IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 56, NO. 5, MAY 2009 911

Analyses of Static and Dynamic Random Offset
Voltages in Dynamic Comparators

Jun He, Sanyi Zhan, Degang Chen, Senior Member, IEEE, and Randall L. Geiger, Fellow, IEEE

Abstract—When mismatches are present in a dynamic com-
parator, due to internal positive feedback and transient response,
it is always challenging to analytically predict the input-referred
random offset voltages since the operating points of transistors are
time varying. In this paper, a novel balanced method is proposed
to facilitate the evaluation of operating points of transistors in
a dynamic comparator. Thus, it becomes possible to obtain an
explicit expression for offset voltage in dynamic comparators.
We include two types of mismatches in the model: 1) static offset
voltages from the mismatch in ©C,, and threshold voltage Vi,
and 2) dynamic offset voltage due to the mismatch in the par-
asitic capacitances. From the analytical models, designers can
obtain an intuition about the main contributors to offset and
also fully explore the tradeoffs in dynamic comparator design,
such as offset voltage, area and speed. To validate the balanced
method, two topologies of dynamic comparator implemented in
0.25-pum and 40-nm CMOS technology are applied as examples.
Input-referred offset voltages are first derived analytically based
on SPICE Level 1 model, whose values are compared with more
accurate Monte Carlo transient simulations using a sophisticated
BSIM3 model. A good agreement between those two verifies the
effectiveness of the balanced method. To illustrate its potential,
the explicit expressions of offset voltage were applied to guide the
optimization of “Lewis-Gray” structure. Compared to the original
design, the input offset voltage was easily reduced by 41% after
the optimization while maintaining the same silicon area.

Index Terms—Dynamic comparators, dynamic offset voltage,
Monte Carlo method, static offset voltage.

I. INTRODUCTION

OMPARATORS have a crucial influence on the overall

performance in high-speed analog-to-digital converters
(ADCs) [1]. Since they are decision-making circuits that inter-
face the analog and digital signals, the accuracy, which is often
determined by its input-referred offset voltage, is essential for
the resolution of high-performance ADCs [2]. Dynamic com-
parators are widely used in high-speed ADCs due to its low
power consumption and fast speed. However, there is a lack
of thorough and accurate analysis in the literatures regarding
how to evaluate the input offset voltages analytically. Although
there exist various offset cancellation circuits and digital cal-
ibration techniques [3], [4] , to apply such additional circuits
to cancel offset voltages increases the power consumption and
silicon area and lowers the overall speed. When the transistor
feature size is scaled down, random offsets impact the yield
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of ADCs more severely [5]. Different from the offset caused
by mismatch from the gradient effect, random offset cannot be
relieved by any layout strategy [6]. In order to achieve an op-
timum dynamic comparator design, it is essential to have an-
alytical methods to predict offset voltages, especially random
offset voltages, and provide a deeper insight in the main offset
contributors.

Neglecting error sources from external circuit, such as timing
error and variation of reference voltages, the offset voltage in a
dynamic comparator is mainly comprised of two types of mis-
match: 1) static mismatch from variation in 4Cpy and threshold
voltage Vyy, and 2) dynamic mismatch from internal node par-
asitic capacitors’ imbalance. In the literature, both of the mis-
matches are not well characterized.

First, the previous authors tend to analyze the static input
offset voltage in a dynamic comparator in the same way as in
the traditional operational amplifier [7]-[9]. The calculation of
offset voltage in the operational amplifier (op-amp) based com-
parator is straightforward since the operation regions of all tran-
sistors are well defined. However, in dynamic comparators with
an internal positive feedback, the previous method is not appli-
cable since g,,, and g, of any transistor are time-dependent and
not well defined. The authors fail to clearly state how to deter-
mine the value of transconductance g,,, and output conductance
go of the transistors at time-varying condition.

To overcome the difficulties in determining the operation re-
gions and bias conditions of transistors in a dynamic comparator
when the mismatch exists, we previously proposed a balanced
method to calculate the static input offset voltage [10]. In this
method, we first solve the bias point at comparison phase when
the circuit is perfectly balanced without any mismatch. Then,
if any mismatch is involved, we apply a compensation voltage
AV, at one of the input terminals to cancel the mismatch effect
and ensure the comparator to reach the balanced status again.
AV, is the input-referred offset voltage. Its variance 0%05 is
regarded as the square of random offset voltage. Therefore, an-
alytical expressions for static input offset voltage are derived
and allow designers to focus on the most influential offset con-
tributors. In very recent publication about thermal noise anal-
ysis in dynamic comparators [11], authors divided the transient
process into three phases and performed noise analysis from sto-
chastic differential equations in each time phase. However, in
each phase, it is still not straightforward to determine the bias
points for each transistor. In addition, utilizing the piece-wise
linear method takes considerable effort and time.

Second, very little emphasis is placed on mismatch of internal
parasitic capacitance. Although the feature size of transistors
continues to be scaled down, the associated parasitic capaci-
tance is not necessarily decreased due to the reduction of the
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Fig. 1. “Lewis-Gray” structure.

oxide thickness and the junction depths [S]. In [12], [13], the
authors point out that 1-fF or 2-fF capacitance mismatch at the
output can lead to offset of several tens of millivolts. Comparing
with the absolute capacitance mismatch, our study finds that the
relative capacitance mismatch defined as AC/C,, will more sig-
nificantly affect input offset voltage. AC is the capacitor mis-
match at differential nodes; C,, is nominal capacitance at those
nodes.

This paper is organized as follows. In Section II, the balanced
method is explained and applied to an example to analyze the
static offset voltage from random mismatch in pC,yx and Viy;
then, the dynamic offset voltage from internal capacitor mis-
match is derived based on the similar approach. In Section III,
our analytical results are compared with the more accurate
Monte Carlo transient simulations. “Lewis-Gary” comparator
implemented in 0.25-ym and 40-nm CMOS technology are
built and analyzed. A good agreement between the simulated
values and derived values shows the effectiveness of this
balanced method. The derived analytical expressions provide
deeper insights in the most dominant offset contributors and
design tradeoffs. In Section IV, the analytical results are applied
to guide the optimization of a dynamic comparator and easily
reduce the offset voltage by 41% by resizing the transistors
while maintaining a constant total area. In Section V, the
method proposed in Section II is further verified by predicting
offset voltage for another popular comparator topology built in
40 nm CMOS process. Section VI summaries the work.

II. RANDOM OFFSET VOLTAGE IN DYNAMIC COMPARATORS

We use the comparator architecture in Fig. 1 for our anal-
ysis. It is based on the structure reported in [14]. The so-called
“Lewis-Gary” comparator is a widely used dynamic comparator
in pipeline A/D converters. The method we proposed to eval-
uate offset voltage can be similarly extended to characterize
offset in other dynamic comparators. In Section V, we applied
the proposed method to another popular comparator topology
introduced in [7] and developed its analytical model for offset
voltage. The simulated results also show a good agreement be-
tween the derived results with Monte Carlo simulation results.

A. Static Offset Voltage From j1Cox and Vi, Mismatches

A fully differential dynamic comparator will maintain a
balanced state if no mismatch exists in the circuit. For static
offset voltage, balanced state means that Voueyr = Vour—;
currents I; and Is in both branches are identical at all times
during the transient process. The balanced state can be de-
scribed by a space @, comprised of power supplies, external
bias voltage Vi,tcn and comparison threshold or reference
voltages Vst and V¢ and transistor node voltages, which
is written as @, = {VDD7Vlatc}17vref+7vreff7vs5 or
Vs6, Vas or Vag, Vout4 OF Voue— }, in which the subscripts s
and d mean source and drain voltage of transistor, respectively.
‘When mismatch occurs, the circuit will lose its balance so that
Vout+ 7 Vous— - A voltage AV;, can be applied to compensate
the mismatch effect and make V.4 equal to V. This
compensation voltage AV;, is the input offset voltage. The new
balanced state ®y,, is the same as ®y,, because mismatches are
small disturbances that will not change the bias condition of
the comparator.

In order to calculate AVj,, node voltages at balanced state
®, need to be found and then are treated as the desired state
when AV, is applied to compensate mismatch. The chosen time
point to calculate @y, is not important since under balanced con-
dition node voltages for both branches are always symmetrical
all the time. In this paper, the time point when the control signal
Viatch reaches Vpp is chosen. Therefore, the operation regions
of all of the transistors are well defined. Transistors of M; — My
connecting to the input and reference voltages are in the triode
region and act like voltage-controlled resistors. Mo and My
have equal drain and gate voltage, which makes them work at
saturation region. My and Mg work as switches embedded in
cross-coupled inverter pairs made of M5M;y and MgMy1. They
are turned on during comparison phase and working in the triode
region because of its high gate voltage V47 s = Vpp. The drain
voltage of M5 and Mg is pulled up closed to Vui4 O Voue—
and works in saturation. Mg and My, are both turned off be-
cause control signal Viaten 18 Vpp, which indicates that mis-
match effects in Mg and M5 are negligible. Once the opera-
tion region for each transistor is known, combining with known
power supply voltages, input voltages and process parameters,
each node voltage in the dynamic comparator at balanced state
can be readily solved.

If other time point for the analysis is chosen, for instance,
when Vo is half of the Vpp, the operation regions of M7
and Mg becomes unclear. In that situation, the operation regions
need to be assumed first, and then verified by solving each node
voltages under the balanced condition. Iteration may be neces-
sary to find the operation region of M7 and Ms.

In this paper, mismatch in ;C,x and threshold voltage Vi
are assumed to be the dominant factors to cause the static offset
voltage. First, mismatch between M35 and Mg is considered and
other pairs are assumed to be perfectly matched. Since at the bal-
anced state, by KCL, the current flowing through M5 is the sum
of currents in M; and Ms; the current in Mg is sum of that in M3
and My. The operation regions of the transistors M; — M, and
M5 — Mg are well defined when the circuit is balanced and ana-
lyzed at Viaten = Vpp. M1 — My work as voltage control resis-
tors and operate in triode region. M5 and Mg have the drain volt-
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ages almost equal to V,,,t— and V¢, respectively, so they are
in saturation. Applying square law model, the currents through
M; — My, M5 and Mg can be expressed as

Wi
Is = Cox' -
dsl = M1 <L1>

Vs
: (me_ —Vy - 4 1) Va1 (1)

Vas
-(Vm++AVin—Vt2— ‘;1) Vi @

I3
Vis
: (Vm_ — Vig — ‘;3> Vass 3)
Wy
I s4 — Cm\ ° -
dst = HA < L, )
Vs
: (vmf+ — Vi — ‘;3) Vass (4)
C'ox W5
Lo = B0 2 (Voy = Vis = Vis)? )
2 Ls
Cox W,
Idsﬁ = Ko NRAL (‘/aut— - VQG - ‘/156)2' (6)
2 Lg

When 1C,y and threshold voltage Vi, has mismatch between
M3 and Mg, they can be expressed in terms of a nominal part and
a variation part. Since o and C,y are always in a form of product,
the combined variation can be regarded as the only variation in
mobility y for the convenience of calculation

M5 = fin + Apis )
He = fn + Ape ()
Vis =Vin + AVis 9

Vie = Vin + AVig (10)
where p,, and Vy,, are the nominal values of nMOS mobility and
threshold voltage, respectively. Aus and Apg are the mobility
variations for M5 and Mg. AV5 and AV¢ are the variations in
threshold voltages of M5 and Mg, respectively.

As a compensation voltage to ensure the comparator work at
balanced condition ®y,, AV, is the offset voltage V,s_nrsa6
caused by mismatch between M5 and Mg. It can be written
as function of mobility p and threshold voltage Vi based on
(1)—(10) as follows:

(1 + Apis) (72)
2010 Vs
X (Vout+ = Vis = Vin — AVts)z
(1t + Aps) (%)
2unVss
X (Vout— = Vee — Vin — AVt6)2

Vos_msne =

Y

where Vout+, Vout—, Vss, and Vg are solved node voltages
at balanced state @}, and Vout+ = Vout—, Vss = Vgg. For

matching purposes, all of the transistors are sized to have the
same channel length L, and the four input transistors My — My
are sized in the same dimensions.

In the practical application, the variation part AV; and Ap
is normally very small compared with the nominal component
if reasonable yield are to be guaranteed [6]. Therefore, it can
be derived that offset voltage from M5Mg mismatch can be ap-
proximated in the expression

Vos_msme = Kvrs - AVis + Kvre - AVig

1K % L
where
Kyrs = — Vout+ —V‘::s —Vin % (13)
Kypg = Lom= _VZ/;G Ly %‘j (14)
K5 = (Vout+ ;%:»5— Vin)? . % (15)
K= — You= ;‘;66_ Vin)® . %‘ (16)

In BSIM3 and BSIM4 model, mobility p and threshold
voltage Vyy, have a weak correlation in high-order terms [15],
[16]. To simplify the derivation, we assume that y and Vi
are uncorrelated with each other and have a nearly Gaussian
distribution. It is well known that the linear combination of
Gaussian random variables is Gaussian [6]. Random offset
voltage caused by mismatch from M5 and Mg can be derived
from the variance of (12) to yield

2 _ 2 2 2 2
OVos_msme — Kips - oy,; T Ky re - OV,
2 2 2 2
TRy O fn T Kig  Ohg . (A7)

where K3 p5, K{pg. K5, and K have been expressed in
(13)—(16). Similarly, input random offset voltages caused by
mismatch of the other pairs can also be found as follows.
Random offset from mismatch between M; and M, is

2

_ 2 2 2 2
Vos_minma — IV + OVia + (‘/ref-i- - %") "0y,

ra/tn

+(ereff - ‘/tn>2 - J%

’ .
w1/ pn

(13)

Random offset from mismatch between My and M3 is

2

_ 2 2 _ 2 2
OVps_mzmz = Vi + OV,s + (va'i’ - V;m) "oy,

w2 /kn

+(‘/in— - ‘/fn)Z . 02

b (19)

Random offset from mismatch between Mg and M;; is

2 _ (VDD - ‘/out—l— - ‘/tp)Q 2
Vos_miom11 912 Viio
(VDD - ‘/out—l— - ‘/tp)z
I

(VDD - ‘/out—l— - ‘/tp)4 2
36 - Vq25 aﬂlo/llp

(Vob — Vourt — Vp)*
36 - VQZG UHH [bp”

2
oV

(20)
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Random offset from mismatch between M7 and M8 is

2
Vos_m7ms

_ (W Vas\©
T\, Vi Vir

Ws Vas\’ 2 Wy Var\”
_I_ - . . O'V. + .
Wy Vs e Wy Vs
Vasr \ 2
: <‘/latch - Vd5 - ‘/tn - 2 > : O-VH’?/HH
(W Vaw)’
Wy Vs
Vass \ 2
-@m—%—m—%ﬁ-&Wnan

where Vi, is the nominal value for the threshold voltage of
pMOS; U%;ti, O’Zi/un, and aii/ (i = 1,2...11) characterize
random mismatch in threshold voltage and mobility of nMOS
and pMOS transistors, which can be modeled as follows

(51, [17]:

ot = Mg (22)
Vi — W-L Viro
2
ot = A + 52 . D? (23)
wi/pn W - L H

where W and L are the width and length of the transistor pair.
Ayt, Ag, 831, and S}, are process-dependent parameters and
St o and S} describe the variation of Vo and p with the
spacing. D is the distance on chip between the matching transis-
tors, which will be neglected because of its minor contribution
to the overall mismatch.

If the random mismatches in each pair are uncorrelated or
nearly uncorrelated, the overall static random offset voltage
0ves from mismatch in ;C,x and threshold voltage Vi}, in the
dynamic comparator can be described as follows:

2 _ 2 2 2
ov,, = <U‘]ns_h15/t16 + OVs_mrima + OVps_nr2ms

1/2
+o + o (24)
Vos_MrMs Vos_Mi1o0M11 :

Static random offset resulting from mismatch between My
and My» are neglected in the calculation, because they work as
switches during the reset state to pull up differential output to
Vpp, and then are turned off during the comparison stage.

From offset expressions (17) to (21), we can have the fol-
lowing conclusions about the comparator in Fig. 1:

 Static random offset voltages caused by mismatch in tran-

sistors pairs of M; and My, My and M3 can be reduced
by increasing the size of those transistors, because o4;
and aii /un(i =1,2,3,4) are inversely proportional to the

product of W and L.
¢ Random offset voltages caused by mismatch in transis-

tors pairs of M5 and Mg, My and Mg can not be guaran-

teed to be reduced when the sizes of the transistors are in-
creased since the widths also appear in the numerator of

the (13)—(16) and (21).

Viateh Vatch

Fig. 2. “Lewis-Gray” structure with internal paracitic capacitors.

A particular aspect ratio W/L can be found to make an
optimum tradeoff between random offset voltage and tran-
sistor size denoted by the product of W and L, which is
discussed in detail in Section IV.

B. Dynamic Offset Voltage From Internal Capacitor Mismatch

Distinguished from mismatch caused by uCoyx and threshold
voltage Vyy,, the effects of parasitic capacitance mismatch are
shown only during transient process and therefore called dy-
namic offset. A four-terminal MOS device includes twelve dif-
ferent parasitic capacitors [16]. For a matched pair in the dy-
namic comparator, any dimension mismatch due to process vari-
ation and asymmetric interconnection will cause capacitance
mismatch. It has been demonstrated that a 1fF capacitance mis-
match at the output node may contribute several tens of milli-
volts of input-referred offset voltage [13]. For a simple two-in-
verter latch structure, the authors in [13] have shown analyti-
cally the derivation of input referred offset voltage. For the more
complicated dynamic comparator as shown in Fig. 2, an accu-
rate analysis like what they proposed will be very tedious.

As shown in Fig. 2, C; and Cg contain all of the parasitic
capacitance from V,u— and V¢4 to ground, respectively. An
accurate analysis to calculate the offset voltage due to capacitor
mismatch in the dynamic comparator is tedious since we have
to consider the transient current and voltage due to capacitance
charge and discharge.

By using the balanced method, a simple formula to calculate
the input referred offset voltage due to C5 and Cg mismatch
using square law model is derived as follows. In order to calcu-
late the offset voltage, a DC voltage Vs cs56 is virtually added
to Vi, terminal. When the comparator is balanced, V¢4 and
Vout— are equal and dV oyt /dt and dV o, /dt are equal. The
time point to calculate the dynamic offset voltage is chosen at
when My and M, are about to be turned on.

Therefore, the compensation dc voltage Vos,cse is the
input-referred dynamic offset voltage. To make the formula
more readable, we assume that the transient currents through
the parasitic capacitance except C5 and Cg are negligible. Then
the following equations can be written:

CS dv:aut—
dt

= las1 + las2 (25)
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TABLE I
KEY VALUES FOR THE DYNAMIC COMPARATOR IN 0.25 um
Process 0.25pm CMOS
Power supply Vpp=1.5V, V=0V

(W/L)l 2.3 4=(1 511/04511))(4
(W/L)5 6.7. g=(35u/045u)x4
(W/L)]Q ”=(1.5u/0.45u)x4
Viers=1.6V, V(e=1.2V
High=1.5V;Low=0V

Rise and fall time = 10ps

Pulse width=20ns; Freq=10MHz
(W/L)g 1,=1.5u/0.45u

Transistor sizing

Vref

Clock signal Ve,

Switch (PMOS)

dVou
—OU — Jaes + Lass

dt
d‘/out-l- _ d‘/out—
d —  dt
From (25)—(27), it follows that
Tgs1 + Tas2  lass + lasa
Cs B Cs
Applying the square-law model to replace the drain source
current in (28), the input-referred dynamic offset V, s ¢5¢ due to
mismatch in C5 and Cg is derived as /
ACs6  Igs3 + lasa

W.
CG Hn Cox L_j Vdsl

Cs (26)

27

(28)

Vos,c56 = (29)

where AC{)G = 05 — CG.

From (29), it’s shown that the dynamic offset voltage is more
affected by the relative capacitance mismatch ACsg/Cg than
just the absolute capacitance mismatch ACjsg. If the relative ca-
pacitance mismatch is decreased at output nodes, the input re-
ferred offset voltage will be reduced. A possible strategy to min-
imize the dynamic offset voltage is increasing the transistor area
of M5Mg pair so that the relative mismatch is reduced. More-
over, if the comparator speed requirement can be easily met,
some precision capacitors with very good matching properties
can be added at the output nodes to further shrink the relative
capacitor mismatch. The Monte Carlo simulations in Section III
confirm the above conclusions.

III. NUMBERICAL EXAMPLES AND MONTE CARLO
SIMULATION RESULTS

The previous analysis is validated with simulations results in
this section. The “Lewis-Gary” comparator is implemented in
0.25-pm and 40-nm CMOS process. The key values are listed
in Tables I and II. For better matching purposes, transistor length
is chosen to be the same within each process.

A. Simulations Results for Static Offset Voltage

First, all node voltages are solved when no mismatch is
presented. The bias conditions at balanced state @, can be
determined. In 0.25 pm comparator, it can be calculated
that: Voutt = Vout— = 0.601 V, Vg5 = Vg = 0.585 V,
Vs = Vg = 0.0089 V. In 40 nm comparator, the bias
condition is calculated as: Vout4 = Vout— = 0.458 V,
Vd5 = VdG = 0.439 V, VS5 = VsG = 0.0129 V. Then,
the calculated node voltages are applied to (17)—(21) to find
numerical value for random offset caused by mismatch due to

process variation in each pair. Ay¢ and A, in ov¢ and Opi/pn

TABLE 11
KEY VALUES FOR THE DYNAMIC COMPARATOR IN 40 NM
Process 40nm CMOS
Power supply Vpp=1.0V, V=0V

(W/L)] 23 4:(0. 1 611/00511))(4
(W/L)s 6.7.6=(0.38u/0.05u)x4
(W/L)]() ||=(0.16u/040511)x4
Vieri=0.8V, Vx=0.6V
High=1.0V;Low=0V

Rise and fall time = 1ps

Pulse width=500ps; Freq=1GHz

Transistor sizing

Vref

Clock signal Ve,

Switch (PMOS) (W/L), ,=0.16u/0.05u
TABLE 111
MISMATCH PARAMETER FOR SEVERAL CMOS TECHNOLOGIES
Technology | Type A(mV-um) Ap(Yopm)
25 um NMOS 30 23
s PMOS 35 3.2
L NMOS 21 1.8
S PMOS 25 42
o7 NMOS 13 1.9
-/ um PMOS 2 2.8
05 NMOS 11 1.8
- hm PMOS 13 23
NMOS 9 1.9
035 pm PMOS 9 225
NMOS 6 1.85
0-25 um PMOS 6 1.85
20 mm NMOS 1.8 045
PMOS 1.7 0.68
0.25u m comparator offset results
0.25 [ Hand Calculation
Monte Carlo Simulation
-
0.2 N
A
S 0415 \\\\
> a
14 X
. .
0.1 \\\Q
k\\§
%
0.05 - §
0 .
M1M4 M2M3 MSMG M7M8 M10M11 M9M12

Fig. 3. Comparison between analytical results and Monte Carlo simulation for
each pair in a 0.25-¢tm comparator.

are process-dependent parameters, whose values for different
processes are listed as a reference in Table III [5].

Monte Carlo transient simulation is performed by using the
BSIM3 model. In the model file, the mobility u,, and threshold
voltage Vyy, are defined as Gaussian distributed variables with a
standard deviation modeled by (22) and (23). One hundred iter-
ations are done for each pair while assuming no mismatch ex-
ists in other pairs so that ovos M1M4s OVos_M2M35 TVos_M5M6>
OVos_M7M8s OVos_M10M11, and ovos_Mm9m10 can be determined
one by one. In Figs. 3 and 4, the random offset voltage calcu-
lated by the analytical method shows a good agreement with the
Monte Carlo simulation results. From the plot, we can easily tell
the most influential offset contributors.

B. Simulations Results for Dynamic Offset Voltage

In Section II, the explicit expression of dynamic offset voltage
due to capacitance mismatch at the output nodes has been de-
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Fig. 4. Comparison between analytical results and Monte Carlo simulation for
each pair in a 40-nm comparator.
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=1 Monte Carlo Simulation
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0.025
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¢ oz B - AC=0.1fF

0.015
0.01

7
0.005{ |— % I

0

g Bl B
6fF 16fF 106fF 206fF
Nominal capacitor at output node C

406fF

Fig. 5. Comparison of dynamic offset voltages due to C5 ¢ mismatch derived
by analytical model and Monte Carlo simulation.

rived in (29). To demonstrate its effectiveness, Monte Carlo tran-
sient simulations are conducted based upon the comparator de-
scribed in Table I. As we have predicted from the analytical
model, it is the relative capacitance mismatch AC/C,, than just
the absolute mismatch AC that plays a key role in determining
the dynamic offset voltage. As shown in Fig. 5, it is clear that
as the output nominal capacitance is increasing but the abso-
lute mismatch capacitance is kept as a constant 0.1fF, the dy-
namic offset is decreasing. The calculated and simulated dy-
namic offset voltages show a reasonable agreement.

For the dynamic comparator illustrated in Fig. 2, the contri-
butions to offset voltage from parasitic capacitors at different
nodes are usually different. In order to compare the effects of the
capacitance mismatch at different nodes, the mismatch capac-
itor AC is added to one of the three nodes A, B and C and the
relative capacitance mismatch is kept to be 1.67%. The Monte
Carlo simulation demonstrates that capacitance mismatch at the
output node C' accounts for 76% overall dynamic offset voltage.
The capacitance mismatch of C; » and Cs 4 contributes the re-
maining dynamic offset voltage. It shows that capacitor mis-
match at output node is the most influential contributor to the
dynamic offset.

To probe more, we further investigate the capacitor mismatch
at differential nodes A and B. As reported in Fig. 6, when the
nominal capacitance at differential node A, B increases, the dy-
namic offset voltages increase. The results are predictable since
a larger capacitor will dump larger transient currents to ground.
The transient currents flow through input pairs My 3 are reduced

0.0381 1.67% mismatch between C1 and C2 at node A
0.030 1.67% mismatch between C3 and C4 at node B %
=
0.025 1 % /
< 0.020 7 % %
bg 0.015 { / % /

0.010 ?
o
0.005 | %

0.000 -

-
6fF 16fF 106fF
Nominal capacitor at differential nodes

Fig. 6. Dynamic offsets from C,;&C, and C3&C, mismatch.

as a result. To cancel the effects of capacitance mismatch in dif-
ferential nodes, a larger input voltage AVy, is required to com-
pensate the mismatch. It suggests that the internal capacitance
at nodes A and B should be kept as small as possible.

IV. ONE APPLICATION OF THE RANDOM OFFSET
ANALYTICAL MODEL

Without any offset cancellation technique, a dynamic com-
parator will not easily achieve input offset voltage less than
several tens of millivolts. Mismatch caused by random varia-
tions cannot be relieved from any layout strategy. From pervious
sections, it is indicted that by symmetric layout, well-balanced
routing and extra balanced capacitive loading, the dynamic mis-
match at sensitive nodes-output nodes can be reduced. By con-
trast, it seems more difficult for designers to control the random
mismatch from ;C,y and Viy,. As a matter of fact, by utilizing
the analytical model in the analytical model in (17)—(21), the
static random offset voltage can be reduced by proper sizing
without increasing the total area of the comparator.

The following procedures are applied to find the proper sizes
to achieve smaller random offset voltage given a fixed total area.

1) Based on the analytical results in (17)—(21), the input

random offset voltage due to each transistor pair can be
calculated. Then, all of the transistor pairs are divided into
several groups following the rule that in each group there
contains both a critical matching pair and uncritical pairs.
2) First focus on the mismatch in one group and assume there
is no mismatch in the other groups. Based on the conclu-
sion from Section II, a minimum random offset voltage can
be found by properly adjusting the sizes of the transistor
pairs depending on their contributions to the offset volt-
ages. Apply the same procedure to the remaining groups
to achieve minimum random offset in each group.
Apply the above procedure to the comparator example de-
scribed in Table 1. Based on the calculated offset voltage from
each transistor pair, six pairs of transistors are divided into
two groups. Group 1 is composed of bottom four uncritical
matching transistor pairs M; — M, and critical matching
transistor pairs MyMg. Group 2 includes the four uncritical
matching pMOS transistors Mg — M2 and critical matching
nMOS pairs M5Ms.

First, group 1 is optimized. The area budget is moved from

M; — My to M;Mj5 by increasing width of M;Ms at a step size



HE et al.: ANALYSES OF STATIC AND DYNAMIC RANDOM OFFSET VOLTAGES IN DYNAMIC COMPARATORS 917

0.140

0.120 1

0.100 ¢

0.080 -

0.060 -

 vos V)

0.040 -

0.020 --veeeeeeees e i i
; . | Length L is fixed at 0.45 um

0.000 f ; :
0 05 1 15 2 2.5
A W_M, M (1 m)

Fig. 7. Random offset versus AW of matching critical pair M, Msg.

§W9,1o,11,123= 20pm

S yos (V)

Length L is fixed at 0.45 um

2.5 1.5 0.5 0.5 1.5 2.5
A W_MM, (1 m)

Fig. 8. Random offset versus AW of matching critical pair MsMg.
| Voo
Vlatch1
Mg I— Mo |—_

Vi
thﬁ latch1 M12
Vou(+ p /1 1 Vout-
M7j|— Ms
V,
" Vin- Vref— Vre1+

S v

Vi V
M5 I latch2 latch2 I Ms

Fig. 9. Topology II dynamic comparator.

of 0.5 m while the total area in the group is maintained as a con-
stant. The simulated random offset voltage versus width change
in M7Mg denoted by AW _M7Mg is shown in Fig. 7. It is shown
that when AW _M~;Mg is equal to 2 pm, which means the widths
of M7Msg are increased from 3.5 pm to 5.5 pum and widths of
M; — My are decreased from 1.5 pum to 0.5 ym. The random
offset voltage reaches the minimum value 78.3 mV within group
1. The similar area allocation procedure is applied to group 2
made of M;Mg and Mg — M5. The simulated random offset
versus AW of M;Mg is shown in Fig. 8. Finally, the sizes are
optimized and listed in Table I'V.

After this optimization, Monte Carlo simulation is applied
with mismatch presented in all the pairs, and the overall random

40nm comparator topology II offset results

0.16
[J Hand Calculation
0.14 Monte Carlo Simulated

S Vos (V)

MyoMy4

M;M, MM, M;Mg MM, MM,
Fig. 10. Comparison between analytical results and Monte Carlo simulation

for each pair in 40 nm comparator in Fig. 9.

TABLE 1V
DIMENSIONS AND RANDOM OFFSET COMPARISON

Original sizes Optimized sizes

Name

(pm/ pm) (um/ pm)

M;M; 1.5/0.45 0.5/0.45
MM, 1.5/0.45 0.5/0.45
M;sMg 3.5/0.45 2.5/0.45
M;M; 3.5/0.45 5.5/0.45
MM, 1.5/0.45 2.0/0.45
MM, 1.5/0.45 2.0/0.45

Ovos 254 mV 150 my

offset voltage is 150 mV, which is reduced by 41% compared
with 254 mV in the original sizing. The total area is still kept as
a constant.

V. MODEL VALIDATION IN COMPARATOR TOPOLOGY II

To further validate the effectiveness of our method in
Section II, here we present another dynamic comparator
topology and apply the method to analyze its offset. The
topology is first introduced in [7].

The operation of the comparator can be simply described as
follows. When latch signal reaches zero, M5 and Mg are turned
off and current paths are cut off. Mg and M5 reset the differen-
tial output to Vpp. When latch signal is raised high, differential
output nodes are disconnected from V. Depending on the dif-
ference between input voltage and reference voltage, cross cou-
pled inverter pairs made of M7Mj¢ and MgM; regeneratively
amplify the difference and determine which of the outputs goes
to Vpp and which to 0 V.

As detailed in Section II, to find out the offset voltage from
mismatch in ;C,y and threshold voltage Vy,, we will first de-
termine the bias conditions at perfectly balanced condition. We
choose Vit = Vpp as the time point for analysis. M7, Mg,
M;o and M;; all have the same gate and drain voltages since
Vout+ = Vout— at balanced state. Therefore, they are working
in the saturation region. M5 and Mg work as tail current sources.
They are supported to be working in saturation to eliminate large
offset due to the mismatch [8]. To avoid M5 and Mg goes into
triode when latch signal goes high, instead of using the clock
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going from 0 to Vpp, a lower voltage clock Vi,¢che is used to
guarantee that M5 and Mg remain in saturation [12]. M; — My
are in triode region and act like voltage-controlled resistors.
Once the operation regions are determined, by KCL, we can
calculate offset voltage caused by each pair in the comparator.
Random offset from mismatch between M, and M3 is

2
OVs_nr2ms

Vds2
R

w2 /bn
VdsS )2 . 02
2 V,

w3/ pn
Random offset from mismatch between M; and My is

+ (I/in— _Vd5 _‘/fn -

+ (Veet— — Vag — Vin — (30)

2
Vos_Mi1Ma

2 2
=0y, + OV
Vdsl )2 L2

2 OVt /i

Vds4 )2 0_2
2 Viasun”

Random offset from mismatch between M5 and Mg is

9 B <W5>2 (‘/latch? - V;n)Zo_z

Vos_msme 2 Vis
Wy Via

+ % 2 (‘/latch? - %n)z 0_2
Wy Vd2sl Ve
Ws)” (Viatehz = Vin)*
Wl 4 . desl N5/Nn

WG ? (VlatchQ - an)4 2
T\Ww, ] T v uelun
Wy 4-Vig Hostn

+ (Vvin+ _Vd5 - V;n -

+ (eref—l— - Vd6 - ‘/t'n, - (31)

(32)

Random offset from mismatch between M~ and Mg is

2
Vos_m7Ms

_(Ws) (Vour = Vis = Vin)® 5
Wi Vi Vis
Wi\ (Voury — Var = Vin)?2
+ | o V2 OV,
dsl

(W (owe = Vis = Vin)*
4- Vd251

Hs/lln

Wi\ ? (Vours — Vaz — Vi)
+< 7) ( t+ 7 t) 2 (33)

Wl 4. VdZSl W/
Random offset from mismatch between Mig and M is

2
Vos_M1oM11

_ Wi\ (Vob — Vout+ — Vm)202
W, 4-V2, 0
Wi\’ (Vop = Vout— — Vin)?
+ 4. Vd2s1 Vi
Wio\” (Vbp — Vout+ — Vin)*
+ 16 - Vd2<1 P10/ pn

Wi \” (Vbp — Vout— — Vin)*
+ D) g / "
16 - Vdsl Hi1/p

(34)

TABLE V
KEY VALUES FOR COMPARATOR II IN 40 NM
Process 40nm CMOS
Power supply Vpp=1.0V, V=0V

(W/L)] 2.3.4.5. 6=(016u/005u)x4
(W/L)75=(0.38u/0.05u)x4
(W/L)10 |1=(016u/005u)x4
Viesr=0.8V, V,e=0.6V

Viarent High=1.0V;Low=0V
Viatenr High=0.4V; Low=0V
Rise and fall time = 1ps

Pulse width=500ps; Freq=1GHz
(W/L)g 1,=0.16u/0.05u

Transistor sizing

Vref

Clock signal Vg

Switch (PMOS)

The topology II dynamic comparator implemented in 40 nm
operates at 1.0 GHz clock frequency with a 1.0-V power supply.
Table V shows key design parameters. The bias condition at
each node is solved as: Vouey = Vout— = 0579V, Vi =
Ve = 0.193V, Vg5 = Vg = 0.179 V. Then, the calculated
node voltages are applied to (30)—(34) to find numerical value
for random offset caused by mismatch due to process variation
in each pair. The calculated values are plotted with the Monte
Carlo transient simulation results as a comparison. It can be seen
that the analytical gives a good prediction in the offset voltage
from each pair and especially in the main offset contributors.

VI. CONCLUSION

In this paper, we presented a novel balanced method to ana-
lyze input referred offset voltages in dynamic comparators. The
method solves the problem that in a dynamic comparator the
operating points of transistors are not well defined in the tran-
sient process. Based on this method, the explicit expressions for
static offset voltages caused by uC,x and Vyy, variation and dy-
namic offset voltages caused by capacitance mismatch are de-
rived based upon “Lewis-Gray” dynamic comparator. The com-
parator is implemented in 0.25-xm and 40-nm CMOS process as
examples. The analytical results from those expressions achieve
good agreements with more accurate Monte Carlo transient sim-
ulations. The analytical model also gives a good prediction to
the offset in the second topology dynamic comparator. Those
explicit formulas of offset voltages allow designers to find out
the most dominant contributors to offset and to use those for-
mulas as guidance to design and optimize dynamic comparators.
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