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Low-power latch comparator with accurate hysteresis control

Lëıla Khanfir1 , Jaouhar Moüıne2

Recent research has focused on finding ways to control hysteresis of dynamic comparators. The current proposed
techniques are based on either geometrical dimension adjustment or digital control. The first case does not allow for post
fabrication control, while the second has limited accuracy. This paper presents a new dynamic comparator design with
external hysteresis adjustment using an analog voltage. This is achieved by proposing an architecture including control
devices with a specific sizing. This is performed with no significant increase of the design complexity, keeping the power
consumption as low as possible. The design is analyzed, showing that the proposed solution allows accurate hysteresis
adjustment without affecting the inherent circuit properties. The dynamic comparator is also implemented using a 180 nm
commercially available CMOS technology. The results show that a variation of 550 mV of the control voltage allows an
accurate hysteresis adjustment ranging from 0 to 40 mV, according to the input conditions. Moreover, the simplicity of the
circuit in conjunction with the use of dynamic technology have allowed the best performances to be achieved compared to

the current state of the art, in terms of energy with an FoM equal to 116 fJ/decision and silicon area of 180µm2 .
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1 Introduction

Today, the ever-increasing demand for full perfor-
mances, including operation speed, power consumption,
silicon area and accuracy, is making the circuit design
in modern electronic systems tedious and challenging. If
speed, power and area can be optimized by using dynamic
circuits, accuracy can be more easily ensured using static
ones. Good accuracy can also be achieved using dynamic
circuits, but this generally requires complex calibrating
schemes [1-4].

Dynamic operation is mainly based on the charge and
discharge of internal capacitors [5]. As a result, speed
optimization can be achieved by simply minimizing the
devices’ dimensions which also optimizes the power con-
sumption and the silicon area. However, the circuit analy-
sis must consider parasitics which increases the complex-
ity of analytical developments [6]. The latter are crucial to
achieve optimal performance, especially in dynamic cir-
cuits. Therefore, thorough analyzes have been undertaken
on the dynamic comparator in order to meet the stringent
requirements of full circuit performances [69].

Recent works allowed defining hysteresis in dynamic
comparators [6]. This circuit property is a prime char-
acteristic of Schmitt triggers (STs) and is usually set
to appropriate values to achieve a desired function. STs
are largely used in threshold-based applications such as
biomedical equipment [10], electromagnetic energy trans-
ducers for energy harvesting [11], audio amplifiers [12],
square and triangular wave generators [13] and Li-ion bat-
tery characterization [14].

Current techniques for hysteresis control in static and
dynamic comparators use Complementary Metal Oxide
Semiconductor (CMOS) [10, 15-17], Floating-Gate MOS
(FGMOS) [18], and Bipolar CMOS [19] silicon technolo-
gies. All these have achieved comparable hysteresis con-
trol ranges. However, the best energy efficiency was ob-
tained when using dynamic CMOS circuits [16, 17]. Al-
though good accuracy was achieved in [16], the presented
technique is geometry-dependent, and no external adjust-
ment could be made. The work in [17] presents another
solution that relies on the use of an advanced compara-
tor structure and additional circuitry for clock delay con-
trol, which considerably increases the design complexity.
Moreover, it is based on digital control which limits the
adjustment accuracy.

This work presents a new dynamic comparator with
accurate hysteresis adjustment. It achieves a very good
accuracy, while controlling hysteresis with an external
analog voltage. The hysteresis is analyzed and determined
showing that the proposed design allows for accurate con-
trol without trading any circuit performance. On the
other hand, the resulting circuit remains simple, effec-
tive, accurate and presents high performances compared
to current works [15-20].

After introducing the hysteresis in dynamic compara-
tors, we present the new design of the dynamic compara-
tor with accurate hysteresis control. The theoretical anal-
ysis of its related hysteresis is also exposed. The assump-
tions are then confirmed by a computer-based analysis.
Finally, we describe the proposed circuit implementation,
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simulation, and characterization, as well as the compari-
son of its performances to the state-of-the-art results.

2 Hysteresis in latch comparators

Latch comparator, also known as dynamic compara-
tor, is a key building bloc in many electronic systems
such as Analog to Digital Converters (ADC) [21], Static
Random Access Memory (SRAM) bit line detectors [7],
battery-based sensing systems [4], and high-performance
electronic devices in general. Figure 1 presents the strong-
arm sense amplifier, which is one of the most used latch
comparator structures in high performance microelec-
tronic design. This circuit is formed by a latch M3−6 ,
which is controlled by an input pair transistor M1,2 and
biased by a tail transistor M0 . Four PMOS transistors
S1−4 operate as switches to discharge the latch internal
capacitors during the reset phase prior to each decision
process. Thus, the latch comparator operates over two
phases reset and decision.

The reset phase begins when the clock clk goes low.
The tail transistor M0 turns off and the four switches
S1−4 turn on, making the latch nodes X1,2 and O1,2

charge to VDD . The decision phase begins at t = t0
when clk goes high. Transistor M0 turns on and biases

the input pair transistors M1,2 . Since the input voltage

is differential, these devices feed the latch stage with a

differential current, which begins discharging nodes X1,2

to zero at different speeds. The latch is then triggered and

operates as a strong positive feedback loop to amplify the

differential voltage and regenerate outputs to logic levels

with an exponential charging speed.

Each decision process is then followed by a reset phase

to initialize the outputs to VDD , making the compara-
tor outputs toggling back and forth between decision and

reset values. To retrieve static outputs, the latch com-

parator is usually connected to a set-reset (SR) latch.

Together, these form a comparator chain, as shown in
Fig. 2. The corresponding input-output characteristic is

then obtained by applying a triangular voltage signal to

the positive input VI1 and a constant voltage signal VCM

(common mode voltage) to the negative VI2 . In the gen-
eral case, the input-output characteristic exhibits a win-

dow delimited by two trip points, VTR+ and VTR− . This

window can be very small according to the circuit in-

ternal configuration and is called hysteresis. The hystere-
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sis voltage VHY is then equal to the difference between
trip points VTR+ and VTR− .

The reset and decision phases, including the regenera-
tion process, were discussed in depth in [6]. Also, a thor-
ough analysis of the circuit operating in both reset and
decision phases, led to define hysteresis in terms of inter-
nal capacitors and initial voltage levels. For simplicity, in
all the following developments, it will be assumed that
the sampled input remains constant during the decision
process and the circuit is perfectly symmetrical. Also, the
total capacitors seen at nodes X1−2 will be assumed equal
and denoted by CX . Likewise, capacitors seen at nodes
O1−2 will be assumed equal and referenced by CO . The
initial voltages at nodes X1−2 and O1−2 will be denoted
by V0X1,2 and V0O1,2, respectively. The hysteresis voltage
VHY is then a function of the initial voltage differences
∆V0X = V0X1 − V0X2 and ∆V0O = V0O1 −V0O2 and may
be written as [6]

VHY = f
(

CX, τ)∆V0X + g
(

CO)∆V 0∨, (1)

where τ is the time constant of X1,2 discharging, while f

and g are two positive and nonlinear functions of τ, CX

and CO . The time constant τ is a function of the total
capacitor CX seen at node X1,2 , as well as the gate-drain
capacitor CIX and the on resistance ro1,2 of the input
pair transistors. It is defined as

τ = ro1,2
(

C1X + CX

)

. (2)

To achieve effective hysteresis control, one of the ini-
tial voltage differences ∆V0X and ∆V0O should be kept
constant while adjusting the other one. In [17], ∆V0X

was maintained at near 0 V values while adjusting ∆V0O .
This required the use of an advanced comparator struc-
ture, called the two-stage dual-clock latch comparator,
which should be controlled by a specific clock delay cir-
cuit, leading to a significant increase in the design com-
plexity. Moreover, the presented technique consisted of

a digital hysteresis adjustment from 200µV to 17 mV,
with an average control step greater than 2 mV.

Alternatively, ∆V0O can be maintained at near 0 V
values while adjusting ∆V0X , as achieved in [16]. This
technique allowed adjustment of hysteresis with good ac-
curacy. However, it was achieved by adjusting device di-
mensions, and no external control was possible, prevent-
ing any accurate compensation of fabrication mismatches.

In general-purpose use, where hysteresis is not of any
importance for the application, the reset time is set long
enough to charge all the latch nodes X1,2 and O1,2 to
VDD . This makes ∆V0X and ∆V0O very small, leading to
almost cancelling hysteresis. On the other hand, reduc-
ing the reset time will not allow controlling hysteresis.
Indeed, since ∆V0X and ∆V0O have opposite signs [6],
they may compensate for each other in (1), resulting in
an insignificant hysteresis change.

3 Proposed latch comparator

with accurate hysteresis control

The proposed design of the latch comparator with ac-
curate hysteresis control, is shown in Fig. 3. It includes a
hysteresis control circuit consisting of four PMOS transis-
tors M7−10 and one external input, allowing to supply an
analog voltage VAd . When analyzing this circuit, ∆V0O is
also maintained constant at near 0 V values, while adjust-
ing ∆V0X . There is no specific device sizing except that
the channel width of transistors S1,2 should be slightly
enlarged with respect to that of transistors S3,4 to make
∆V0O reach 0 V before ∆V0X during the reset process.
In addition, the reset time should be set just long enough
to make ∆V0O reaching a few tens of millivolts. Thus,
∆V0X can be used to adjust VHY according to (1).

This circuit operates over the two phases, reset and de-
cision, similarly to the basic comparator, except for nodes
X1,2 . These nodes are not initialized to VDD as in basic
dynamic comparator. Indeed, at the end of the decision
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Fig. 4. Small signal equivalent model of the comparator half circuit operating: (a) – in phase A, (b) – in phase B

phase, both X1,2 are at 0 V. With gates tied to the

ground, transistors M9,10 are always conducting, making

nodes Z1,2 also 0 V. This puts all the source and drain

terminals of transistors M7−10 at 0 V, which means that

all the drain-source voltages are very small. Thus, at the
end of the decision process, the four transistors M7−10

enter triode operation.

When clk goes low, transistors S3,4 turn on and begin

charging nodes Z1,2 to VDD . Since transistors M7-10 op-

erate in the triode region, nodes X1,2 also charge through
transistors M7−10 until nodes Z1,2 reach VDD − |VTHP| .

At that point, when the adjustment voltage is set to 0

V, the source-gate voltages of the four PMOS devices

M7−10 reach the threshold voltage, making all four tran-
sistors enter week inversion then cutoff. The triode oper-

ation followed by the week inversion and the cutoff of the

control devices M7−10 slow down the charging process of

nodes X1,2 , with almost no effect on the charging speed

of nodes O1,2 .

To analyze the latch comparator, and determine a

mathematical expression for its hysteresis, the equiva-

lent small signal models will be used for the two half

circuits during decision operation. More specifically, the

equivalent circuit of the latch comparator should be

drawn twice: before and after transistors M3,4 turn on.
This allows considering operations during two consecu-

tive phases, A (before M3,4 turn on) and B (after M3,4

turn on).

When drawing the equivalent circuit using transistors’
models, a first simplification may be made by consider-

ing nodes Z1,2 as virtually connected to one node Z .

Indeed, the decision phase begins with the four source-

drain voltages vSD7,8 = vZ1,2 − vX2,1 and vSD9,10 =
vZ1,2−vX1,2 of transistors M7−10 equal to |VTHP| . Thus,
as the drain terminals (X1,2) discharge to 0 V at different
rates (vX1 6= vX2), these transistors rapidly enter satu-

ration. As a result, the small difference between vSD7,8

and vSD9,10 due to the fact that vX1 6= vX2 , may oc-

cur with almost the same values of vSG7,8 ≈ vSG9,10 =
vZ1,2− vG7−10 = vZ1,2 . This justifies the assumption that

nodes Z1,2 are virtually connected to one single node Z .

A second simplification may also be made by consid-
ering that the saturation operation of the four transistors

M7−10 is very brief and that they mainly operate in tri-
ode region during the two phases A and B. Indeed, as the

current decreases exponentially during any discharging
process, transistors M7−10 quickly enter triode operation

before transistors M3,4 turn on. Therefore, they are rep-
resented only by their respective on-resistances ro7−10 , in
both phases A and B when drawing the equivalent model

as shown in Fig. 4.

The index k in Fig. 4 can be replaced by either 1

or 2 to refer to either the left or the right half circuit,
respectively. Capacitor CIX is the gate-drain capacitor

of the input transistors. VIXk , VXak , VXBk and VObk

are the initial charging voltages retrieved from capacitors
CIX , CX , and CO , respectively, during phases A and B

according to specified indexes. They are represented in
Laplace domain with the Laplacian s as static voltage

sources, put in series with the corresponding discharged
capacitors.

Analysis of each equivalent circuit leads to determine

the output expressions in each phase as well as the dif-
ferential gain. These results allow extracting the expres-

sion of the hysteresis voltage VHY . It may be easily
demonstrated that solving for the outputs in each equiv-

alent model and following the same steps of the analysis
methodology given in [6], leads to the following hysteresis
expression

VHY =
2

Cint

(CIX + CXB

Cint

exp
−tc1

τ
∆V0X

+
COB

Cint

∆V0OB

)

, (3)
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where Cint is defined as

Cint = CIX

(CIX + CXB

CIX + CXA

exp
−tc1

τ
+ 1

)

. (4)

CXA and CXB are the total capacitors seen at nodes
X1,2 in phases A and B, respectively, COB is the total
capacitor seen at node O1,2 in phase B, and tc1 is the
time when transistors M3,4 turn on.

Expression (3) may be rewritten in the form of (1) as
follows

VHY = f
(

CXA, CXB, τp
)

∆V0X + g
(

COB

)

∆V0O, (5)

where f and g are the same functions as in (1) and τp
is a function of the on resistances ro1,2, ro7,8 and ro9,10
of transistors M1,2 , M7,8 and M9,10 , respectively, as

τp =
(

ro1,2‖ro7,8‖ro9,10
)(

CIX + CXA

)

. (6)

Assuming the triode operation, and having transistors
M7,8 controlled by VAd , the corresponding on resistances
ro7,8 can be written in term of VAd as

ro7,8 =
L7,8

K ′

PW7,8

(

VZ − VAd − |VTHP7,8|
) . (7)

Thus, increasing the adjustment voltage VAd increases
the on resistances ro7,8 , which increases the total resis-
tance seen at nodes X1,2 and further increases the charg-
ing time of nodes X1,2 . In this way, ∆V0X can be adjusted
using VAd only, without affecting ∆V0O .

The similarity between the theoretical hysteresis ex-
pressions (1) and (3) of the basic and the proposed con-
figurations shows that the proposed configuration allows
hysteresis control while preserving the inherent influence
of the circuit properties on hysteresis variation.

4 Computer-based analysis

of the new latch comparator

The mathematical analysis developed in previous sec-
tion has required some simplification based on several as-
sumptions. Computer-based analysis including functional
simulations of the circuit may be used to assist the the-
oretical analysis and to confirm the relevance of the as-
sumptions made. Such simulations may also help under-
standing the circuit operation as stated before. Therefore,
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Table 1. Transistor sizing in the basic and proposed comparators

Parameter W (µm ) L (µm )

M0 0.7 0.18

M1,2 4 0.28

M3,4&S3,4 1 0.18

M5,6&S1,2 1.2 0.18

M7−10 0.6 0.18

the new latch comparator with accurate hysteresis con-
trol proposed in Fig. 3 is simulated using a commercially
available 180 nm CMOS process with 1.8 V supply volt-
age. The clock period is set to 1.5 ns, with an off time
(reset time) equal to 350 ps. The input common mode
voltage VCM is set to 1.2 V. Figure 5 shows the resulting
transient evolution of nodes X1,2 and O1,2 for an adjust-
ment voltage VAd = 0 V. The initial voltage differences
∆V0X and ∆V0O are then equal to 18 mV and −41 mV,
respectively.

As stated before, the appropriate reset time corre-
sponds to the value where ∆V0O reaches a few tens of
millivolts. For a fixed clock period equal to 1.5 ns, ∆V0X

and ∆V0O are determined by simulations while varying
the reset time from 300 ps to 500 ps. The obtained re-
sults given in Fig. 6, show that the initial voltage differ-
ence ∆V0X reaches tens of millivolts when the reset time
ranges from 350 ps to 400 ps. Therefore, in the remaining
simulations the reset time will be set to an average value
of 375 ps.

To determine the sensitivity of ∆V0X and ∆V0O to
VAd variation, as stated in the interpretation of (5),
simulations are performed while varying VAd from 0 to
400 mV. The resulting values are reported in Fig. 7 show-
ing a noticeable variation of ∆V0X compared to ∆V0O ,

which corresponds to the desired operation. This should
allow effective control of hysteresis by adjusting VAd .

Finally, Fig. 8 shows the hysteresis variation in term of
VAd for the same simulation configuration. The curve fol-
lows a concave down decreasing exponential shape so that
a large variation of VAd from 0 V to 150 mV, for exam-
ple, creates a small variation of hysteresis from 11.13 mV
to 10.4 mV (range of 0.73 mV), respectively, leading to a
very accurate control over hysteresis values that may be
linearized to 4.9µV/mV. The worst accuracy is obtained
with the highest values of VAd , where a variation of VAd

from 400 mV to 450 mV, for example, creates an hystere-
sis change from 3.6 mV to 0.75 mV (range of 2.85 mV),
respectively, which may be linearized to 57µV/mV a
value that is still highly accurate.

5 Implementation and results discussion

Since we are dealing with performances that are tightly
dependent of the parasitics, it is appropriate to evaluate
the results with post-layout simulations. For that reason,
the proposed latch comparator with accurate hysteresis
control shown in Fig. 3 is implemented with a commer-
cially available 180 nm CMOS technology using standard-
threshold MOS devices. The basic dynamic comparator
given in Fig. 1 is also implemented using the same tech-
nology and will be used as a comparison basis to evaluate
the price to be paid against getting accurate control of
the comparator hysteresis instead of settling for the hys-
teresis which would appear on the circuit. Figure 9 shows
the physical implementation of both comparators, while
Tab. 1 gives the dimensions of the used devices. In each
circuit, the core comparator is followed by an SR latch
stage to retrieve static output waveforms, as mentioned
previously in Fig. 2.
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Table 2. Characteristics summary and comparison of comparators with adjustable hysteresis

Parameter 2009’ [10] 2009’ [18] 2016’ [19] 2016’ [16] 2018’ [17] 2020’ [20] This work

Process
CMOS FGMOS BiCMOS CMOS CMOS CMOS CMOS

0.18 µm 0.5 µm 9 HP 0.18 µm 0.35 µm 0.18 µm 0.18 µm

Technology Static Static Static Dynamic Static Dynamic Dynamic

Control Digital Digital Digital W/La W/La Digital Analog

Meas/Sim Measured Simulated Simulated Simulated Measured Simulated Simulated

Supply (V) 1.8–3.3 3–3.5 1 1.8 ±1.65 1.8 1.8

VHY range (mV) 51–171b 0–15 0–30 0–18b < 800 0.2—-34b 0–39b

Accuracy (mV) c 30 – 1.6 < 0.1 – 2.2 < 0.1

Frequency (Hz) 50 < 70 – 800 M 5 M 500 M 650 M

Energy (J/Conv) 204 n 170 n 18.22 p 116 f 562 p 1.15 p 140 f
aGeometry–based control, b VCM = 1.5 V, c Average value
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Fig. 10. Circuit level versus physical level simulation results of the
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The resulting layout shows that the proposed new de-
sign presents an 18% increase in the silicon surface area
occupied, going from 152.6µm2 for the basic comparator
to 180µm2 for the new comparator, which is very reason-
able and does not constitute a significant disadvantage.

The physical implementation of the two circuits is then
simulated under 1.8 V supply voltage using a 650 MHz
clock frequency, for which the reset time was set to 450 ps
and 375 ps for the basic and the proposed circuits, respec-
tively. A triangular voltage signal with a small slope and
a constant voltage VCM are applied to the positive and
the negative comparator inputs, respectively.

The two comparators are first simulated at room tem-
perature, under nominal conditions and for VCM = 1.2 V.
The basic comparator circuit exhibits an hysteresis volt-
age equal to 1.3 mV, while the proposed latch comparator
presents an hysteresis ranging from 14 mV to almost 0 V.
Figure 10 shows the schematic and post-layout simulation
results of the hysteresis voltage VHY evolution in term
of the adjustment voltage VAd . The hysteresis voltage is
increased by about 2 mV with respect to schematic sim-
ulations for all simulated VAd values. This slight increase
is mainly caused by the increased capacitor CX in (3),
which in this case includes all parasitics.

To push further the performance evaluation of the
two comparators, the physical implementations are simu-
lated while considering Voltage, Temperature and Process
(VTP) variations.
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parator with VAd = 500 mV

The two comparators are first simulated for VCM rang-
ing from 1 V to 1.5 V, at room temperature and nominal
conditions. For the basic comparator, the hysteresis was
found equal to 1.2 mV and almost independent of VCM

variation. For the proposed comparator, Fig. 11 shows the
hysteresis evolution in term of VAd . The proposed design
is then sensitive to VCM variation. This sensitivity may
be used to increase the range of hysteresis control.

Second, simulations are performed while varying the
temperature from 0 to 70 ◦C, for fixed VCM = 1.2 V, and
at nominal conditions. For the basic comparator, once
again, the hysteresis remains almost insensitive to tem-
perature variation. For the proposed one, Fig. 12 depicts
the hysteresis evolution. The highest sensitivity is ob-
tained for the highest hysteresis levels when VAd is equal
to 0 V. This sensitivity decreases with the hysteresis level
and is almost null when VAd is equal to 600 mV. Since,
hysteresis variation remains in the same order of magni-
tude of the nominal values, VAd and VCM can be used to

compensate for temperature variation and set hysteresis
back to any desired nominal value.

Finally, Fig. 13 presents the results of 100 iterations of
Monte Carlo post-layout simulation for the two compara-
tor circuits, using VCM = 1.2 V at room temperature.
The smallest standard deviation of the hysteresis volt-
age is obtained for the basic comparator and is equal to
0.4 mV. For the proposed comparator circuit, these runs
are performed twice, while setting VAd to both extreme
values, 0 and 500 mV. The hysteresis standard deviation
decreases from 2.5 mV to 1.25 mV when VAd increases
from 0 to 500 mV. Although the proposed design is sen-
sitive to process variation, the hysteresis extreme varia-
tions remain in the same order of magnitude as the nom-
inal values. Therefore, VAd and VCM can also be used to
compensate for process variations and set hysteresis back
to any desired nominal value.

Table 2 lists the achieved performances, compared to
current works. The proposed design achieves almost the
highest accuracy and energy efficiency while allowing ana-
log hysteresis adjustment. The achieved switching en-
ergy is equal to 140 fJ/Comp, which is almost as low as
in [16], while ensuring external hysteresis control from 0
to 40 mV with high accuracy.

6 Conclusion

This paper presented a new latch comparator with ac-
curate hysteresis control. The proposed circuit allowed
adjusting hysteresis from 0 V to 40 mV, while ensur-
ing an accuracy better than 5µV/mV. The proposed
low-power latch comparator showed high performances
compared to the current state-of-the-art achievements in
terms of accuracy, power consumption, and silicon area.
Moreover, the accurate external hysteresis adjustment, in
conjunction with an adequate setting of the input com-
mon mode voltage, may compensate for the sensitivity
errors to achieve the desired hysteresis control.

Acknowledgements

This project was supported by the Deanship of Scien-
tific Research at Prince Sattam Bin Abdulaziz University
under the research project #2019/01/5236.

References

[1] J. Lu and J. Holleman, “A Low-Power High-Precision Compara-

tor with Time-Domain Bulk-Tuned Offset Cancellation”, IEEE

Transactions on Circuits and Systems I: Regular Papers, vol. 60,
no. 5, pp. 1158–1167, 2013, doi: 10.1109/TCSI.2013.2239175.
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