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A High-Speed CMOS Comparator
for Use in an ADC

BENJAMIN J. McCARROLL, MEMBER, IEEE, CHARLES G. SODINI, MEMBER, IEEE,
AND HAE-SEUNG LEE, MEMBER, IEEE

Abstract — A high-speed CMOS comparator has been designed and
fabricated using a standard 3-pm process. A dynamic latch preceded by an
offset-cancelled amplifier is used to obtain a response time of 43 ns. The
offset-cancelled amplifier reduces the input-referred offset so that
medium-resolution analog-to-digital converters (ADC’s) can be built with
this comparator. The use of pipelining within the comparator enables the
offset cancellation to be done as the dynamic latch is enabled. Finally,
power and area are optimally distributed within the amplifier to minimize
response time.

1. INTRODUCTION

SEVERAL analog-to-digital converters (ADC’s) have
recently been reported that operate at sampling fre-
quencies between 200 and 400 MHz [1]-[3]. However, the
fastest 8-bit CMOS ADC can sample up to only 25 MHz
{4]. CMOS flash ADC’s, with their cost-effectiveness and
VLSI logic compatibility, are well suited for use in the
growing field of digital video-signal processing,

In a flash ADC, internal comparators must amplify
small voltages into logic levels. Once the result is stored
into a latch, logic is enabled to encode the outputs of the
2¥ —1 comparators into N bits. Depending on the al-
gorithm used, encoding process can often be pipelined
with the comparator function. Since the encoding process
is faster than the comparator function, the maximum
conversion rate for the ADC is limited by the response
time of its comparators. Therefore, the design and optimi-
zation of the comparators is critically important.

The comparator architecture consists of dynamic latch
preceded by an offset-cancelled amplifier. The positive
feedback of the dynamic latch is used to efficiently charge
and discharge the comparator output nodes. The offset-
cancelled amplifier reduces the input-referred offset so
that medium-resolution ADC’s are possible. The use of
pipelining within the comparator enables the offset cancel-
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lation to begin as the dynamic latch is enabled. Power and
area are optimally distributed within the amplifier so that
the comparator response time is minimized.

Section II deals with the comparator topology where
power and area constraints, the motivation for offset
cancellation, and the amplifier and dynamic latch optimi-
zations are discussed. Section 111 describes the device-level
circuit design of the amplifier and dynamic latch. Section
IV presents the experimental results from a single 3-um
CMOS comparator designed and fabricated to verify the
architecture.

II. Cuoice oF TorPOLOGY
A. Comparator Constraints

When designing an N-bit flash ADC, 2¥ —1 compara-
tors are required. For medium-resolution ADC’s, the
amount of power and area consumed per comparator is of
the utmost importance. Therefore, when evaluating differ-
ent comparator topologies for use in a flash ADC, the
amount of power and area consumed must be held con-
stant. Assume initially that a single-stage amplifier is com-
pared to a two-stage amplifier. The sinhgle-stage amplifier
draws I current and uses 4 area. The two-stage amplifier
draws I, + I, current and uses A; + A4, area where the 1
and 2 subscripts designate the first and second stage,
respectively. Therefore

L+I,=1 (1)

A +4,=4. (2)

Since designing high-speed circuits is the ultimate goal, it
is assumed that the channel length L is held at a minimum

and that the area is controlled by the device width W.
Therefore, (2) becomes

Wi+W,=W. (3)

In order to maintain constant node voltages, as the
current in stage one of the two-stage amplifier increases,
the channel width must also increase. Thus

Il 12
W, W,

4)
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Fig. 1. The dynamic latch.

The transconductance is given by g, =2pC, J(W/L).

Therefore

s 2pCoy
(8my + 8imy) :—L—(I’V111““I’V212“‘2 W111W2[2)

2pCy

=77 (Wl + WL, + W\ I, + W, 1)
2pCox

=77 (W +Wy)(1L + 1,).

Thus

(&, + &m,) = G2 (5)

Equation (5) shows that if the total power and area are
held constant, the total transconductance is also constant.

B. Comparator Architecture

The dynamic latch (Fig. 1), often used as a sense ampli-
fier in dynamic RAM’s, is a fast CMOS comparator.
However, its large offset voltage limits its resolution to
about 5 bits. A linear amplifier may precede the dynamic
latch so that the voltage applied to the, latch is large
enough to overcome this offset. Since a linear amplifier
can be offset-cancelled, medium-resolution ( = 8-bit) con-
verters are possible.

Fig. 2 shows the comparator block diagram, which con-
sists of a dynamic latch preceded by an offset-cancelled
amplifier [5]. The offset-cancellation cycle begins by
throwing the switch S| to ground and closing the switch
S,. The offset-cancellation amplifier (g,,,) forces its offset
(V,,,) and the offset (V) from the high-gain amplifier
(8.,) onto the offset-cancellation capacitors C,,, and C,,,.
This voltage V_,; is given by

RL(gmll/:;sl + ngI/os2)
I+g,0R, .

Vott =

[

(6)

The input-referred offset voltage ¥, is reduced by the
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Fig. 2. The comparator block diagram.
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Fig. 3. A one-stage single-pole amplifier.

voltage gain of the high-gain amplifier and is given by

v - RL(gleosl + ngVosZ) (7)
> gmlRL(1+gm2RL) .

The amplify cycle begins by throwing the switch :S“I to
sample the input voltage and opening the switch §;. Now,
the amplifier output voltage V,, is a rising exponential
whose final value is the product of V,— V. and the
voltage gain g, R;.

Once the voltage V. is large enough (about 50 mV),
the dynamic latch is enabled. Since it has positive feed-
back, it is able to “amplify” the pass voltage to near logic
levels in a short period of time. Then the storage latch is
turned on to hold the result until the encode logic is
enabled.

C. Motivation for Offset Cancellation

The initial motivation for offset cancellation is clear:
without it, an MOS comparator could not resolve small
enough voltages so that it could be used in a medium-reso-
lution ADC. Since it takes a finite amount of time to
complete the offset-cancellation cycle before the compara-
tor can be enabled, it seems that the comparator response
time must be increased. However, if the offset-cancellation
cycle is pipelined with the dynamic latch cycle, it does not
degrade the response time.

Consider the simple one-stage, single-pole amplifier
shown in Fig. 3. The step response for the amplifier is
given by

V(1) = [8,R V(0 )(1— ™/ Rt
+ Vo (0) e /ReCe]u(r). (8)
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Fig. 4. (a) One-stage amplifier step response for out(0)

0. (b) One-
stage amplifier step response for ¥, (0) = 5V.

The first term is a rising exponential with the magnitude
determined by the voltage gain g, R, times the input step

V., (0,). The second term is just the exponential decay of
the residual voltage from the last comparison V;(0).

Consider the one-stage amplifier for two cases. First,
assume that the initial output voltage V,,(0) is zero and
that the following conditions hold: g,, = 0.001S, C; =100

Via(0,)=5 mV, and that the voltage gain is varied
from 20 to 80 by adjusting R, . The result is shown in Fig.
4(a). For any time 7, the highest-gain configuration has
“amplified” the 5-mV input voltage into the largest output
voltage. For small #, the slope of the step response for each
configuration is given by g,, /C; so that the response time
can be improved by increasing g,, or decreasing C; and is
independent of R; (only for t < R,C;).

Now, assume that the same conditions hold as above
except that V,,(0) = —0.15 V. Due to the decaying resid-
ual voltage from the last sample, the high-gain amplifier is
no longer the best choice. In fact, the lowest-gain amplifier
reaches the 50-mV threshold before the other configura-

- tions in this example (Fig. 4(b)), and the “best” choice is
highly dependent on this residual voltage. However, if this
residual output voltage is nulled in an offset-cancellation
cycle as in the first example, the high-gain amplifier is
always optimum. Therefore, a high-gain amplifier with
offset cancellation is used in designing the flash ADC
comparator.

D. Amplifier Optimization

Our goal is to determine how the power and area should
be distributed throughout the amplifier in order to mini-
mize the comparator response time. We begin by determin-
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Fig. 5. Single-stage amplifier driving the dynamic latch.

ing the optimization for three different amplifier config-
urations: single-stage, single-stage plus source follower,
and two-stage plus source follower. The results can be
extended to higher-order amplifiers.

1. Single-Stage Amplifier: Consider the single-stage am-
plifier shown in Fig. 5. A transconductance amplifier g,
drives the input capacitance of the latch Cp,., and the
parasitic capacitance C,;. If the output voltage Vpass i
nulled before the amplify cycle, the output voltage is given
by

V - I/ing,mlt
ass
pess Cpl + CLatch

u(1) (9)

and the time delay ¢, to reach a desired pass voltage is

ass CatC atcl
td— p pl Lth’ (10)

Uin Emi

The offset-cancellation time constant is given by

— Cpl + Coc
8m2

(11)

where C,_ is the offset-cancellation hold capacitance and
g, is the offset-cancellation amplifier transconductance.
The total comparator response time ¢, is then

t,= Vpass Cpl + CLatch + M Cpl + Coc (12)
I/in &m1 82

where M is the number of time constants used to perform
the offset cancellation. Due to the power and area con-
straints, g,;+ g., =G, The partial derivative of ¢, with
respect to g,; can be taken and set equal to zero to
determine the minimum comparator response time:

3, Vi Cut Cro Ci+C,e
=L B M2 =0, (13)

98 m Vin 8o (G = &m1)

Solving (13) for g,,, gives

Vass
G 226+ Crae)

Vass
M(Cp1+céc) +\/ ; (Cpl

Em1 =
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The optimum comparator response time can now be de-
termined for a given power and area constraint.

2. Single-Stage Amplifier Plus Source Follower: By add-
ing a source follower, the latch capacitance is buffered
from the high-gain amplifier at the expense of adding some
group delay. Also, the source follower has the added
benefit of buffering the high-gain amplifier from the
kickback charge of the dynamic latch.

The step response for the single-stage amplifier plus
source follower is approximated by

I/mm Cac
Vo o~ gl(t* Lth)u(t)

pass
Ca

(15)

m3

where g,,; is the source-follower transconductance. The
time delay is thus

= Vpass g)i + CLatch (16)
! I/1 8m1 &m3

and the comparator response time is given by

V. __C_p_l_ + CLatch +M Cpl + Coc .

pass
&m3 &m2

(17)

t, =
I/i Em1

Since the total transconductance G,, must be held con-
stant, then g, =G, — 8,1 — &> Therefore, (17) becomes

|4 Cpl CLatch
Gm —8m 8m2

C,+C,,
+M . (18)
Em2

By taking separate partial derivatives of (18) with respect
to g,, and g,, and setting them equal to zero, the
following relationship results:

o= By | 2 19
i " I/m M(Cpl+CoC) .

In order to determine the relationship between g, and
2 . substitute g, =G, — g,.,— £,.. into (17). Then take
separate partial derivatives of ¢, with respect to g, and
g,.» and set them both equal to zero. Solving this result

gives
g =g CLatch
m3 m2 M(Cp1+Coc) .

By taking (19), (20), and remembering that g, + g,., +
g3 = G,,. the three individual transconductances can be

(20)
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determined in terms of G,,. Thus
G Vpass Cpl
" I/m M(Cpl+Coc)
&m =
1+ Vpass Cpl + CLatch
I/m M(Cp1+coc) M(Cp1+Coc)

(21)

Gm
g”l_ =
? 1+ Vpass Cpl + CLatch
Vm M(Cpl+Coc) M(Cp1+Coc)

(22)

CLatch

G - -
" M(Cpl + Coc)

Em3 =
’ 1+ Vpass Cpl 4 CLatch
Vm M(Cp1+Coc) M(Cp1+Coc)
(23)

Once the optimum transconductances are known, they
can be substituted back into (17) to determine the opti-
mum comparator response time for the single-stage plus
source-follower configuration.

3. Two-Stage Amplifier Plus Source Follower: Taking
this a step further, consider two single-pole amplifier stages
cascaded together and buffered by a source follower. The
transconductance for the two gain stages must be divided
by two in order to keep the total transconductance con-
stant. If the parasitic capacitance C; is dominated by gate
capacitance, it must also be divided by two. The resulting
pass voltage can be approximated by

Vin 8m1 g CLatch 2

V. .x—|— ]| |t—— t). 24

pass 2 ( Cpl ) 3 ll( ) ( )

The time delay is
2V C C
pass pl Latch
=) =2 | 2y 2 25
¢ I/in 8m1 ) 8m3 ( )

The comparator response time is given by

I/m Em

Latch <

iy C],1 +C,
8m3 m2

(26)

Note that (26) is the same as (17) with V. /V,, re-

placed by 2V, ./ V., . Therefore, the optimum transcon-
ductances can be determined by making the above sub-
stitution into (21)—(23). Then, these transconductances can
be substituted into (26) to determine the optimum com-
parator response time for the two-stage plus source-fol-
lower configuration.
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Fig, 6. Optimized comparator response time for three high-gain ampl-
fier configurations for C, =200 {F, Cy,q =300 {F, C, =200 fF,
Va=10mV, and G, =1 mS.

4. Amplifier Optimization Results: Fig. 6 shows the opti-
mized time delay 7, versus pass voltage V,, for the three
amplifier configurations considered above. It is interesting
to note that the fastest amplifier configuration depends on
the desired pass voltage. For pass voltages between 0 and
45 mV, the single-stage amplifier is fastest; for pass voit-
ages between 45 and 80 mV, the single-stage amplifier
source follower is fastest; for pass voltages greater than 80
mV, the two-stage amplifier is fastest; etc. If a large pass
voltage were desired or if the input voltage were smaller (it
is 10 mV in this example) higher order amplifiers become
optimum. For an 8-bit ADC with a dynamic range of
2.5V, 10 mV corresponds to 1 LSB and, as will be shown
in the next subsection, 50 mV is the optimum pass voltage.
Therefore, the one-stage amplifier plus source follower is
the optimum amplifier configuration.

E. Dynamic Latch Optimization

It was previously mentioned that the dynamic latch has
a large offset voltage. Unlike the offset of the high-gain
amplifier, it is difficult to cancel the dynamic latch offset.
Therefore, it is important to understand the origin of this
offset so that its effects can be minimized.

Consider the dynamic latch shown in Fig. 1. Assume
that the initial voltage V,,,, has been applied by closing
and then opening S,. The switches S5 are initially opened
and switch S, is thrown to the right. Since no current can
flow through them, transistors M, and M, are initially
off. Either or both transistors M;; and M, are on and the
small-signal voltage across their gates is given by
V ut = (V - V

) etgmLatch/cLalch
Iel pass os

(27)

where the offset voltage ¥, is assumed to oppose the pass

voltage V.. The dynamic latch response time #p,., is
given by
CL I/out
tL h™ In (28)
e gmLatch Vpass - Vos

Using the square law approximation for an MOS transistor
I,=K(V,,—V)* where K=(uCy/2)W/L) the offset
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voltage is given by

Em Latch

— AV, +

Vo= AV, + + e

(29)

M atch

By taking the partial derivative of f; ,, with respect to
8m,.., and setting it equal to zero, the optimum response
time for a dynamic latch with a worst-case opposing offset
voltage can be determined:

d tLatch _ CLatch 1 d Vos
gmLalch gmLatch VPaSS - V"S agmLatch
CLatch Vout )
- =0. (30)
2
gmLatch VpaSS - Vos
Since from (29)
v,, AK "
gmLalch B 4K2 ( )
and since
AK AL 3
A (32)
(30) becomes
atLa.tch =0= AL .
g M Latch AKL| V. ass AVt _ OMLatch
v 4KL
1 Vout
- In . (33)
gmLmh 174 _ AV _ gmLatch _
pass t

4KL

Equation (33) can be solved iteratively for the optimum
€., Which can be substituted into (28) to obtain .the
optimum £, ... Since the dynamic latch-response time
{1 must fit into the offset-cancellation time ¢, the
optimum pass voltage V, can be found by plotting the
optimum 7, and 7, with respect to V. and noting
where they intersect. This is done in Fig. 7 for V=1 V.
An optimum pass voltage of 50 mV has been chosen in our

design.
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After a few nanoseconds, the switches Ss are closed
(Fig. 1) and the differential output of the dynamic latch
quickly approaches logic levels. Then, the storage latch is
enabled to hold the result.

III. CircuUIiT DESCRIPTION

For an 8-bit flash ADC it has been shown that the
optimum topology consists of a single-stage amplifier plus
source follower, an offset-cancellation amplifier, a dy-
namic latch, and a storage latch as shown in Fig. 2. A
detailed discussion of the circuit implementation of these
blocks in now given.

Fig. 8 shows the high-gain amplifier plus source follower
and the offset-cancellation amplifier. The differential pair
consisting of transistors M; and M, constitutes the high-
gain amplifier. Transistors M; and M, make up the
offset-cancellation amplifier. Since the drains of M, and
M, connect to the drains of M; and M, both the high-gain
amplifier and the offset-cancellation amplifier are cascoded
by transistors M, and M,. This increases the output
resistance of the amplifiers, thus increasing the voltage
gain. It also reduces the Miller effect, thus improving the
comparator response time. Transistors M, and M, are the
source followers.

To insure that transistors M, through M; in the high
gain and offset-cancellation amplifiers are all operating in
the saturation region, a simple common-mode feedback
circuit is employed. The high impedance nodes of each
differential amplifier are tied to the gates of source fol-
lowers. The output current of these two source followers is
summed into a diode-connected transistor producing a
voltage CMFB. This voltage is tied to the gate of the
current source transistor for the differential pair. The sum
of the currents from these source followers remains con-
stant with a small signal differential voltage at the high
impedance nodes. If a common mode voltage appears at
the high impedance nodes, the sum of the source follower
currents causes a change in voltage CMFB to return the
common mode voltage near 0. This common mode feed-
back circuit has only one pole and therefore is unity gain
stable without compensation. A more complete explana-
tion of this circuit is discussed in [6].

The dynamic and storage latches are shown in Fig. 9.
Transistors M, through M,, are the dynamic latch and
transistors M., through AM;, make up the storage latch.
The dynamic latch is first turned on slowly by throwing
switch S, to the right. The current source [ is chosen to
establish the optimum g, . After a few nanoseconds, the
S5 switches are closed to quickly bring the dynamic latch
output near logic levels.

A tri-state inverter separates the two latches. It is en-
abled one-half of a cycle after the dynamic latch is en-
abled. Then, switches designated by S, are closed and the
storage latch holds the result until the encode logic is
enabled.
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Fig. 9. Schematic of dynamic and storage latches.

Fig. 10. Comparator die photo.

IV. EXPERIMENTAL RESULTS

In order to verify the comparator architecture, a 3-um
CMOS comparator has been fabricated by MOSIS (see die
photo in Fig. 10). Fig. 11 shows the comparator response
(bottom trace) to a 900-mV peak-to-peak 1.44-MHz sine
wave sampled at 23 MHz. Due to the time delay of the
comparator, the storage latch, and the pad drivers, the
comparator output lags the input sine wave. The results
agree quite well with SPICE simulations that predict the
3-um comparator will function up to 25 MHz.
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Fig. 11. Comparator response to a 1.44-MIHz sine wave while being
clocked at 23 MHz.

Fig. 12. Comparator noise and hysteresis while being clocked at
23 MHz.

Fig. 12 shows the comparator noise and hysteresis by
applying a triangle wave to both the comparator input and
the X axis of the oscilloscope. The 10-mV noise window is
due mostly to clock feedthrough in a track and hold that
precedes the comparator. Two complementary strobes are
needed to control the track and hold. Since one is buffered
on chip and the other is not, truly complementary strobes
are not being applied internally.

A 2-pm CMOS flash ADC using the comparator archi-
tecture discussed here is being fabricated. The clock
feedthrough in the track and hold is reduced by the use of
on-chip clock generation. The 2-um comparator used in
the flash ADC has the dimensions 130 pm by 500 pm.

V. CONCLUSIONS

A CMOS comparator design and optimization proce-
dure has been developed for use in an ADC. A dynamic
latch preceded by an offset-cancelled amplifier has been
used to build a fast and precise comparator. The use of
pipelining within the comparator enabled the offset-cancel-

lation and latch functions to be accomplished simulta- .

neously. In addition, an optimal distribution of power and
area within the amplifier was developed so that the com-
parator response time was minimized.

Using a 3-um CMOS process, a single comparator has
been built and tested. It operated at a minimum response
time of 43.5 ns with a noise and hysteresis window of
10 mV that is limited by clock feedthrough in the input
track and hold.
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