1398

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: EXPRESS BRIEFS, VOL. 53, NO. 12, DECEMBER 2006

An Analysis of Latch Comparator Offset Due to Load
Capacitor Mismatch
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Abstract—This brief analyzes the effect of load capacitor mis-
match on the offset of a regenerative latch comparator. Two an-
alytical models are presented and compared with HSpice simula-
tions. Our results indicate that in a typical 0.18-pum CMOS latch, a
capacitive imbalance of only 1 fF can lead to offsets of several tens
of millivolts.

Index Terms—Capacitor mismatch, dynamic offset, latch.

I. INTRODUCTION

HE dynamic latch (Fig. 1) is a commonly used building
T block in a variety of applications, including memory chips
and A/D converters. Design considerations for many application
specific derivates of this circuit, along with associated nonide-
alities have been the topic of numerous publications [1]-[5].

Among the key performance metrics of a dynamic latch used
in a voltage comparator is its input referred offset voltage. Rel-
evant effects that contribute to the offset can be divided into
static and dynamic components. The most commonly discussed
source of static offset stems from threshold voltage mismatch
[6], [7] in the constituent transistors. An example of a dynamic
contributor is charge injection from switches that interface the
basic latch of Fig. 1 to its surrounding circuitry [1], [2].

In this brief, we investigate the effect of load capacitance mis-
match as an additional source of dynamic offset. As we shall
show, any mismatch in the load capacitors C and C (see Fig. 1)
in an otherwise perfect latch can lead to considerable offset in
practice. In practice, any difference between C; and Cy can be
due to random mismatch in the device capacitances, as well as
systematic and random imbalance in the wiring parasitics and
loading of the two output nodes.

In previous work, an intentional load capacitor imbalance has
been used to calibrate the total input-referred offset of a latch
comparator [8]. The present work delivers a detailed analysis
of the dynamic effects that determine the offset due to capacity
imbalance. Reference [9] describes similar work based on a dif-
ferent mathematical approach..

II. CIRCUIT MODEL

Fig. 1 models the circuit under consideration in regenera-
tion mode, i.e., the state at which the nodes have been set to
their initial values and the latch is about to amplify the applied
voltage differential. For simplicity, we omit additional compo-
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Fig. 1. (a) Dynamic latch consisting of back-to-back inverter stages. (b) Tran-
sistor-level schematic.
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Fig. 2. PWL Ip—Vgs model for a short-channel MOSFET.

nents, such as switches that are used to setup, configure and in-
terface this circuit in its various phases of operation. C; and C»
represent the total capacitance that is present at the output nodes
‘/outl and Vout2~

For further analysis, we assume that transistors are forward
active in the latch’s initial operating point. Furthermore, we in-
voke the following simplified piecewise-linear (PWL) model
for the drain current in a short-channel MOS device (respective
signs and polarities are for nMOS)

Ip = Gn(Vas — Vi),
Ip =0,

for Vgg > Vi«
otherwise.

ey

A graphical justification of this model and an illustration of the
involved parameters (G,,, V;+) are provided in Fig. 2. While the
Ip—Vgs curve of any MOSFET is nearly quadratic at moderate
Vas — V4, the characteristic becomes nearly linear for higher
values in modern short channel devices [10]. In our simplified
model, G,,, represents the slope of a linear fit to the “on” region
of the transistor, and V;- is given by the intercept of this segment
with the Vg axis. Note that V- is slightly larger than the actual
threshold voltage (V;) of the device.

Applying the above-discussed PWL model to the nMOS and
pMOS devices of the inverters in Fig. 1, we find

Ioutl = Gm1<vout1 - VSl) (2)
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Fig. 3. Model 1. (a) Linearized back-to-back inverter stages. (b) Circuit model.

Iout2 = Gma2(Vout2 — Vs2). 3)

In these equations, G, 2 are the sum of the pMOS and nMOS
transconductance terms, and Vs; » are the “switching voltages”
of each inverter, i.e., the voltage at which pMOS and nMOS
currents are equal. The values of Vs » depend on Vpp and also
on GG, and V;- of the constituent devices.

III. ANALYSIS

A. Model 1

For simplicity, we first consider an idealized latch circuit that
contains only capacitances from each output node to ground (see
Fig. 3). Using KCL for nodes V11 and V2, we obtain the
following coupled first-order differential equations:

dVoutl

Cvl dt = - GmZ(VoutZ - VSZ) (4)
AVou
Cs dfﬂ = — Gmi1(Vous1 — Vs1)- (5)

The above expressions can be simplified to a single differential
equation for one of the outputs

d2Vout1 1 I/;l
a2z ﬁvoutl + P 0 (6)
with
C1C,
2
= —. 7
4 GmleZ ( )

Note that by symmetry, solving for one output suffices as the
other one can be simply obtained by appropriately swapping the
indexes. The two initial conditions required for solving (6) are
the initial value of V1 and its first derivative

Voutl(o) = ‘/outl,O (8)
dVou Gum
Tﬂ(o) = - Tf(voutZ,O —Vs2) 9)

where Vout1,0 and V2,0 denote the initial voltage values of
Vout1 and Vo ue9, respectively. Note that (9) is obtained by eval-
uating (4) at time zero. Using (8) and (9), we obtain

1 t
Vout1(t) = 3 [a(Vout2,0— Vs2) + (Vout1,0— Vs1)]exp <— ;)
1
- 5 [Oé(Voum,o - Vsz) - (Voutl,o - Vs1)]

t
Xexp(—i—;)—i—VSl (10)
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Fig. 4. Decision map for « = 1.5. The latch makes a wrong decision in the
shaded region.

1 t

Vour2(t) = 2 [a(Vous2,0— Vs2)+(Vout1,0 — Vs1)]exp <— ;)
1
+%[O¢(Vout2,0_vs2)_(Voutl,O_VSI)]
t

xexp(-i—;)—l—ng (1)

where
_ |Gm2Cs
VNGO (12

The above equations contain exponentials with positive expo-
nents that are given by the time constant 7, defined in (7). Fur-
thermore, the opposite signs in (10) and (11) confirm that a de-
cision of the latch will entail the transition of the two outputs
toward opposite rails.

Since the exponential terms with negative exponents eventu-
ally vanish, only the terms with the positive exponents are im-
portant in determining the final state of the outputs. Mathemat-
ically, this leads to the following association:

Voutl (OO) = VDD
At VO“' -V > ‘/ou, Az

{ Voth(OO):VSS ( t1,0 Sl) Oé( t2,0 52)

(13)

Voutl(oo):VSS
& (Vour,0=Vs1) <a(Vourz.0— Vs

{ Voth(OO) :VDD ( t1,0 51) Ol( t2,0 52)

(14)

where Vpp and Vgss denote the positive and negative rails, re-
spectively. Equations (13) and (14) are sufficient to characterize
and predict the behavior of the latch for a set of initial voltages.
From these expressions, « = 1 and Vg1 = Vg correspond to an
ideal, offset-free latch. However, if o # 1, it is possible for an
otherwise ideal latch to make a wrong decision. As an example,
Fig. 4 shows a decision map for « = 1.5. In this diagram, the
shaded region is where the latch fails to make a correct decision,
in the sense that the output node with the smaller initial voltage
value will transition to the positive rail.
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Assuming that Vg; = Vo, further investigation of (13) and
(14) reveals that the latch can make a wrong decision if and only
if

(Vout1,0 — Vs1) (Vous2,0 — Vs2) > 0 (15)
This assertion can be verified by further analyzing the behavior
of the latch in Fig. 1. For the cases where the initial voltages
on two output nodes lie on both sides of the switching voltages,
(i.e., one of them is larger than the switching voltage and the
other one is smaller) the latch will always make the correct deci-
sion, regardless of the amount of mismatch at the output nodes.

To proceed, we define the differential output voltage as

Vout = Vvoutl - Vout2~ (16)
Noting that the initial differential input to the latch is the output

att = 0, we can now express (13) and (14) as

{ Vout(00) = Vpp — Vss, iff Vouto > Vosr a7
Vout(0) = —=(Vpp — Vss), iff  Vouro < Vos-
with

Voﬂ' = a(vout2,0 - VS2) - Vout?,O + VSI- (18)

Note that (17) describes the general behavior of a latch, and
Vor denotes the offset voltage (Vog = O for an ideal latch).
In a non-ideal latch, the mismatch between (G,,,1 and G2, Vg1
and Vg, or Cy and Cy will yield non-zero Vg, which can be
calculated using (18). In practice, the main contributor to the
mismatch between Vs, and Vg is typically the mismatch in the
device threshold voltages. It is understood from (18) that this
component directly adds to the total latch offset.

In this brief, we are primarily interested in the influence of
output capacitor mismatch (i.e., the mismatch between C; and
C5). Assuming that capacitor mismatch is the only source of
mismatch between the two inverters stages, the offset voltage

becomes
C
Vot = (\/ FZ — 1) (Vout2,0 — Vs2)- (19)
1
We further simplify (19) using two more definitions
C,=C (20)
Cy =C + AC. 21

This yields

/ AC
Voff = < 1+ 7 - 1) (VoutZ,O - VSZ)' (22)

Now assuming that AC//C, is small, we arrive at the following
simple formula that concludes the theoretical model 1

1AC
Vo = 57 VSZ)- (23)

(VvoutZ,O -
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Fig. 5. Model 2. (a) Linearized back-to-back inverter stages with coupling ca-
pacitance C'¢. (b) Circuit model.

B. Model 2

In a more realistic latch, the two outputs are capacitively cou-
pled. Model 2 takes this into account (see Fig. 5). Similar to
model 1, a set of two first-order differential equations is obtained
using KCL for the output nodes, V,,t1 and V2, in Fig. 5(b)

dVou
(C1+ C'C)Tt1 = — Gp2(Vourz — Vs2)
d‘/outZ
C 24
+ Cc 7 24)
dVou
(Co+ C’(;)Tt2 = — Gm1(Vous1 — V1)
d‘/:)utl
Co——— 25
+ Cco i (25)

Again, from these equations, we obtain a second-order differen-
tial equation for Vo1

CC(Gml + Gm2) d‘/outl _
C10y+CcC1+CcCy  dt
GmleZ (
C1Cy + CeCr+ CeCy o ™

d2 V;utl
dt?

(26)

Vs1) =0.

The two required initial conditions are given in (27) and (28).
Equation (28) is obtained by evaluating both (24) and (25) at
time zero and then solving for the first derivative of Viy,¢1

Vout1(0) = Vout1,0 27
dVout1 0) = — 1
dt Ci1Cy + CcC1 + CcCy
X [Gm2(C2 + Cc)(Vour2,0 — Vs2)
+Gm1Co (Vou1,0 — Vs1)] - (28)

The following equations (29)—(33) are definitions for algebraic
convenience. « is defined as in (10):

k= (Gm1 + Gm2)?CZ

+ 4G1 G2 (C1C2 + CeCr 4+ CoCy) (29)
(Co + Co)Ch VE + (Gt — Gm2)Co

= 30

/ “\/<01+cc> Co Vi — (Gt — Gumz)Co

0y (Ca+ Co)Cy VE — (G1 — Gima2)Ce 31)

T=N(CL+ Co)Ca Vi + (Gt — Goa)C

\/_ - (Gml + GmZ)CC

_ = 32

" 2Gm1Gm2 ( )
\/E'i' (Gml + GmZ)CC

= . 33

T 2CTY'rnlC""rn? ( )
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We now arrive at the following transient solution:

Gm1(C1+ Cc)p

‘/outl(t) = \/E
X [7(Vout2,0 = Vs2) + (Vout1,0 — Vis1)]
X exp <_L> _ Grmi1(C1 + Co)y
T VE
X [B(Vous2,0 — Vs2) — (Vout1,0 — Vs1)]
t
X exp (+—> Ve (34)
T4
G (C1 + C,
‘/outZ(t) = 1( \}E C)
X [7(Vout2,0 — Vis2) + (Vout1,0 — Vis1)]
t Gml(Cl + Cc)
e < ) TR
X [B(Vous2,0 — Vs2) — (Vout1,0 — Vs1)]
t
X exp <+—> + Vso. 35)
T+

Note that when C = 0, these equations reduce to those ob-
tained with model 1. Again, noting the fact that only the ex-
ponential terms with positive exponents are important in deter-
mining the final outputs and using the same definition of V,
in (16), we find

Vot = B(Vout2,0 — Vs2) — Vour2,0 + Vsi. (36)

Note that the only difference between (18) and (36) is that «
in (17) has been replaced by [ in (36). Since the focus of our
study is the mismatch between the output capacitors, we again
assume that the two inverter stages are matched except for C1 5.
Therefore, (36) reduces to

O+ Ce
Vig = ———= — 1| (Vou2.0 — Vso2). 37
F <\/ O 1 Co ) (Vout2,0 — Vis2) (37)

Combining (20), (21) and (37) now yields

AC
‘/:)ﬂ‘ = ( 1+ o - 1) (VoutZ,O - VS?)' (38)

C+C

To simplify further, we assume

AC

_AC o 3
Croe S (39

We now arrive at the following simple offset voltage formula for
model 2:

AC

(V011t2,0 - V52)- (40)

IV. SIMULATION RESULTS

In order to validate the above-derived analytical models,
we performed circuit level HSpice simulations. Our results
are based on generic 0.18-ym BSIM3v3 CMOS models and
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Fig. 6. Offset voltage for AC' = 1 fF. Dashed line: model 1; dotted line: model
2; solid line: HSpice simulation result.

Vbop = 1.8 V for the circuit in Fig. 1(b). In addition to the
transistors’ capacitances that are contained in C; and C5 a
capacitor AC' was added to node V2 to emulate mismatch.
Fig. 6 shows simulation results using the following parameters:

(W/L)amos = 1.8 pm/0.18 pm 41)
(W/L)pnmos =3.6 pm/0.18 pm (42)
AC =1fF (43)

It is seen from Fig. 6 that both models follow the trend predicted
by simulation correctly. Overall, model 2 matches the simula-
tions more accurately, since it does not neglect the impact of
coupling capacitance (Cc) between the output nodes. In prac-
tice, Cc stems mostly from gate-drain capacitance of the four
transistors and can usually be estimated with sufficient accuracy
from technology data.

The residual mismatch between simulation and model 2
mostly stems from voltage dependence of the involved capac-
itors. For simplicity, we used gate-source capacitance values
that were extracted at the switching point of the inverters,
regardless of the actual initial operating point. Toward the
boundaries of the plot in Fig. 6, the devices approach the triode
and/or cutoff regions, which leads to reduced capacitance C.
From (40), we see that this leads to an increase in Vg, and this
is also signified in the solid curve in Fig. 6. If desired, actual
operating point data for the capacitances can be used to achieve
better agreement of (40) with simulation data.

We have done similar simulations and comparisons for other
mismatch values ranging from 1 fF to 20 fF and for various
different device geometries. In all cases, model 2 was found to
predict the offset with sufficient accuracy.

An important observation that follows from (40) and was
confirmed through simulation is that the input-referred offset
voltage due to capacitor mismatch is zero when Vi ¢2,0 = Vso,
and grows in magnitude when moving away from this condi-
tion. This suggests that in order to minimize dynamic offset, the
latch should be initialized to operate as close as possible to the
switching voltage of the inverters.
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V. CONCLUSION

We have analyzed the effect of load capacitor mismatch on
the offset voltage of a dynamic latch. Two simple equations for
predicting the offset were derived and compared against simu-
lation data. The presented example shows that a mismatch as
small as 1 fF can lead to an offset of several tens of millivolts
for a typical latch in 0.18-m technology, where parasitic wiring
capacitances are on the order of 0.2 fF/um [10]. Hence, an im-
balance in wiring of only 5 um can lead to significant offset
contributions. In order to cope with this effect, it is critical to en-
sure a well-balanced routing. Furthermore, as we have shown,
operating the latch as close as possible to its inverters’ thresh-
olds can also help minimize the dynamic offset. As done in [8],
one can deliberately introduce capacitance mismatch at the two
output nodes to cancel the offset due to other sources that might
be more difficult to control, like threshold voltage mismatches.
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