtained if the stage is designed with a
large (g.m, /I) or small (Vgs — V).

b) Load Compensated Operational Transconductance
Amplifier: Operational transconductance amplifiers are widely
used in closed loop voltage circuits and Fig. 5 shows a rep-
resentative schematic. A load-compensated OTA typically
consists of a differential voltage to current input stage (M,
and Mi;) and a current-in current-out output stage (Ms,, M3,
and My, M3y) [44], [46], [48]. For this derivation we assume
the effect of the internal poles of the OTA on the stability
dominate over the effect of the pole created by the feedback
network and the input capacitance; the influence of the input
pole was investigated earlier. In differential mode, this OTA
has a nondominant pole f,,q at the gates of My, (and My ),
fada = 9gm2/(Cas2a + Cas,sq), which together with the
required stability limits the maximum Gain-Bandwidth product
that can be used, and Acr, - BWer < frna/@stan, Wwhere Acp,
is the closed loop gain and astap, iS typically 2 or larger to
guarantee a sufficient phase margin. The offset voltage of this
amplifier is given by (8) and assuming that all transistors have
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the same length L, that Wy = W3 and thus g,,2 = ¢m3, and
that the current source devices My, and My, are made suffi-
ciently large so that their contribution to the offset is neglible
we can rewrite (8) as follows:

! M ? 2 9 )
WL ((gm/])1> (AV o (pn/p)® + 24%1,) -
(18)

0’2(Vos) =

Combining these relationships and the earlier expressions for dc
accuracy and maximum input signal with the expression for the
power consumption, P = 3Ig1asVpp, we find the following
tradeoff:

BWor, - Acche Voo !
P - 2887rastab04(21isto A%L

. L (/D)3
Cox (i 1) A g + 2427 ((.qm/1>2> - U9

Once more the bandwidth, accuracy, and power consump-
tion of this circuit are closely linked and set by the technology
matching quality. The only step the designer can take to improve
the overall performance is to maximize (g, /I); and minimize
(gm /I)2, which implies maximizing the internal small signal
gain from the inputs to the gates of M o and M3 ,. This is fully
in line with previous circuit sizing optimizations which steered
toward a high (g,,,/I) for voltage signal processing transistors
and a low (g., /) for current processing transistors.

C. MOS Analog Circuit Performance Limitations and Bias
Point Optimization

The presented analysis of the tradeoffs in the design of analog
current and voltage signal processing circuits [see (12), (15),
(17), and (19)] leads to the following conclusions:

e The bandwidth-accuracy-power tradeoff is almost inde-
pendent of design parameters and is bound by the tech-
nology parameter Cox A% .

e Optimizing the MOS bias point allows simultaneous im-
provement off both the accuracy and the bandwidth-accu-
racy-power tradeoff:

— in current signal processing by using a small (g, /1) and
large (Vgs — Vir) (see (12), and (19));

— in voltage signal processing by using a large (g, /I) and
small (Vgs — Vr) (see (17), and (19)).

D. Matching Tradeoffs in Bipolar Circuits

The results obtained for the MOS circuits can easily be
adapted for the case of bipolar devices. The tradeoffs in a bipolar
current mirror using a similar topology as in Fig. 6 are derived
here. For devices with an emitter area Ap and with a large
current gain hpg, the offset current is o(los) =~ IsrasAre/
(VAE). In a typical high accuracy, analog application the
bipolar devices are biased in their ideal operation region and

10The length of the current mirror transistors is typically kept as small as pos-
sible to maintain a high bandwidth and second pole; also for the input devices
small lengths are desirable to obtain a large (¢.../I). A possible reason to in-
crease the device length is to reduce mismatch degradation due to short channel
effects, but this will lead to a larger length for both the input and current mirror
devices since both contribute considerably. So, the assumption of similar lengths
is typically valid.
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operate below their peak transit frequency (fr) so that the
input capacitance C,; is dominated by the junction capacitance
between base and emitter. The bandwidth of the mirror is
then [44], [45] BW = gml/(27r -2 CjBEAE) with CjBE
the base-emitter junction capacitance per unit emitter area.
Combining the expressions for offset current, accuracy (10),
power consumption, and bandwidth, the following relationship
is obtained:
BW - Acc 1 1 kT/q

= . . 20
P 5767 C’jBE(kT/q - AIE)2 VDD ( )

which is very similar to the case of an MOS current mirror.

The voltage signal processing examples can be repeated in
a similar manner for bipolar devices. E.g., for a bipolar input
pair operating below peak- fr the input capacitance is C /2 =
C;BeAE /2 and the relationship between input capacitance and
dc accuracy similar to (14) now becomes

2
Cin,iVin RMS

Accd . = .
De 9/2'CjBE . (kT/(]A[E)2

21

The tradeoffs for the different circuits are very similar except
that for the bipolar devices the (g, /T) ratio is bias independent,
so that no bias point optimization is possible in contrast to the
MOS case.

V. IMPLICATIONS FOR ANALOG SYSTEM PERFORMANCE
AND TECHNOLOGY SCALING

A. Power Limitations for Analog Signal Processing: Noise
Versus Offset

In an analog circuit, the smallest signal that is correctly pro-
cessed can be limited by device mismatches and offset or by
noise. We now compare these limitations.

First, the contribution of the input stages to the overall system
offset dominates over the contribution of later stages provided
sufficient gain exists in the stages'! [7]. At the input stage, the
signals are small and the effects of offset on accuracy are more
pronounced. Low offset design thus leads to similar design con-
siderations as low noise design (see, e.g., [44], [45]).

As demonstrated in Section IV-B there is a strong coupling
between the required dc accuracy and the input capacitance; (14)
shows that the required signal energy to drive the capacitor is
proportional to the dc accuracy requirements. The associated
power drain sets the theoretical minimal power drain for the
given accuracy and speed. For a 100% efficient class B system,
the power required to drive a signal Vi, ryvs with a frequency
f across a capacitor Ciy, is [49]: P = 8- f - Cin - V2 rus
which after insertion of (14) and (21) results in the following
expressions for the power consumption:

Pyios = 24 - Cox A} p - f - Acch
PBip =36 CjBE(]{}T/(] . A[E)2 . f . ACC2DC.

(22)
(23)
The matching quality of the technology puts a lower boundary
on the minimal power drain of analog systems and the

bandwidth-accuracy-power tradeoff depends on technological
constants.

1 The analysis of the OTA in Section IV-B.2b has similar conclusions.
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Thermal noise also sets a lower limit on the smallest signal
that can be processed by the circuit and in [49] it is demonstrated
that this results in a boundary on the minimal power drain for
an analog system for a given signal frequency f and a given
signal-to-noise ratio SNR,,, SNR,, = Vi, rms/ Vi ruMs:

P=8-kT- f-SNR,” (24)
where k is the Boltzmann constant and 7' the absolute
temperature.

The limits on the minimal energy per cycle P/f imposed
by noise (24), and by mismatch (22) and (23) are plotted in
Fig. 10(a). The limits imposed by mismatch are technology de-
pendent. For MOS circuits the limit is more than two orders of
magnitude higher than the limit imposed by thermal noise [4].
The limit for bipolar circuits!? is about two orders of magnitude
smaller than for MOS circuits and is very close to the noise
imposed limit. The ratio of the “matching energy” [8], [11],
Cox A% 1, to the thermal noise energy, k7, is plotted for several
MOS technology nodes in Fig. 10(b). Down to submicron MOS
technologies, COXA%,T is more than 10 to 100 times k7'. We
conclude that in MOS integrated circuits that are sensitive to
dc accuracy, offsets due to device mismatches and not thermal
noise set the limit for the smallest signal that can be processed.
On the other hand, bipolar circuits have a much higher intrinsic
accuracy than MOS circuits and the limits imposed by noise
and offsets are very close.

B. MOS Technology Scaling

A downwards evolution of Ay with shrinking MOS device
size can be observed in Fig. 1. The fluctuation of the dopant
atoms under the gate has been demonstrated to be an impor-
tant source of V; mismatch for MOS devices; a smaller gate
oxide thickness (Zox ) results in a smaller Ay but a higher sub-
strate doping level leads to a larger Ay [18], [SO]. Technology
scaling indeed reduces the ¢, which leads to a reductionin Ay 7
but this reduction is somewhat decreased by the increase in the
substrate doping level needed in deep-submicron devices. No
clear trend in the evolution of Ag can be identified in Fig. 1.
The current factor mismatch AJ has been linked to mobility
fluctuations [18] but a good physical understanding and a link
to technology parameters is still missing.

In the analysis for MOS circuits presented in this paper Vr
mismatch has been used as the dominant cause of errors. This
assumption is correct as long as the (Vgs — V) of the device
is smaller than (Vgs — V), (see Section III-A). In Table I the
values of (Vgs — Vr),, are presented for different technolo-
gies and a downward trend for (Vs — V)., can be observed.
Due to signal swing requirements and biasing limitations, the
(Vs — V) used in practical circuits will indeed be (substan-
tially) smaller than (Vgs — V)., for the presented technologies.
Taking into account the significant reduction of supply voltages
with MOS technology scaling [51], this will most probably re-
main so for several technology nodes to come. Additionally we
note that the basic assumption for the derivations in this paper is
the area dependence of the device matching. Independently of

12A typical value of 3 fF/pm? was assumed for Cige (see, e.g., [45,
Fig. 1.25])
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Fig. 10. (a) Comparison of the minimal power limit imposed by mismatch (22)

fora 1.2 pm (<), 0.7 pm (O), 0.18 pm (V), and bipolar (o) technology and
the limit imposed by thermal noise (x) versus Accpc and SNR,. (b) Ratio
of the “matching energy” to the “noise energy” over several MOS technology
nodes.

Vi or 8 mismatch being dominant, or both being significant, the
area dependence of the mismatch leads to a fixed bandwidth-ac-
curacy-power constraint [7].

The bias point optimization of voltage processing circuits
promotes using a low (Vgs — V) or high (g,, /1) so that Vi
mismatch errors are indeed more dominant. The (Vgs — Vi)
reduction is typically limited by the bandwidth requirements of
the application due to a decrease of the transistor transit fre-
quency fr for smaller (Vs — Vr) and larger (g, /1) [22], [44],
[52]. For high-speed circuits the minimum (Vgs — V) is set by
the bandwidth (and device fr) requirements which results in a
quadratic dependence of the power consumption on the band-
width rather than the linear dependence as in (17) [7].

Current processing circuits perform better when biased with
alarge (Vs — Vi) (or low (g, /1)) and this can lead in some
cases to a significant contribution from the § mismatch errors.
An optimization of the current mirror performance using the full
expression for the drain-source current error from (4) concludes
that (Vs — Vr)m (or (gm /I)m) is the optimal bias point [7].
Using a bias point with a large (Vs — Vr) leads to an increase in
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different technology nodes.

the errors and reduces the performance. However, due to supply
voltage constraints and output swing requirements, current mir-
rors can typically not be biased at the high (Vas — Vi), levels.

The reduction of Ay 7 with smaller ¢, results in a reduction
of the matching energy Cox A%, with the technology feature
size as shown in Fig. 10(b). This apparent advantage of tech-
nology scaling for analog circuits is strongly offset however by
the reduction of the power supply voltages. Reducing the power
supply voltage leads to a linear reduction in the power consump-
tion, but also entails a reduction in the signal swing. This results
in a quadratic reduction of the dc Accuracy. The Bandwidth-Ac-
curacy-Power tradeoff degrades for lower supply voltages as can
be seen, e.g., in (17) and (19).

The reduction of Ay with feature size implies that the
matching for devices occupying a constant area improves in
deeper sub-micron technologies so that, for the same accuracy
requirements, some area scaling of transistors is possible. But,
this scaling advantage typically vanishes due to the aggressive
power supply voltage scaling as discussed above. Moreover,
the area of the minimal size device reduces quadratically
with the feature size whereas the reduction in Ay 7 is only
linear. Consequently the matching of the minimal size device
(W = feature size, . = feature size) degrades with scaling
as can be seen from Fig. 11 for nMOS transistors. This is
an important concern for the design of digital circuits since
the device mismatch starts affecting the noise margin [8] and
mismatch mitigation techniques (discussed next) cannot be
widely applied due to their large area overhead.

C. Mitigation of the Effect of Device Mismatch

The strong power consumption constraints imposed by
matching demonstrated in this paper provide a quantitative
justification for the use of offset correction techniques in MOS
circuits. It is highly desirable to mitigate the effect of device
mismatch on the accuracy performance of the analog signal
processing. Since device mismatch is caused by randomness
in fabrication processes, the device mismatches can only be
corrected after device fabrication. Post fabrication trimming of
the individual devices requires special IC technology options
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as well as expensive test equipment and test time and is only
economical in some high-end applications.

Auto-zero calibration or chopping techniques [53] can be
realized without special technology modifications but do require
that the signal processing is interrupted and the circuit is taken
off-line on aregular basis. The ultimate limitation of these correc-
tion techniques again becomes the matching accuracy between
components such as, e.g., switches [53] but the system accuracy
can be improved significantly. Another possibility is to decouple
the interdependence of bandwidth, accuracy and power con-
sumption with circuit architecture modifications. For example,
in current-steering digital-to-analog converters [6], the accuracy
requirements and speed performance are less strongly coupled
since they are set by different devices. This helpsinalleviating the
device mismatch imposed performance boundaries. Averaging
[54] in analog-to-digital converters reduces the effects of noise
and mismatch without significant operation speed penalties.
Other approaches suggest to fabricate a large set of redundant
devices and select the optimal devices post fabrication [55].

VI. CONCLUSIONS

The matching of devices is proportional to their area an
thus their capacitance and, consequently, the accuracy require-
ments for analog circuits impose a minimal circuit area and
capacitance; the power required to achieve a given bandwidth
increases with the circuit capacitance. This paper shows that,
as a result, the bandwidth-accuracy-power tradeoff is fixed by
technology constants, related to the device matching quality.
This constraint was derived for general MOS and bipolar analog
circuits including current processing and voltage processing
circuits.

The bandwidth-accuracy-power tradeoff can be improved in
MOS current processing circuits by choosing a bias point with
a high (Vgs — Vr) and low (g, /I); MOS voltage processing
circuits should be designed as low a (Vs — V) (or as high a
(gm /1)) as possible. In bipolar circuits the performance tradeoff
is largely independent of the bias point.

For a given bandwidth and accuracy the limit on the minimum
power consumption imposed by device matching is about two
orders of magnitude larger than the limit imposed by noise for
modern MOS processes. For bipolar technologies the noise and
mismatch limits are similar.

APPENDIX

The bias point of a MOS transistor can be quantified by the
gate-overdrive, (Vs — Vr), the transconductance-current ratio,
(gm /1), or the inversion coefficient, IC, which are all related
[52]. In this paper we use the (Vgs — Vr) and (g,,, /1) to refer
to a bias point. Fig. 12 shows the correspondence between the
(gm/I) and the (Vgs — V) for a MOS transistor operating in
weak, moderate or strong inversion defining the boundaries be-
tween the regions as in [22]. Devices operating in weak inver-
sion have a low (Vgs — V) and a high (g,,,/1I); devices op-
erating in strong inversion have a high (Vgs — V) and low
(gm /I). For the generation of Fig. 4(a) and (b) and 12 the cor-
respondence between the (Vgs — Vi), (gm /1) and the IC from
[52] were used; the plot is valid for room temperature and a sub-
threshold slope factor n of 1.4.
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