International Journal of Scientific Research & Engineering Trends
Volume 10, Issue 4, Jul-Aug-2024, ISSN (Online): 2395-566X

Review Paper on High-Speed Low-Power CMOS
Comparator for ADC Applications

Mr. Murari Kumar?, Dr. Deepti shinghal?
!Research Scholar, Dept. of ECE, AlU, Manipur
2Associate professor, Dept. of ECE, AlU, Manipur

Abstract- In modern electronic systems, analog-to-digital converters (ADCs) play a critical role in bridging the analog and digital
domains. At the heart of ADC architecture lies the comparator, a fundamental circuit responsible for precise and fast voltage
comparison. With the rapid growth of portable and battery-powered devices, there is an increasing need for high-speed and low-
power CMOS comparators to meet performance and energy efficiency demands. This review paper presents a comprehensive
analysis of various design techniques and topologies used to achieve high speed and low power consumption in CMOS
comparators. Key performance parameters such as propagation delay, power consumption, input offset voltage, and resolution
are discussed in detail. Additionally, the paper highlights the trade-offs involved in comparator design and explores recent
advancements, including dynamic comparators, adaptive biasing, and low-voltage operation techniques. The role of high-
performance comparators in different ADC architectures—such as flash, SAR, and pipeline ADCs—is also reviewed, providing
insights into future research directions in this critical field of analog circuit design.
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I. INTRODUCTION

A CMOS comparator is a fundamental analog circuit used to
compare two input voltages and produce a digital output
indicating which input is higher. In analog-to-digital converters
(ADCs), comparators are crucial for converting continuous
analog signals into discrete digital levels, thereby influencing
the speed, accuracy, and power consumption of the entire
conversion process.

Importance of High-Speed and Low-Power Design

e High-Speed Requirement: Modern high-frequency
applications, such as wireless communication, radar
systems, and high-speed data acquisition, necessitate
comparators that can operate at gigahertz frequencies with
very low propagation delay. For instance, a study by Mukti
et al. (2023) presents a comparator operating at 4.2 GS/s
with a supply voltage of 1.8 V, highlighting the demand
for high-speed operation in ADCs.

e Low-Power Requirement: In battery-powered devices
like smartphones, loT devices, and portable medical
instruments, minimizing power consumption is essential
for longer battery life. Research by Firlej et al. (2023)

demonstrates ultra-low power 10-bit SAR ADCs operating
at 65 nm CMOS technology, consuming as low as 400 pW
at 40 MSps, emphasizing the importance of low-power
design in modern electronics.

Challenges
Operation
Achieving both high-speed and low-power operation in CMOS
comparators involves addressing several challenges:

o Trade-off Between Speed and Power: Increasing the
speed of a comparator typically leads to higher power
consumption. Designers must find a balance to meet the
specific requirements of the application.

e Process Variations: Variations in the manufacturing
process can affect the performance of comparators, leading
to inconsistencies in speed and power consumption.

e Temperature Sensitivity: Temperature changes can
impact the behavior of CMOS devices, necessitating
designs that are robust across a wide temperature range.

e Offset Voltage: Low offset voltage is crucial for high-
accuracy ADCs, requiring careful design to minimize
mismatches in the comparator circuitry.

in Achieving High-Speed and Low-Power
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Design Techniques

Designing a high-performance CMOS comparator for ADC
applications involves carefully balancing speed, power
consumption, and accuracy. Several circuit design techniques
have been developed to optimize this trade-off while ensuring
reliable and precise operation. Below is a detailed discussion of
commonly used design techniques:

1. Pre-Amplification Stage

The pre-amplification stage is an important technique used to

improve the overall performance of a comparator by

amplifying the input voltage difference before the final
decision-making stage. The main purposes of the pre-amplifier
are:

e Reducing Input-Referred Offset Voltage: By
amplifying the small differential input signal, the pre-
amplifier mitigates the effect of device mismatches and
reduces the input-referred offset voltage, which improves
accuracy (Mukhopadhyay et al., 2022).

e Improving Noise Performance: The pre-amplifier
reduces the impact of input-referred noise from the
subsequent latch stage.

e Speed Improvement: By providing an amplified input
signal, the regenerative latch stage can switch faster,
improving overall propagation delay.

However, the design must carefully balance power
consumption, as additional amplifiers consume power
continuously. Recent designs implement low-power

differential amplifiers using low bias currents and operating in
weak or moderate inversion regions to save power (Liu et al.,
2021).

Il. REGENERATIVE LATCH STAGE

A regenerative latch forms the core decision-making element
in high-speed comparators. It is typically a cross-coupled pair
of inverters providing strong positive feedback during the
comparison phase.

Key features include:

e Fast Decision-Making: The positive feedback quickly
amplifies small voltage differences at the input into full
digital output levels.

e Low Delay: The latch enables fast resolution of the input
signal, critical for high-speed ADCs (Mukti et al., 2023).

o Small Input Voltages: The regenerative process makes the

comparator highly sensitive to small differential inputs.
The latch operates in a clocked manner, switching only during
the comparison phase. To reduce power, dynamic latches are
used which are active only for short periods during the clock
cycle, minimizing static power consumption (Chen et al.,
2022).

I11. DYNAMIC COMPARATOR DESIGN

Dynamic comparators, also known as clocked comparators,
have gained popularity for low-power applications. Their key
characteristics include:

e  Zero Static Power Consumption: Dynamic comparators
consume power only when performing the comparison,
unlike static comparators that draw continuous current.

e Clock-Controlled Operation: The comparator is enabled
during a clock cycle, and remains inactive (high-
impedance state) otherwise.

e High Speed and Low Power: This technique is widely
adopted in SAR ADC designs and flash ADCs, where
speed and energy efficiency are essential (Firlej et al.,
2023).

However, dynamic comparators typically suffer from offset

voltage and kickback noise, which need to be minimized

through careful circuit design and layout techniques.

IV. CURRENT-MODE COMPARATOR
DESIGN

Unlike traditional voltage-mode comparators, current-mode
comparators use currents as signals instead of voltages. This
approach provides several advantages:

e Improved Speed: Current-mode designs avoid large
voltage swings and reduce capacitive charging/discharging
delays, leading to faster response times.

e Lower Input Capacitance: Smaller capacitive loading
results in faster settling time.

e  Better Power Efficiency: Operating in the current domain
can allow for lower power design by operating transistors
in saturation or subthreshold regions (Verma et al., 2021).

Current-mode designs are especially suited for low-voltage
operation in advanced CMOS technologies where voltage
headroom is limited.
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Technique

Advantages

Disadvantages

Pre-Amplification
Stage

Lowers offset,
improves speed
and accuracy

Increases power
and area

Regenerative High speed, Kickback noise

Latch Stage small and possible
differential metastability
input resolution

Dynamic Zero static Offset voltage,

Comparator power, high requires precise

Design energy clocking
efficiency

Current-Mode Faster operation, | Design

Design low power, low | complexity,
input process variation
capacitance sensitivity

Key Performance Metrics of CMOS Comparators

The performance of CMOS comparators in ADC applications
is evaluated based on several critical metrics that determine the
overall speed, power efficiency, and accuracy of the system.
Below is a detailed discussion of the most important
performance metrics:

1. Propagation Delay (t_pd)

Propagation delay (t_pd) is defined as the time interval between
the moment the input voltage crosses the reference threshold
and the instant when the output reaches a valid logic level. In
high-speed applications, minimizing propagation delay is
critical to achieving high sampling rates and accurate signal
conversion. Modern designs target propagation delays in the
range of sub-nanoseconds to a few nanoseconds (Mukti et al.,
2023).

A low propagation delay directly improves the ADC’s
sampling rate and system bandwidth. Design techniques such
as regenerative latch stages and pre-amplification help reduce
t_pd by providing faster signal amplification and decision-
making processes (Liu et al., 2021).

2. Power Consumption (P)

Power consumption is a key consideration, especially for
battery-powered and portable applications. Optimized CMOS
comparators aim to consume as little power as possible,
typically in the range of tens to a few hundred microwatts (UW)
(Firlej et al., 2023). The use of dynamic comparator
architectures allows power to be consumed only during the
active comparison phase, while static power dissipation is
effectively eliminated.

Additionally, operating in subthreshold or moderate inversion
regions further reduces power consumption, though at the cost
of some speed reduction (Verma & Gupta, 2021). Power
efficiency becomes critical in applications such as wearable
medical devices and loT sensors where long battery life is
required.

3. Input Offset Voltage (V_os)

Input offset voltage (V_os) is the differential voltage required
between the two comparator inputs to produce a zero output.
Lower V_os leads to better accuracy, reducing systematic
errors in ADC conversion. Typical high-performance
comparators target VV_os in the range of a few millivolts (mV)
to microvolts (uV) (Chen et al., 2022).

A large V_os can degrade ADC linearity and resolution.
Techniques such as matched transistor layouts, careful device
sizing, and pre-amplification stages help minimize V_os.
Recent designs incorporate calibration circuits to dynamically
correct offset voltage (Mukti et al., 2023).

Resolution

Resolution refers to the smallest detectable difference in input
voltage that the comparator can distinguish. For high-resolution
ADCs (e.g., 10-bit or higher), the comparator must resolve
input differences in the millivolt to microvolt range. Achieving
high resolution requires minimizing input-referred noise,
reducing offset voltage, and ensuring fast and stable decision-
making (Liu et al., 2021).

Metric Typical Value Importance
Range
Propagation Delay <1nstoafewns | Determines the
(t_pd) maximum ADC
sampling rate and
bandwidth
Power Tens to hundreds | Critical for
Consumption (P) of uyw portable, battery-
powered
applications
Input Offset Few mV to pVv Ensures accurate
Voltage (V_os) and linear ADC
operation
Resolution Microvolt to High resolution
millivolt range enables precise
analog signal
detection

Design challenges include managing thermal noise, process
variations, and kickback noise from the latch stage, which can
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degrade resolution. Advanced design techniques like fully
differential architecture and offset cancellation help maintain
high resolution.

Designing CMOS comparators for ADC applications involves
a delicate balance between achieving ultra-high speed and
ultra-low power consumption. These goals are often
conflicting, and designers must carefully navigate several
challenges and trade-offs to optimize overall performance.

Speed vs. Power Consumption Trade-off

One of the most fundamental challenges in comparator design

is the inherent trade-off between speed and power

consumption:

e Increasing Speed: To improve speed (i.e., reduce
propagation delay), comparators generally require higher
bias currents and larger device sizes to charge and
discharge parasitic capacitances faster (Mukhopadhyay et
al., 2022). However, higher bias currents directly increase
power consumption, which is undesirable for battery-
powered applications.

e Reducing Power: Minimizing power consumption
typically involves lowering bias currents and operating in
subthreshold or moderate inversion regions (Chen et al.,
2022). While this approach reduces power, it also slows
down the circuit response, increasing propagation delay
and limiting the maximum achievable sampling rate.

Process Variations

Manufacturing process variations introduce mismatch in

transistor parameters such as threshold voltage (V_th), oxide

thickness, and channel length. These variations cause

deviations in key comparator parameters, such as:

e Input offset voltage (V_os), which degrades accuracy.

e Propagation delay variation, which affects timing
reliability.

Designers must use careful layout techniques, such as common-
centroid layouts and device matching, to minimize these effects
(Liu et al., 2021). In addition, adaptive calibration techniques
are employed to correct process-induced offsets in real-time
(Mukti et al., 2023).

Temperature Fluctuations
CMOS comparator performance is also sensitive to temperature
variations. As temperature increases:

e  Carrier mobility decreases, which can slow down circuit
response.

e Threshold voltage may shift, impacting bias points and
input offset voltage.

A robust design must ensure consistent performance across a
wide temperature range (typically —40°C to +125°C for
industrial applications). Designers use bias circuits with
temperature compensation and carefully dimensioned
transistors to mitigate these effects (Verma & Gupta, 2021).

Kickback Noise and Metastability

In high-speed designs, the switching action of the latch stage
generates kickback noise, which can disturb the input signal
and degrade accuracy. Additionally, comparators can enter a
metastable state if the differential input voltage is too close to
zero, causing an undefined or delayed output.

To address this:

e  Proper shielding and layout techniques reduce capacitive
coupling.

o  Pre-amplification stages help improve input signal strength
before the latch stage, minimizing the chance of
metastability (Chen et al., 2022).

Recent Advances
Challenge Effect on Mitigation
Performance Strategy
Speed vs. Power | Higher speed — | Adaptive biasing,
Trade-off Higher power; dynamic
Lower power — | comparator design
Slower operation
Process Increased offset Device matching,
Variations voltage and delay | layout
variation optimization,
calibration
Temperature V_th shifts, Temperature-
Fluctuations reduced mobility | compensated
— Performance biasing circuits
variation
Kickback Noise Input signal Pre-amplification,
& Metastability disturbance, shielding, careful
undefined output | layout

Recent Research Trends in CMOS Comparator Design

Recent research in CMOS comparator design has focused on
several innovative techniques to address the growing demands
for high-speed operation and ultra-low power consumption in
modern ADC applications. One significant trend is the use of
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low-voltage operation through subthreshold circuit design,
where MOS transistors operate in the weak inversion region.
This approach allows comparators to function at supply
voltages as low as 0.3 V to 0.7 V, dramatically reducing power
consumption, which is highly beneficial for battery-operated
devices and loT applications. However, operating in the
subthreshold region typically limits speed due to small bias
currents, which researchers mitigate by optimizing transistor
sizing and circuit topology to balance speed and power
efficiency (Gao, Li, & Wang, 2023; Firlej et al., 2023).

Another important research trend is adaptive biasing
techniques, which dynamically adjust the bias current
depending on the comparator’s operating state. During idle
periods, the bias current is minimized to reduce static power
dissipation, and during active comparison phases, the bias
current increases to ensure high-speed operation. This dynamic
biasing approach enables significant power savings while
maintaining the required performance during comparison
events. Recent designs have demonstrated up to 50% reduction
in average power consumption using adaptive bias control
circuits (Chen, Yang, & Zhang, 2022; Mukti, Khan, & Biswas,
2023).

Calibration circuits for dynamic offset correction have also
gained attention in recent years. Process variations, temperature
fluctuations, and device mismatches contribute to input offset
voltage (V_os), which impacts comparator accuracy and
overall ADC linearity. To overcome this, calibration techniques
such as digital calibration, auto-zeroing, and chopping have
been implemented, allowing the comparator to actively monitor
and compensate for offset voltage drift during operation. These
solutions enable comparators to achieve microvolt-level
precision without manual trimming, making them suitable for
high-resolution ADCs (Verma & Gupta, 2021).

Finally, the use of advanced CMOS technologies, including
FinFET (Fin Field Effect Transistor) and Fully Depleted SOI
(FD-SOQI), is a significant trend to enhance both speed and
power efficiency. FinFET technology improves threshold
voltage control and reduces leakage current, enabling
comparators to achieve sub-nanosecond propagation delays
and power consumption below 50 pW. Advanced process
nodes, such as 28 nm and 45 nm, enable lower operating
voltages and higher drive currents, making comparators more
suitable for next-generation high-speed, low-power ADC

applications (Gao, Li, & Wang, 2023; Mukti, Khan, & Biswas,
2023).

Research Gap

Despite significant advancements in CMOS comparator design,
several research gaps remain that limit the full potential of high-
speed, low-power comparators in ADC applications. First,
while low-voltage subthreshold operation effectively reduces
power consumption, it often compromises speed, limiting
applicability in high-frequency systems. Most existing designs
focus on a fixed trade-off between speed and power without
dynamically adapting to varying input signal conditions or
application requirements.

There is a lack of intelligent comparator architectures that can
flexibly balance speed and power in real-time depending on
workload or environmental conditions. Second, although
adaptive biasing techniques have shown promise in reducing
average power consumption, current implementations often
suffer from design complexity and significant silicon area
overhead. Most of these designs do not address the impact of
process variation and temperature fluctuations on bias control
circuits, which can degrade performance in harsh operating
conditions. There is still a need for more robust adaptive
biasing mechanisms that can maintain optimal power-speed
balance across different process corners and temperature
ranges. Third, calibration circuits for offset voltage correction
primarily rely on additional analog or digital circuits that
increase power and area, which partially negates the power-
saving benefits of low-power comparator designs. Few studies
have addressed efficient, low-overhead calibration methods
that operate continuously without affecting the overall power
budget.

Finally, while advanced CMOS technologies such as FinFET
provide clear improvements in speed and power, the literature
lacks comprehensive studies focusing on systematic design
methodologies tailored specifically for comparator design in
these  technologies. Most designs remain  custom
implementations without standardized design frameworks or
scalability analysis for future process nodes.These gaps, there
is a clear need for novel comparator architectures that combine
intelligent adaptive biasing, efficient low-overhead calibration,
and systematic design approaches for advanced process
technologies, while ensuring robustness against process and
temperature variations. Future research should focus on
developing scalable, energy-efficient, and high-speed
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comparators capable of supporting the next generation of ultra-
low-power ADCs for emerging applications in 10T, mobile
communication, and wearable devices.

V. CONCLUSION

CMOS comparators are indispensable building blocks in
analog-to-digital converter (ADC) systems, playing a critical
role in determining speed, power efficiency, and accuracy.
Although significant progress has been made in the design of
high-speed and low-power comparators, current solutions still
face several unresolved challenges. The fundamental trade-off
between speed and power remains a major obstacle, especially
in applications that require both ultra-low power and high-
speed operation, such as portable medical devices, 10T sensors,
and high-frequency communication systems. Existing
techniques, such as adaptive biasing, subthreshold operation,
and advanced process technologies (e.g., FINFET), provide
partial solutions but often increase design complexity, silicon
area, or suffer from robustness issues due to process and
temperature variations. Calibration methods for offset
correction, while improving accuracy, frequently introduce
additional power overhead and design complexity.

Therefore, there is a pressing need to explore novel and more
efficient design methodologies that can dynamically balance
speed and power in real time, adapt to process and temperature
fluctuations, and provide accurate offset correction with
minimal area and power penalty. Research efforts should focus
on intelligent comparator architectures that integrate low-
overhead calibration, adaptive biasing schemes, and scalable
design frameworks specifically optimized for advanced CMOS
technologies. These research gaps, future comparator designs
will better meet the growing demands of next-generation
electronics applications, enabling more energy-efficient,
accurate, and high-speed ADC systems essential for the
evolving landscape of mobile, wearable, and 10T technologies.
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