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Abstract—This paper introduces a low-power time-domain
comparator with a modified current starved inverter circuit. The
proposed comparator converts the analog input voltage into a
time delay that creates a phase difference between the input signal
and the reference signal. Then a phase detector is utilized to
determine either the input signal is leading or lagging compared
to the reference signal. Moreover, the power optimization is
achieved by limiting the short circuit power (PSC ) that passes
through both charging and discharging phases. A prototype of
the proposed comparator is designed and simulated in 0.13 µm
CMOS technology where it draws 0.6 µA from a 1 V supply with
a sampling rate equals 10 MHz. Moreover, the simulation results
of the proposed comparator offer a FoM of 60 fJ/conversion
step. Finally, the proposed time-domain comparator circuit is
compatible with wide range of applications (i.e., internet of things
(IoT) sensors and integrated DC-DC converters).
Index Terms—low-power, time-domain, comparator design,
time-based comparator, voltage-to-time converter, controllable
delay cell, IoT applications.

I. I NTRODUCTION
In the last few years, there has been a rapid growth in
need of wireless sensor nodes for the internet of things (IoT)
applications. This growth has led to evolutional milestones
in IoT applications such as home automation, healthcare,
and environmental/manufacture monitoring. However, these
sensing nodes are not installed under normal conditions and
suffer from unpredictable dynamics. Therefore, they are required to achieve extremely low-power consumption. As they
are supplied by either a battery or an energy harvesting
module that requires low-power and high-efficiency power
management integrated circuits.
Typically, IoT sensors output analog signals similar to the
environmental surroundings while the data processing is done
digitally through digital signal processors (DSPs). Therefore,
analog-to-digital converters (ADCs) are essential blocks for
interfacing data from the analog domain, through sensors,
transducers, or receivers and DSPs. For low-power purposes:
the successive approximation register (SAR) ADC is preferred
[1]. Since its minimal use of analog circuit blocks. SAR-ADC
mainly consumes power in two blocks the comparator and the
digital-to-analog converter (DAC).
StrongArm comparator and double-tail latched comparator
are commonly used for SAR-ADC design due to their high
speed and power efficiency [2]. However, these comparator
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designs suffer from a large offset in order of tens of mV
and large kickback noise in order of hundreds of µV . This
requires additional circuits for offset and noise cancellation
which increase the implementation cost (i.e., power and area).
Recently, an alternative solution, time-domain comparator,
is introduced in [1], [2], [3], [4], [5], [6], [7] over the conventional voltage-domain comparator. The time-domain comparator encodes the input voltage difference into a time delay
using a voltage-to-time converter (VTC) followed by a singlebit time-to-digital converter (TDC) that digitizes the pulse time
delay. Moreover, the time-domain comparator is composed of
almost digital circuits getting benefit from CMOS technology
scaling. Since the improvement in the digital circuits surpasses
the improvement in the analog circuits for two reasons: 1) the
supply voltage scales down with the technology leading to
decreasing the voltage swing. However, the noise does not
scale with technology leading to smaller signal to noise ratio
that makes the analog system less immune to the noise and 2)
the threshold voltage does not scale with the same factor as the
supply voltage. Therefore, the cascoding technique becomes
harder and more difficult [8], [9].
The rest of the paper is organized as follows. The proposed
time-domain comparator is discussed in Section II, while
the simulation results are presented in Section III. Finally, a
conclusion is drawn in Section IV.
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Fig. 1: Proposed Time-Domain Comparator Block Diagram
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II. PROPOSED TIME-DOMAIN COMPARATOR
ARCHITECTURE
Fig. 1 portrays the proposed time-based comparator that
transforms the analog input signal into a delay pulse through a
low-power VTC (LP-VTC) circuit. This time delay difference
represents a phase difference between the two LP-VTC cores.
This phase difference is detected by a phase detector. The
analog conversion process of the input signal into a delay
pulse through LP-VTC is also referred to as either a Pulse
Position Modulator (PPM) or Pulse Width Modulator (PWM),
depending on whether the delay is applied to one or both edges
of the input clock signal. Using a conventional VTC circuit
that is based on an NMOS-based current starved inverter [10],
[9] suffers from short-circuit power (PSC ).
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phase (CLK logic-high), the output node is discharged through
NM0 with a current rate less than or equal the limiting
current in NM2, modeling NM1 as a low resistance. Finally,
the current mismatch in the biasing circuit is eliminated by
transistors matching. Matching is guaranteed by increasing the
transistor length (L) relative to the transistor width (W), as at a
fixed current (I), the normalized current mismatch is inversely
proportional to L [12].
For D-FlipFlop (D-FF) implementation: a positive edge
triggered FlipFlop is shown in Fig. 3. This D-FF is composed
of two stages where the first stage is an SR-latch with enable
signal (CLK). And the second stage is a static SR-latch. The
circuit mechanism of D-FF works as follows [13]: 1) CLK
is logic-low: the output of both NAND gates equals logichigh and 2) CLK is logic-high: the output follows the input
signal (D). Meanwhile, the shown topology is a positive edge
triggered D-FF. As it synchronizes the output state changes
during the clock pulse transition from logic-high to logic-low.
The comparator least significant bit (LSB) is mainly controlled
by the D-FF setup time (Tsu ). However, a sense amplifier
based D-FF has a lower setup time than the adopted D-FF but
it dissipates more power [14], [15], [16].

PM1

PM2

CLK

Vbias_P

PM0

Vin

Q

Fig. 3: A Positive-Edge Triggered D-FlipFlop Circuit
Schematic
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III. SIMULATION RESULTS
(b) Low-Power VTC Circuit Schematic

Fig. 2: Proposed Comparator Circuit Implementation
Fig. 2 shows the circuit implementation of the proposed
LP-VTC circuit as well as its biasing circuit. The modified
current starved circuit utilizes two input bias voltages to limit
the maximum current that passes through the charging phase
and the discharging phase [11]. During the charging phase
(CLK logic-low), the output node is charged through PM0 with
a current rate less than or equal the limiting current in PM2,
modeling PM1 as a low resistance. During the discharging

A prototype of the proposed time-domain comparator is implemented by hardware calibrated UMC 0.13 µm technology.
The proposed comparator occupies 0.0058 mm2 . Moreover,
all simulations are carried out using Cadence Virtuoso. Using
1 V supply and 100 nA biasing current, the prototype is
simulated and verified as follows:
A. Overdrive Recovery Test
Overdrive recovery test portrays an essential role in the
comparator design. Since this test indicates either the recovery
time is enough to discharge the previous state or an error will
occur in the comparator output [17]. Fig. 5 shows both the
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Fig. 4: Comparator Overdrive Recovery Test (Vin = 2 mV
and fs = 10 MHz)

Fig. 6: Output Spectrum for Sinusoidal Input of 1 MHz Input
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Fig. 7: Power Consumption versus Vinpp

Fig. 5: Offset Voltage Monte-Carlo Simulation

input and the corresponding output waveforms after applying
overdrive recovery test by 2 mV input difference. The difference is reduced to determine the comparator sensitivity.

In this design, the power consumption is calculated at half the
sampling rate for each design. And Vcm is set to be 725 mV.
At low input voltages, the power is dissipated only through
the biasing circuit while the core VTC circuit is off.

B. Input referred offset voltage calculation

E. Figure-of-Merit (FoM)

Fig. 6 shows the input referred offset voltage using MonteCarlo simulations. Offset voltage analysis is done by ramping
Vi+ signal from -25 mV till 25 mV while fixing Vi− by
the input common mode voltage (Vcm ) then measuring the
crossing time of the output signal from low to high over 500
samples.

To make a comparison with other comparators operating
with different design aspects, a figure-of-merit (FoM), defined
by equation 1, is used to compare the proposed work with
various comparator designs [21]:
F oM

C. Linearity Test
Fig. 7 shows Fast Fourier Transform (FFT) of the output
signal with an input signal frequency less than the sampling
frequency by 10X. The single tone test acts as an indicator
for the comparator linearity as it measures the signal-to-noise
ratio (SNR). The proposed comparator represents 1-bit ADC
where SNR equals -9.08 dBs.
D. Power Consumption
Fig. 8 shows the power consumption of the proposed comparator while varying the input peak-to-peak voltage (Vinpp ).

=

P
fs

(1)

Where P is the power consumption, and fs is the sampling frequency. Moreover, the voltage-domain comparators [19], [20]
are optimized on the gate level using the same technologyto
guarantee fair comparison by [22].Table I shows the stateof-the-art ADCs with different sampling rates and resolution.
From the shown results, this time-domain comparator has
one of the best power efficiencies of published work. The
power consumption of the proposed comparator circuit is
lower than that in [4] and [20] by factors of 1.64X and
31X, respectively. However, the implementation area of the
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TABLE I: Performance summary between this work and the state-of-the-art comparator architectures
Design Parameter
Technology (µm)
Supply Voltage (V)
Topology
LSB (mV)
Offset (mV)
Speed (MHz)
Power (µW )
Area (µm2 )
FoM (pJ/Conv)

[4]
0.18
1
Time-Domain
0.2
N/A
1.4
1
26632
0.71

[1]
0.18
0.6
Time-Domain
0.585
N/A
0.1
0.13
2375
1.3

[18]
0.18
0.5
Time-Domain
0.146
N/A
0.2
0.6
N/A
3

proposed time-domain comparator as well as the other timedomain topologies [4], [1]is larger than the dynamic voltage
domain comparators [19], [20].
IV. C ONCLUSION
Using 1 V supply and UMC 0.13 µm technology, a timedomain comparator is introduced for low-power applications.
This indirect conversion method optimizes the power consumption by encoding the input voltage difference into timedomain first then using a phase detector to digitize the phase
difference. Moreover, this time-domain comparator provides
10M conversions per second with 2 mV sensitivity while it
consumes 0.6 µW . Finally, the proposed architecture is advantageous in deep-submicron technology compared to voltagebased comparators. As it takes the full privileges of the
switching characteristics due to CMOS technology scaling.
ACKNOWLEDGMENT
This research was partially funded by ONE Lab at Cairo
University, Zewail City of Science and Technology, and King
Abdullah University of Science and Technology (KAUST).
R EFERENCES
[1] S. K. Lee, S. J. Park, H. J. Park, and J. Y. Sim, “A 21 fj/conversion-step
100 ks/s 10-bit adc with a low-noise time-domain comparator for lowpower sensor interface,” IEEE Journal of Solid-State Circuits, vol. 46,
no. 3, pp. 651–659, March 2011.
[2] X. Zhong, B. Wang, and A. Bermak, “A reconfigurable time-domain
comparator for multi-sensing applications,” in 2015 IEEE International
Symposium on Circuits and Systems (ISCAS), Lisbon, Portugal, May
2015, pp. 349–352.
[3] C. C. Kao, S. E. Hsieh, and C. C. Hsieh, “A 0.5 v 12-bit sar adc using
adaptive timedomain comparator with noise optimization,” in 2017 IEEE
Asian Solid-State Circuits Conference (A-SSCC), Seoul, South Korea,
Nov 2017, pp. 213–216.
[4] A. Agnes, E. Bonizzoni, P. Malcovati, and F. Maloberti, “A 9.4-enob
1v 3.8 µw 100ks/s sar adc with time-domain comparator,” in 2008
IEEE International Solid-State Circuits Conference - Digest of Technical
Papers, San Francisco, CA, USA, Feb 2008, pp. 246–610.
[5] J. Jin, Y. Gao, and E. Sanchez-Sinencio, “An energy-efficient timedomain asynchronous 2 b/step sar adc with a hybrid r-2r/c-3c dac
structure,” IEEE Journal of Solid-State Circuits, vol. 49, no. 6, pp. 1383–
1396, June 2014.
[6] D. G. Chen, M. K. Law, Y. Lian, and A. Bermak, “Low-power cmos
laser doppler imaging using non-cds pixel readout and 13.6-bit sar adc,”
IEEE Transactions on Biomedical Circuits and Systems, vol. 10, no. 1,
pp. 186–199, Feb 2016.
[7] J. G. Kang, M. G. Jeong, J. Park, and C. Yoo, “A 10mhz time-domaincontrolled current-mode buck converter with 8.52018 IEEE International
Solid - State Circuits Conference - (ISSCC), San Francisco, CA, USA,
Feb 2018, pp. 424–426.

[19]
0.13
0.6
Voltage-Domain
0.5
4.32
0.3
0.068
180
0.34

[20]
0.13
1.2
Voltage-Domain
0.01
51.5e-6
100
19
1925
0.12

This work
0.13
1
Time-Domain
2
7.08
10
0.61
5750
0.06

[8] T. Watanabe, H. Ishihara, and T. Ito, “Sensor/rf digitization for iotapplications using all-digital-very-scalable-adc tad,” in 2017 MIXDES
- 24th International Conference ”Mixed Design of Integrated Circuits
and Systems, Bydgoszcz, Poland, June 2017, pp. 35–40.
[9] H. Mostafa and Y. I. Ismail, “Highly-linear voltage-to-time converter
(vtc) circuit for time-based analog-to-digital converters (t-adcs),” in
2013 IEEE 20th International Conference on Electronics, Circuits, and
Systems (ICECS), Abu Dhabi, United Arab Emirates, Dec 2013, pp.
149–152.
[10] H. Pekau, A. Yousif, and J. W. Haslett, “A cmos integrated linear
voltage-to-pulse-delay-time converter for time based analog-to-digital
converters,” in 2006 IEEE International Symposium on Circuits and
Systems, Island of Kos, Greece, May 2006, pp. 2373–2376.
[11] A. H. Hassan, H. Mostafa, T. Ismail, and S. R. I. Gabran, “An ultralow power voltage-to-time converter (vtc) circuit for low power and low
speed applications,” in 2016 29th IEEE International System-on-Chip
Conference (SOCC), Seattle, WA, USA, Sept 2016, pp. 178–182.
[12] M. J. M. Pelgrom, A. C. J. Duinmaijer, and A. P. G. Welbers, “Matching
properties of mos transistors,” IEEE Journal of Solid-State Circuits,
vol. 24, no. 5, pp. 1433–1439, Oct 1989.
[13] M. M. Mano, Digital logic and computer design. Pearson Education
India, 2017.
[14] V. Stojanovic and V. G. Oklobdzija, “Comparative analysis of masterslave latches and flip-flops for high-performance and low-power systems,” IEEE Journal of Solid-State Circuits, vol. 34, no. 4, pp. 536–548,
Apr 1999.
[15] H. Mostafa, M. Anis, and M. Elmasry, “Comparative analysis of timing
yield improvement under process variations of flip-flops circuits,” in
2009 IEEE Computer Society Annual Symposium on VLSI, Tampa, FL,
USA, May 2009, pp. 133–138.
[16] ——, “Comparative analysis of process variation impact on flip-flops
soft error rate,” in Asia Symposium on Quality Electronic Design, Kuala
Lumpur, Malaysia, July 2009, pp. 103–108.
[17] A. H. Hassan, M. M. Aboudina, and M. Refky, “A low-power high-speed
charge-steering comparator for high-speed applications,” in 2016 14th
IEEE International New Circuits and Systems Conference (NEWCAS),
Vancouver, BC, Canada, June 2016, pp. 1–4.
[18] X. Yang, Y. Zhou, M. Zhao, Z. Huang, L. Deng, and X. Wu, “A
0.9v 12-bit 200-ks/s 1.07 µw sar adc with ladder-based reconfigurable
time-domain comparator,” in 2014 IEEE 57th International Midwest
Symposium on Circuits and Systems (MWSCAS), College Station, TX,
USA, Aug 2014, pp. 105–108.
[19] G. Y. Huang, S. J. Chang, C. C. Liu, and Y. Z. Lin, “A 1-µw 10-bit
200-ks/s sar adc with a bypass window for biomedical applications,”
IEEE Journal of Solid-State Circuits, vol. 47, no. 11, pp. 2783–2795,
Nov 2012.
[20] H. Jafari, L. Soleymani, and R. Genov, “16-channel cmos impedance
spectroscopy dna analyzer with dual-slope multiplying adcs,” IEEE
Transactions on Biomedical Circuits and Systems, vol. 6, no. 5, pp.
468–478, Oct 2012.
[21] D. Osipov, “A 50ms/s low-power 8-bit dynamic voltage comparator
in 0.18 µm cmos process,” in 2014 29th International Conference on
Microelectronics Proceedings - MIEL 2014, Belgrade, Serbia, May 2014,
pp. 439–442.
[22] D. Yasser, M. A. ElGamal, M. Atef, O. Hamada, A. H. Hassan, and
H. Mostafa, “A comparative analysis of optimized low-power comparators for biomedical-adcs,” in 2017 29th International Conference on
Microelectronics (ICM), Beirut, Lebanon, Dec 2017, pp. 1–4.

1145

