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ABSTRACT A low-power comparator is
presented. pMOS transistors are used at the
input of the preamplifier of the comparator
as well as the latch stage. Both stages are
controlled by a
special local clock generator. At the
evaluation phase, the latch is activated with
a delay to achieve enough preamplification
gain and avoid excess power consumption.
Meanwhile, small cross coupled transistors
increase the preamplifier gain and
decrease the input common mode of the
latch to strongly turn on the pMOS
transistors (at the latch input) and reduce
the delay. Unlike the conventional
comparator, the proposed structure let us
set the optimum delay for preamplification
and avoid excess power consumption. The
speed and the power benefits of the
comparator were verified using solid
derivations

analytical process—VDD

temperature corners, and Monte Carlo
simulations along with silicon
measurements in 0.18 upm. The tests
confirm that the proposed circuit reduces
the power consumption by 50% and
provides 30% better comparison speed at
the same offset and almost the same noise
budgets.  Moreover, the comparator
provides a rail-to-rail input Vcm range in

fclk = 500 MHz.

Index Terms: Dynamic comparator, high speed,

low-offset comparator, low power, two-stage

comparator

1.INTRODUCTION

Now a days, a low power high speed ADCS
are integral parts of a variety of applications
such as hand-held devices. Comparators are
the key building blocks of different types of
ADCs, such as SAR, pipeline, and flash
ADCs [1] - [4]. Several years ago, CMOS
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amplifiers were used as static comparators,

although they suffer from very high-power
consumption (since they are always on) and
inherent limited speed (since they have no
feedback) [1].
comparators improve the speed and reduce

positive Dynamic
the total power consumption of the static
comparators, since they employ positive
feedback and save static power consumption
[5]. One-stage dynamic comparators were
proposed which used a latch circuit cascaded
with a pre amplifier. The kickback noise
which is caused through the capacitive path
from the output to input nodes makes the
one-stage dynamic comparators inferior
choices compared to their two stage
counterparts [6]. In the two-stage dynamic
comparators, the problem of kickback noise
is improved by weakening the capacitive
path. In fact, in the two-stage dynamic
comparators, the capacitive path is
comprised of the series connection of gate—
drain (CGD) capacitors [6]. In the two-stage
dynamic comparators, the first stage
amplifies the input differential signal and is
called the preamplifier stage while the
second stage, the latch stage, amplifies its
input differential signal up to VDD at one
side and GND at the other side [1] —[7].

Examples of the two-stage dynamic

comparators can be widely found in the
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literature. In the comparator reported in [8],

the connection of the first stage to the
second stage improves the speed and area,
although a high-speed criterion causes offset
and significant power consumption. In
addition, the direct connection of the output
nodes of the first and second stages (which
endure a large voltage swing) deteriorates
the kick back noise [6]. Two-stage
comparators need both clock and its inverted
signal to perform a comparison, which ask
for a stricter timing design. To cover this
problem, the comparator of [9] is proposed
in which the activation of the latch is made
by the common-mode voltage of the output
nodes of the preamplifier, so it works with
only one clock signal. Besides, the pMOS
transistors are used at the input of the
comparator to use their bulk pins for offset
cancellation. Using this technique, the offset
voltage is reduced at the cost of speed
reduction. In that work, considering a low
offset voltage, small sizing can be used for
the input transistors of the preamplifier to
reduce the power; however, the power is still
high due to the additional components. In
[10], a comparator with nMOS input
transistors is reported to improve the speed;
however, it increases the  power
consumption by a factor of four, since the
preamplifier stage is always on to enhance

the speed [10]. The comparator presented in
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[11] uses combined preamplifier and latch

stages. The latch is activated with a delay to
reduce the power consumption, achieving an
acceptable offset voltage.
However, it suffers from larger kickback
noise and higher transistor count compared
to the conventional method. In [12], a two-
stage comparator is proposed which uses a
simple latch with a direct connection to the
output nodes of the preamplifier. This
comparator is also working with a delayed
clock to improve the offset voltage;
however, it degrades the speed. Moreover, it
suffers from kickback noise which is
originated from the direct connection of the
output nodes of the first and second stages.
Moreover, using large input
transistors for a low offset voltage result in
large parasitic capacitors at the output nodes
of the preamplifier stage. This capacitor
must be charged using the latch stage;
therefore, higher power consumption is
required. The methods reported in [21] —
[27] are some of the recent innovations on
the dynamic comparators. For example, in
[27], a low-power comparator with cross-
coupled circuit is proposed  which
exacerbates the offset voltage, area. Also,
the Kkickback noise increases since the
preamplifier suffers a fast rail-rail voltage

swing.
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In this paper, a special controller

(local clock generator) for the comparator
and pMOS latch with pMOS preamplifier
(latch and preamplifier with input pMOS
transistors) are presented to achieve low-
power and high-speed benefits. It is shown
that the proposed comparator reduces the
power consumption by half while increasing
the speed. Moreover, it operates at large
input common-mode voltages close to VDD,
although pMOS transistors are used at the
input of the comparator. As another benefit,
the preamplification delay can be set to its
optimum value to have a better comparison
speed and reduce  excess  power
consumption. However, in the conventional
and other comparators, this delay is fixed to
a value which is far from its optimum point.
As a result, the proposed comparator is a
good candidate for precise low power high-

speed applications.
2.CONVENTIONAL SYSTEM

Below figure presents the two-stage
version of the conventional dynamic
comparator [5], [13]. This comparator is
comprised of a preamplifier and a latch. At
the first phase which is called reset phase,
clk is set to “1” and clk is set to “0” to reset
“the first and second stages of the
comparator to GND and VDD, respectively
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(avoiding hysteresis). Then, clk changes to

“0” and clk changes to “1” to begin the
evaluation phase. In this phase, the
parasitic capacitors of the output nodes of
the preamplifier begin to being charged
differentially based on the input differential
signal (Vin+ - Vin-). When the common
voltage at the output of the preamplifier
becomes higher than the threshold voltage of
an nMOS transistor (M10,11 in Fig. 1), the
latch is turned on and amplifies its input
differential voltage until it provides a rail-to-
rail differential signal. In fact, the latch
employs a positive feedback circuit to
provide a fast amplification. Simultaneously,
the output voltages of the preamplifier are
charged to VDD.

Conventionally, for high-precision
applications the size of the input transistors
(M3,4) is chosen large enough to achieve a
high preamplifier gain and a better transistor
matching. In this case, the effect of the latch
on the input referred offset voltage is
negligible. As discussed earlier, during the
evaluation phase the output voltages of the
preamplifier are charged to VDD gradually.
As a result, considering the large sizing of
M3 and M4 which causes large parasitic
capacitors(a) Conventional two-stage
dynamic comparator. (b) Its typical output

waveform and clock signal.at O1+ and O1-
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nodes, a low-offset comparator demands

ahigh power consumption. In addition, the
speed is limited to the speed of the latch. In
addition, a longer time is required to charge
the output voltages of the preamplifier stage
to a level higher than an nMOS threshold
voltage. In fact, during the evaluation phase
the latch stage is not activated until the
output voltages of the first stage are large
enough to turn on the input nMOS
transistors of the latch. Unfortunately, this
delay is uncontrollable and varies with the
input Vem of the comparator. Moreover,
when the latch starts working the speed
is low, since the overdrive voltage of
M10,11 is almost zero and takes time to

increase.
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LITERATURE SURVEY
Design techniques for high-speed, high-

resolution comparators

Precision techniques for the design
of comparators used in high-performance
analog-to-digital ~ converters  employing
parallel conversion stages are described.
Following a review of conventional offset
cancellation techniques, circuit designs
achieving 12-b resolution in both BiCMOS
and CMOS 5-V technologies are presented.
The BICMOS comparator consists of a

preamplifier followed by two regenerative
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stages and achieves an offset of 200 mu V at

a 10-MHz clock rate while dissipating 1.7
mW. In the CMOS comparator offset
cancellation is used in both a single-stage
preamplifier and a subsequent latch to
achieve an offset of less than 300 mu V at
comparison rates as high as 10 MHz, with a

power dissipation of 1.8 mW.
3.PROPOSED SYSTEM

The proposed comparator is shown in Below

Fig. In contrast to the conventional
comparator, a pMOS latch (a latch with
input pMOS transistors) is used in the latch
which is activated with a predetermined
delay during the evaluation phase [tamp, as
shown in Fig. (b)]. This delay is supposed to
be the optimum delay. At the reset phase,
the clk, clkbl, and clkb2 hold a logic “1” to
discharge the output voltages of both
preamplifier and latch to GND. At the
evaluation phase, first the clk and clkblare
toggled to logic “0” to start preamplification
(charging the parasitic capacitors of O1+
and O1- nodes differentially).
During this phase, the cross-coupled circuit
increases the differential voltage (Vidl =
[VO1+-VO1-]) slowly (since M4,5are mostly
in subthreshold region) and reduces the
common mode voltage (Veml = 0.5 x

[VO1+ + VO1-]) to provide a strong drive
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for the input pMOS latch stage. Increasing

Vidl (means larger preamplifier gain) further
eliminates the effect of the latch on the input
referred offset voltage. Also, larger Vidl
results in a smaller latch delay. Meanwhile,
Veml is kept reducing by M3-5. The control
signals are implemented using a local clock
generator as shown in Fig. 2(b), which
consumes a small amount of power. The
black inverter is designed carefully to adjust
the delay. Instructively, the proposed
comparator is robust against overlapped
control signals, since overlapped signals
only slightly affect the power consumption

and have no effect on the precision.
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Fig.. (&) Proposed two-stage dynamic. (b) Its

typical output waveform and clock signal.

In the proposed circuit, the delay of
the evaluation-phase is long enough to
achieve the minimum required
preamplification gain for a given speed and
latch offset elimination. Thanks to the cross-
coupled circuit (M3-5), during the first step
of the evaluation phase, the differential

voltage at O1+ andOl-nodes increases;
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however, the common-mode voltage of

those nodes is kept low. Therefore, for a
sufficient evaluation phase delay, tamp,
Veml (= 0.5 x [VO1+ + VO1-]) is pulled
down to activate the pMOS latch strongly.
Also, the larger Vidl boosts the latching
process (speed). Consequently, the delay of
the comparator will be small and almost flat
over a wide range of the input Vcm.
Transition of clkbl to logic “1” limits the
power consumption of the preamplifier
which is the main part of the total power
consumption. In the meanwhile, the cross-
coupled circuit continues preamplification at

no cost of power consumption.

As another benefit, the delay time
from beginning of the evaluation phase to
beginning of the latching process is simply
controllable and can be tuned at its optimum
value. However, in the conventional
comparator, delay is inevitably fixed to the
required time to charge the output parasitic
capacitors of the preamplifier to the level of
an nMOS voltage threshold. The proposed
structure can also be implemented using
nMOS  transistors, i.e., latch and
preamplifier with input nMOS transistors.
This will result in a higher speed because of
the inherent superiority of nMOS transistors
over pMOS ones. The size of M4,5 is chosen

large enough to keep the output common-
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mode voltage of the preamplifier small

enough and
increase the preamplifier differential gain. In
this paragraph, the core concept of the
proposed comparator is briefly described. In
the conventional comparator, if the
preamplifier and the latch work in different
time slots, the power consumption is
improved. To do this efficiently, one way is
to change the structure of the conventional
comparator from “pMOS preamp| nMOS
latch” to “pMOS preamp|[pMOS latch” (or
“nMOS preamp|| nMOS latch” for a better
speed). In fact, the type of both the input
transistors of the preamplifier and latch must
be the same in contrast  to
general  structure of the dynamic
comparators [1]-[22]. The proposed pMOS—
pMOS (nMOS-nMOS) structure requires a
special clocking pattern to work correctly
and efficiently. We
develop a low-power small-area delay-line-
based controller which in addition to
controlling the comparator, it makes the
comparator robust against process—\VDD-
temperature (PVT)
variations since the delay of the controller
and the delay of the comparator components
varies in the same direction in different PVT
corners. The preamplification delay can
beset to achieve the optimum delay and this

delay is almost optimum in all PVT corners.



1989
In the achieved structure, Fig.1 without the

cross-coupled circuit, the optimum delay
could

not be realized since a larger
preamplification time reduces the VGS
voltage of the following input pMOS
transistors of the latch (worsening the speed
and power). Therefore, a circuit which
reduces the input common-mode voltage of
the pMOS latch is needed while (at least) it
keeps the differential gain untouched. The
cross-coupled circuit can do this. The size
of the transistors is much smaller than the
size of the input transistors of the
preamplifier (about 7-10 times). Therefore,
the power, area, and offset contribution of
the cross-coupled
circuit is negligible. The cross-coupled
circuit increases the differential voltage
mainly when the preamplifier is turned off
and enhances the speed; however, its main
purpose is to reduce the input common-

mode voltage of the latch.
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Fig. (a) Equivalent circuit of the cross-
coupled part.
(b) Simplified circuit diagram of the
preamplifier.

B.OffsetVoltage

The offset voltage is dependent on Vcm,
since the working region of the transistors
changes and the nonideal effects such as
channel length modulation alters the effect
of mismatch of
each component on the differential gain. The
offset voltage of the comparator is
calculated analytically for Vcm less than
VDD/2, where M6,7,8 work in the saturation
region and the
channel length modulation of M6,7 is
negligible. In order topropose a closed-form
equation, weneglect the effect of thelatch on

the offset voltage (which is satisfied in a
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good design).

As discussed earlier, in a good design the
sizing of the input transistors (M6,7) for
high-resolution applications are chosen large
enough to eliminate the effect of the latch
stage on the
input referred offset voltage. Technically,
the input referred dynamic offset is the input
(Vin+-Vin-)  that
establishes equal voltage at the O1+ and O1-

differential  voltage

nodes at the end of the preamplification
phase (tamp). The current of M6,7 [Fig.
3(b)] and the
between them are calculated as follows by

difference

taking into account Based on the definition
of the offset voltage, if an input differential
voltage as large as Vos is applied to the
comparator,

VO1+ will be equal to VO1- after the
amplification time (tamp).Therefore, by
solving the equation VO1+ = VO1- and
substituting (11), the offset voltage is
calculated in (13), shown at the bottom of
this page.Fig. presents the simulation results
of the offset
voltage for the proposed comparator. In Fig.
5, the offsetvoltage versus Vcmis shown
considering 1 k-points SpectreMonte Carlo
simulations (using 0.18-um technology)
and100 k-points MATLAB Monte Carlo

simulations using (13).
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IV.NOISE

In two-stage dynamic comparators, the
offset voltage andsimilarly the input referred
noise 1S mainly dominated bythe
preamplifier stage. Using the proposed
technique, bothinput nMOS and input
pMOS preamplifiers can be used;their

structures are similar to the conventional

counterparts

PARAMETERS OF THE CONTROLLER IN DIFFERENT CORNERS

VDD = 1,6V
Condition T=0C =210 T=70C
ss | tt | ff | Ss | tt | ff | ss [t ff
Delay (ps) 230 | 475 [ 133 ) 246 | 185 | 140 [ 270 | 200 152
Power (uW) IS 19160201617 2
VDD = 1.8V
Condition T=0C T=27°C T=70C
ss |t [ ff [ ss [t [ ff [ ss |t ff
Delay (ps) 186 | 146 [ 148 [ 198 | 185 [ 120 [ 179 | 170 13
Power (uW) 0002 |22 |83 2 XA 21}
VhD =2V
Condition T=0% T=27°¢ I'=70%
ss [t | ff | ss | tt | ff | s | ft f
Delay (ps) | 136 | 126 [ 102 [ ve6 [ o4 [ o8 [ [ w6 | 17
Power (u'V) 26129 |3 |30 (M |28 ][3 ki

[neglecting the cross-coupled circuit
Fig. 3(a)]. As a result, weexpect an almost
equal input referred noise. In the
proposedcomparator, the  cross-coupled
circuit increases both the noiseand the
preamplification gain. On the other hand, the
crosscoupled circuit keeps the output
voltages of the preamplifierstage low so it
keeps the preamplifier input transistors in
the saturation region. This is in contrast to

the conventionalcomparator where the input
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transistors go to the triode regionduring

preamplification exacerbating the input
noise (gain
l=Vnoise-in 7). Assuming all above, the
first effect increasesthe input noise while the
second one reduces the input
noise.Therefore, totally, it is expected that
the input noise of the proposed comparator
will be almost the same as the
conventionalcomparator. In  Section VI,
multiple transient noise simulationsprove

this inspection.
Corner Simulations

In order to confirm the benefits of
the proposed comparator,the designed
comparator was tested under different
process(ss, tt, and ff), voltage (1.6, 1.8, and
2 V), and temperature(0°, 27°, and 70 °C)
corners (PVT corners). Table 111 presentsthe
results for 27 different corners (33 = 27). In
each cell ofTable I1Il, the top numbers
represent the results considering an
ideal controller (fixed 150-ps delay), while
the down numberis for the proposed
controller [Fig. 2(b)]. As can be seen,
theoffset voltage remains about 2 mV in
different corners, since
the proposed controller somehow self-adjust
the comparator.In fact, whenever the delay

is low (e.g.,, VDD = 2 V, ffin 0 °C) the
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delay-line-based controller is fast forcing the

comparator to work correctly. On the
contrary, if the delayis high (e.g., VDD =
1.6 V, ssin 70 °C) the delay-line-
basedcontroller is slow letting the

comparator work correctly.

PARAMETERS OF THE COMPARATOR IN DIFFERENT CORNERS
CONSIDERING THE IDEAL AND PROPOSED
CONTROLLERS (Ve = Vieg/2)

\DD = L6V
L. T=0C T=27°C T=T0°C
Condition ss | o0 | fF | ss | w | ff|Ss|n]|H
|48 | | S | 4 | o | s || s
Delay (ps) o3 | 4% | e | e | o | e | o |0 |
R B B R IR E
e 5 T BT T T T T R
REIAE D
Pover ssomeie W) | g [y foast [ st | 1 | e et L i e
N EEEAEIE AR AR E
el o 0 0 S T T T T
VDD = 1.8V
Condit T=0C T=27C T=70°C
Wi P Tw [ [s|a|f|[S[aln
e YRR EIE 3
TP s | w | | s | w| ws se lam]
T [0 [ 2 [ 1 [ 2 | UE | 16 [ 1w [ 2m ] 2
A T B T BT B B BT T
MR R E]
Puwer s W) | coo [ 302 | 20 | om0 | 200 | o [l | 2 | e
N EERE R R s
Nusea®) | 5 |5 |y n]x|s|mlals
\VDD=2V
. T=0°C T=21"C T=70°C
Condition s |t | fF[s |t | f|s|tt]|H
e R EIER AR S
L N A B R R B B B
T LN Y B A BB A B B
OVt V) | g fagg | 2gw | 20 | 240 ) 208 [0 2 | 2
W[ | 85 | 0| T | @ | |
Power & 5ol (aW) ¥ lmlw|mlm | ws | ow]m N
. NSRRI E
Vs |5 [x|n|[n|x|s[nln]=

As a result, the delay-line-based
controller serves the comparator asa self-
adjusting clock generator. The delay
naturally reducesor increases in different
corners. The power consumption forthe case

of the proposed controller (the down
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numbers) variesonly with VDD variations.

In fact, in different process andtemperature
corners the power consumption almost

remains constant.

(a) Symmetric layout of the proposed comparator.
(b) Differentlayers of the layout. (c) Die

micrograph

RESULTS
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CONCLUSION

In the proposed comparator, pMOS latch

and pMOS preamplifier in addition to a
small cross coupled circuit are usedwith a
special clocking pattern to adjust the
preamplifier gain.
The clocking pattern provides enough
preamplifier gain; since pMOS transistors
are used at the input of the latch, andthe
cross-coupled circuit is employed to keep

the common mode voltage of the
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preamplifier outputs at a low level.As a

result, the speed of the comparator is
increased and
is constantly high for a wide input Vcm
range  [Fig.  12(c)].Deactivating the
preamplifier after the optimum delay
reducesthe power consumption significantly.
Therefore, the proposed circuit is a low-
offset low-power high-speed comparator
whichworks at a wide input common-mode
voltage range. Analyticalmodeling, PVT
corner, and post layout simulations along
with silicon measurements prove the

benefits of the proposedcomparator.
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