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ABSTRACT

The rapid advancement of modern electronic systems has significantly increased the demand
for efficient interfaces bridging continuously varying physical signals and digimal processing
architectures, Modern applications such as Intemer of Things (1oT) infrastructures, wireless
sensing systems, wearable medical devices, biomedical instrumentation, mdusinal control
platforms, envimnmental monitoring networks, autonomous systems. amd  portable
electronics rely on continuous acquisition of analog data and its subsequent processing in
digital environments. Az a result, Analog- to-Digital Converters { ADCs ) have become one of
the Tundamental components of modern mixed-signal integrated systems. The performance
of an ADC directly affects the overall accuracy. speed, reliability and energy efficiency of
the entire electronic system. Conseguently, the optimization of ADC architectures for
achieving supenor performance and lower energy consumption has become a major focus in

integrated circuit design.

Among varioos ADC architecures, Successive Approximation Regisier (SAR) ADC has
emerged as the most attractive solutions for medium-to-high resolution applications owing
o it simplified architecture, digital-frendly implementation and excellent energy
efficiency. Unlike pipeline ADCs that require power-hungry operational amplifiers or flash
ADCs that require a large number of comparators. SAR _ADC architectures perform
conversion by progressively refining the digital estimate of the imput signal using a
comparator, Capacitive Digital to Analog Converter (CDAC) and successive approximation
contrel, These advantages make SAR ADCs highly suitable for low-power apphcanons
operating under strict energy constraints. However, despite their inherent efficiency.
comventional SAR ADCs still face several performance limitations. Comparator delay, DAC
switching energy. capacitor area, settling time, power, energy efficiency and SAR control
overhead significantly influence the achievable speed. resolution and power consumption of
the eonverter. Furthermore, contineed CMOS technalogy scaling introduces additienal
challenges suwh as reduced voltage headroom, increased leakage currents, device mismatch

and degraded analog circuit performance.




Motivated by these challenges. this thesis presents a comprebensive imvestgation of
advanced circuit and architectural echnigues aimed at improving the performance of SAR
ADCs while maintaining low power consumption snd high conversion efficiency. The work
begins with a detailed study of ADC fundamentals, performance parameters and existing
literature survey. Important SAR ADC performance metrics including resolution, sampling
rafe, conwersion time, Signal-to-Moise Ratio (SNR), Signal-to-MNoise-and-Distortion Batio
(SNDR). Spurions-Free Dynamic Range (SFDR), Effective Number of Bis {ENoB),
Differential Monlinearity (DMLY, Integral Moolinearity (INL) and Figure of Merit (Fob ) are
examined o establish the theoretical framework for evaluating convener performance. A
comprehensive study is then conducted covering advanced mixed signal circuit techniques
including conventional comparator architectures . DAC switching alporithms ., capacitor array
optimization techniques. SAR logic implementations and hybrid ADC architectures.
Through this survey, several research gaps are identified, particularly in comparator design,
switching encrgy reduction. control logic optimization and high-speed hybrid conversion

miethodologies.

To address the limitations of conventional comparators, the thesis proposes and investigates
multiple comparator architectures employing different circuit enhancement technigues.
Initially, sclf-cascode based comparator architectures are developed to improve voltage gain
and regenerative behavior while maintaining low static power dissipation. The self-cascode
structure effectively increases output resistance and enhances amplification without
requiring additional power consuming stages, Subsequently, shared-charge  reset
mechanisms and suxiliary inverter technigues are introduced to reduce comparison delay
and accelerste the regeneration process. These methods improve the charging and
discharging characteristics of internal nodes, thereby enhancing comparator speed and
reducing energy consumption. Furthermore. Dynamic Threshold MOS {DTMOS)-based
comparator  architectures  are proposed o enable reliable low-voliage operation. By
dynamically connecting the gate and bod v terminals of transistors, the threshold voltage is
adaptively controlled during circeil opertion, resulting in improved current drivability,
faster decision making, and cnhanced sensitivity under reduced supply voltages. Detailed
circuit-level simulations are performed 1o evaluate propagation delay, power comsumipiion
and energy efficiency, Comparative analysis among all proposed comparator architectures

identifies the most suitable design for integration into low-power SAR ADC systems,




Building upon the ophimized comparator structure, & low-power 10-bit SAR ADC
archirecoure 15 designed and implemented. The proposed ADC incorporates a bootsirap
switch to improve sampling linearity and minimize signal-dependent resistance vanations.
The bootstrap circuit ensures a nearly constant gate-source voltage across the sampling
transistor, thereby reducing distortion and enhancing input signal fdelity. In addition. a
modified split=capacitor DAC architecture s emploved o reduce todal capacitance and
silicon area. The capacitor array is seamented into coarse and fing sections, signilicantly
lowering the overall capacitor requirement while preserving conversion aceuracy, To further
improve energy efficiency, a Yem-based switching methododogy s adopted. Unlike
comventional switching techniques that repeatedly connect capacitors between reference
voltages, the proposed approach utilizes the common-mode voltage as an intermediate
reference level, thereby reducing charge redistribution energy. An additional energy-
optimized switching strategy is developed to minimize unnecessary capacitor transitions
during successive approximation, resulting in substantial reductions in DAC switching

encrgy and dynamic power consumption.

To overcome the speed limitations associated with conventional SAR conversion, a novel
Hybrid Flash-SAR ADC architecture s proposed. The hybrid architecture integrates the
advantages of {Tash and SAR conversion technigues to simultancously achicve high
conversion speed with redoced power consumption. In the proposed design, o 4-hit flash
ADRC front-end performs coarse quantization of the input signal and generates the four most
significant bits (M5Bs). The flash stage utilizes multiple comparators operating in parallel.
enabling instantaneous determination of the coarse digital code. Rest six least significant bits
(L5B=z) are then resolved by a SAR ADC back-end emplaying a segmented split-capacitar
DAC and asynchronous control logic. By pre-determining the MSBs through flash
conversion, thereby decreasing the total number of successive approximation cveles required

for conversion, resulting in lower conversion latency and higher sampling speed,

A dedicated output encoding and bit-concatenation architecture is alse developed for the
hybnd converter. The thermometer-coded outputs generated by the flash ADC are converted
into binary format wsing a thermometer-to-binary encoder, These encoded MSBs are
synchronized using D Mip-flops and combined with the LSBs generated by the SAR ADC
through an output assembler block. The resulting architecture produces a complete 10-hit

digatal output whale ensuning proper timing synchronization between the flash and SAR
il




conversion  stages. Furthermore, asyvachronous SAR logic is emploved to eliminae
unnecessary clock cycles and reduce conversion delay. enabling Faster operation compared

with conventional synchronows SAR controllers.

Extensive simulation studies are carried out wsing Cadence Virtuoso in a CMOS echnology
environment to validate the proposed architectures, The performance of individual circui
blscks, including the comparator, DAC, SAR logie, encoder and hybrid conversion system,
is thoroughly analyzed. Static performance evaluation includes DNL and INL measurements
o assess converter linearity, Dynamic performance is evaluated wsing FFT based analysis
from which SNDER, S5FDR, Total Harmmenic Distortion (THD) and ENoB are extracted.
Power consumption, switching energy, conversion delay and energy efficiency are also
investigated in detail. Comparative analysis aganst conventional switching technigues such
as monotonic switching, Vom-based switching and split capacitor switching demonstrates
sigmificant reductions in switching energy achieved by the proposed methodology, Similarly,
the proposed hybrid architecure exhibits improved conversion spead whilée mainuining low
power operation compared with traditional AR ADC designs.

The research contnbutions presented in this thesis provide impeovements at both circwit and
system levels. At the circuit level. novel comparator architectures based on self-cascode,
shared-charge, suxiliary inverer and DTMOS echnigues enhance speed, sensitivity and
energy efficiency. At the architectural level. the proposed split-capacitor DAC, energy-
efficient switching methodology, asynchronous SAR logic and Hybrid Flash-SAR
comversion approgch collectively reduce power consumption, switching energy and
conversion latency. These contributions provide a systematic foundation for developing
next-generation ADC  architectures with improved energy efficiency and enhanced

performance.

The outcomes of this research bave significant practical relevance for modern electronic
systems operating under stringent energy constraints . The proposed ADC architectures are
particularly suitable for IoT sepsor nodes, wearable bealth-monitoring devices, biomedical
instrumentation, wircless communication transceivers, environmental monitoring plattorms,
smart industrial systems and battery-powered portable clectromics,  Furthermore, the
developed methodologies provide a foundation for future investigations into ultra-low-
voltage operation, advanced CMOS technology scaling, adaptive calibration technigues,

iy




artificial intelligence-assisted data conversion svstems and high-speed  mixed-zignal
integrated circuits. Consequently, the work presented in this thesis contributes toward the
development of encrgy-efficient and sustamahle electronic systems capable of supporting

the growing demands of future digital technologes,




Chapter 1

Introduction

Muodern electronic systems increasingly rely on efficient interfaces between the physical
world and digital processing platforms, Most signals originating from real-world
environmenis—such as temperature, pressure, light intensity, sound waves, biomedical
signals and wireless communication signals—exist in analog form [1-3]. However,
modern computing, signal processing, and communic aiion systems operate predominant by
in the digimal domain duc to their superior robustness, programmability and scalability,
Consequently. an essential component of any muixed-signal system is the Anmalog-to-
Digital Converter (ADC) which transforms continuous-time analog signals into

comesponding digital values that can be processed, stored and analyvzed by digital svstems
[4.21].
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ADCs are essenfial componenis in numerous modern electronic and communicarion
aystems  mcluding wireless communication systems, sensor networks, biomedical
instrumentation, autometive electronics, industrial monitoring systems, and portable
comsumer devices [1. 4, 5], The overall precision, operating speed. and energy efficiency

of a system are significantly affected by the performance characteristics of the ADC. This



results i designing of high-performance ADC architectures that have become a key

research ares in mixed-signal integrated circuit design [22].

Ovwer the years, numerous ADC architectures have been introduced to satisfy the varying
performance demands of contemporary electronic applications. These architectures are
designed to satisfy  differemt combinations of sampling speed. resolution. power
consumption. and implementation complexity, depending on the target apphication. Some

of the most commonly wsed ADC architectures include Flash ADCs, Pipeline ADCs,
Sigma-Delta ADCs and SAR ADCs [2, 3, 6-8, 14, 15]. Each of these architectures

employs a different conversion mechanism and therefore offers unigque advantages and
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Fig.1 .2 Resolution ve. Sampling Rate comparison of ADC architectures

Flash ADCs represent one of the earliest and fastest converter architectures. In this
technigue, the input signal is concurrently evaluated against multiple reference voltage
levels through a parallel network of comparators [7,9-12]. For an N-hit resolution, a flash
ADC reguires 2% - 1 comparators along with a resistor ladder network 1o generate the
reference levels [13]. This parallel comparison enables extremely high conversion speeds
with minimal latency, making flash ADCs suitable for applications such as high-speed

dara communication, radar sysiems and high-frequency  instrumentation (14, 18]



However, the exponential increase in comparator count with resolution leads w significant
drawbacks, including large silicon area, high static power consumption, increased inpui
capacitance and severe mismatch isswes [2, 7). Consequently, flash ADCs are generally

lirmited 1o low-resolution designs, typically in the range of 4-8 bits.

Pipeline ADCs offer an effective comproimise between oonversion speed and resolution
by dividing the overall conversion process into multiple sequential stages [ 16, 17]. Each
stage determines a few bits of the digital output and produces a residee signal, which is
then amplified and forwarded to the next stage for additional conversion. This staged
conversion mechanism allows pipeline ADCs to achieve moderate o high resolutions
while meintaining relarively high sampling rates [2, 8], A< a result, pipeline architecrures
are generally used in applications like wireless communication receivers, digital video
systems  and high-speed imaging devices, Nevertheless, pipeline ADCs depend
extensively on high-accuracy analog building blocks, incloding operational amplifiers,
residue amplifiers and precisely matched capacitors. These components introduce
significant power consumption and design complexity, especially in advanced CMOS
processcs, where lower supply voltapes increase the difficulty of designing high-gain
amplifiers [ 19, 23],

Sigma-Delta ADCs follow a fundamentally difterent conversion principle based on
oversampling and noise-shapmng techniques [14, 15]. In these ADCs, the input signal is
sampled at a frequency much greater than the Nyguist rate and guantization noise is
pushed toward higher frequencies through the use of teedback loops and digital filtering,
This echnigue enables sigma-delta ADCs w provide exceptionally high resolution and
superior linearity, making them ideal lor precision messurement, andio processing and
instrumentation systems [8, 18], However, the reliance on oversampling and digital
filtering introduces latency and limits the achievable conversion speed. Therefore. sigma-
delta converters are typically restricted to low-bandwidth applications where high

resolution is more important than high sampling rates.



Among these architectures, SAR ADC has become increasingly popular because of its
efficient balance amoeng power consumption, resolution and implementation complexify
[1.20-23]. SAR ADCs carry out the copversion operation through i binary search method
that progressively identifies each bit of the outpul code. A typical SAR ADC architecture
includes a boostrap switch, comparator, capacitive digital-to-analog converter (DAC) and
SAR control circuitry, Since SAR ADCs rely primarily on passive charge redistribution
rather than power-hungry amplification stages. they are inherently energy-etficient |5, 24].
Furthermore, their largely digital implementation allows them to scale effectively with
modern CMOS technologies. These features make SAR ADCs highly appropriate for fow-
power applications, including IoT sensor nodes. wearable devices, biomedical monitoring

equipment and portable communication systems,
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Fig.1.3 Basic architecture of MN-hit SAR ADC

Despite the inherent advantages of SAR ADC architectures, achieving simultaneously
high conversion speed, low power consumpticn, and high resolution remains a signiticant

degign challenge |21, 23]. The performunce of 2 SAR ADC largely depends on the



effectivencss and optimization of is key building blocks, including the comparator,
CDALC and SAR logic [25-27, 35]. Each of these components contributes directly to the
conversion speed, energy consumption, and accuracy of the convener and any inetficiency

within these blocks can limit the achievable performance of the entire Sysiem.

The comparator acts as the pnmary decision-making component m a SAR ADC.
determining the sign of the voltage difference between the sampled input signal and the
reference voltage produced by the DAC at every conversion stage. Because the
comparator operates repeatedly during each conversion cyele. its propagation delay and
power consumption have a major effect on the converer's overall speed and energy
efficiency. Conventional dynamic comparator architectures, such as the StrongARM lach
and double-tail latch comparators, often suffer from several limitations imeluding inpuat-
refemed oftsetr voltage. metastability issues and kickback noise [28, 3(1321]. Device
mismatch m the input differential pair can introduce offset errors, which degrade the
precision of the conversion operation. Additionally, during regencration phase of the
comparator, large voltage trapsitions at internal nodes can propagate back to the input
termuinals, generating kickback noise that disturbs the swored charge on the sampling
capacitor [21, 24]. These effects become more pronounced in scaled CMOS technologies

where supply voltages are reduced and transistor mismatch increases.

Another major contributor to SAR ADC power consumption is the CDAC [29]. In
conventional binary-weighted DAC architectures, the capacitor array must msintain
precise ratios between capacitors o accurately generate reference voliaees comesponding
to different digital codes [7]. As the converter resolution becomes higher. the size of the
capacitor array increases exponentially, leading to greater silicon area consumption and
higher parasitic capacitance effects. Furthermore, during the successive approximation
process . the capacitors undergo frequent switching berween reference voltage levels and
ground, lcading to significant switching energy consumption [ 33, 34]. This continuous
swilching operation can contribute significantly to the overall power consumption of the

SAR ADC . Additionally, large capacitor arrays create longer settling durations because of



increased RC time constants, thereby restricting the maximum attamnable sampling rate of

the comverter,

The SAR logic also has a vital role in defining the efficiency of the conversion operation.
It exccutes the binary scarch algorithm used to gencrate the final digital output code,
Conventional synchronous SAR logic architectures rely on a global clock signal 1o
coordinate each comparison step, which may introduce unnecessary idle periods between
operations [ 35, 36]. This can reduce the effective conversion speed and increase the cnergy
consumed per conversion cycle. Moreover, the interaction between the comparator, DAC
switching network and control logsc must be carefully synchronized to avoid iming errors
and ensure accurate bit decisions. Any inefficiency in the SAR logic, such ag exeessive
switching activity or poor timing management, can increase digital power consumption

and reduce overall svstem performance |37, 349/,

In addition to these crcuit-level challenges, technology scaling miroduces further
complications such as redoced supply voltage. increased leakage currents, device
mismaich and parmasitic cffects, all of which affect the performance of SAR ADC building
Blocks |38, 40]. These limitations highlight the need for innovative design techniques that
improve comparator speed and accuracy, reduce DAC switching energy and capacitor

count, and optimize SAR logic for Taster and more encrgy-efficient operation.

Therefore, significant research effors are directed towand developing advanced
comparator architectures, encrey-cfficiemt DAC switching algorithms, and optimized
SAR control schemes to improve the overall performance of SAR ADCs |3, 10, 17].
Enhancemenis in these critical circuit blocks can facilitate the development of SAR ADC
architectures that offer high speed. low power consumplion end high resolution for
modern mixed-signal applications. Morcover, as CMOS technology scales toward decp
submicron nodes, analog circuit design faces additional challenges such as reduced supply
voltage, increased leakage cuments, device mismatch and higher sensitivity to noise and

parasitic effects [2, 31]. These challenges require mnovative circuit techniques and



architectural improvements o maintan high performance while minimizing power

COMSUMPIon.

In this context. the development of high-performance SAR ADC architectures with
improved comparator strectures, optimized DAC switching technigees and efficient
control logic has become an active area of research [18. 19, 51, 75]. This thesis
concentrates on the analysis and design of high-speed, encrgy-efficient SAR ADC
architectures, with special attention given to enhancing comparator performance and
optimizing DAC switching technigues while maintaining compatbility with advanced
CMOS technologies.

1.1 Motivation

The mapid advancement of portable electronic devices, wireless communication systems
and sensor-based monitoring platfforms has created an increasing demand for high-
performance and encrgv-cfficient data conversion systems [1-4], Modern applications
such as [oT networks, wearable health monitoring devices. environmental sensing systems
and biomedical implants require continuous acquisition and processing of analog signals
while operating under strict power constraints [1. 5], In several such applications, the
energy budget is highly constrained since the systems opergte using compact batterics or
energy-harvesting sources, inclhading thermoelectric generators, solar cells and vibeation-

based energy harvesiers |2, 6],

Under such conditions, minimizing power consumption becomes a critical design
objective. Among all the components present in a typical signal acquisition chain,
including sensors, analog front-end circuits, microcontrollers and  communication
modules. ADC frequently aceounts for a considerable share of the overall system power
comsumption |5, 7]. Hence, improving the energy efficiency of ADC architectures is
essential for extending battery life and enabling long-term astonomous operation of

portable devices.



Another important motivation for developing high-performance SAR ADCs arises from
the increasing demand for higher sampling speeds and improved signal resolution,
Emerging applications such a5 software-defined radio, wireless communication receivers.
high-speed imaging sysiems and real-time sensor networks require ADCys capable of
processing signals at high data rates while maintaining low power consumption |8, Y],
However, attaining both high-speed operation and low power consumption at the same
time is difficull because of the fundamental rade-offs involved in ADC design
architectures. Among various ADC architectures, SAR ADCs offer a promising solution
because of their simple architecture and inherently low power consumption [1, 10, 11].
The sbsence of operational amplifiers in the signal path significantly reduces static power
dissipation, making S5AR ADCs suitable for energy-consirained applications.
Furthermore, the use of capacitive charge redistribution allows efficient implementation

of the DAC with minimal active circuitry [12, 13].

Despite these advantages. several challenges still limit the performance of conventional
S5AR ADCs, One of the primary limitations arises from the comparator, which is
responsible for making multiple decisions during each conversion cyvcle, Because the
comparaior is iriggered multiple times during the conversion process. its delay and power
dissipation greatly affect the overall speed und energy efficiency of the ADC [20. 23],
Traditional comparator structures, including the StongARM latch and double-wil
dynamue comparator, olten eaperence lmitations such as hugh mput-referred oftset.
kickback noise and elevated power consumption when operating at high frequencies [20,
21,24,31,32].

Another significant challenge arises from the CDAC switching iechnique . which accounts
for a major share of the dynamic power dissipation in SAR ADCs [37, 40]. Conventional
binary-weighted switching schemes require large capacitor arrays and involve significant
switching energy durng each conversion cycle. This not only raises power consumption

but also results in larger silicon arca and longer settling time [38].



In addition o these ocircuit-level challenges, technology scaling introduces further
eomplexities in mixed-signal cirenit design. As CMOS technologies move toward smaller
feature sizes, supply voltages are reduced 1o maintain device reliability |2, 31]. While
lower supply voltages help reduce power consumption, they also limit voltage he adroom
and degrade the performance of analog circuits such as comparators and reference
penerators. Device mismatch, leakage corrents and substrate noise also become more
prominent in scaled technologies. making it increasingly difficult to maintain high

accuracy and speed |21, 26, 31 ).

These challénges provide strong motivation for mvesigoiing new  Comparalor
architectures, energy-efficient DAC switching techniques and improved SAR control
strategies that can enhance the overall performance of SAR ADCs |41, 42|, By developing
innovative circuil technigues and optimizing the architecture of the converter, it is possible

to achieve significant improvements in speed, energy efficiency, and reliabiliry.

Theretore. the primary motivation of this research 15 to explore and design high-
performance SAR ADC architectures capable of achieving low power consumption, high
comversion speed and improved energy efficiency while operating reliably in modem
CMOS technologies [17-19]. The proposed work focuses on improving key circust blocks
of the SAR ADC—particularly the comparator and DAC swilching scheme—o enable

efficient data conversion for next-generation mixed-gignal systems,

1.2 SAR ADC Performance Parameters
1.2.1 Terms

Several basic terms are generally vsed to describe the operation and ADC performance
characteristics, including 5AR ADCs. Understanding these terms is essential for

evaluating and comparing different converter architectures.

Resolution:

Resolution is a key parameter that defines the precision and gquantization capability of an



Analog-to-Digital Converter (ADC) [ 1, 2]. It indicates the minimum change in the analog
input signal that can be identified and converted into a comesponding di gital output code,
In simple terms, resolution specifies how finely the input voltage range is divided into
discrere digital levels. An ADC with higher resolution can detect smaller variations in the

input signal, resulting in more accurate digital representation.

The resolution of an ADC is generally specitied by the number of bits (N)usaed to represent
the digital output. In an N-bit ADC, the complete analog input range is partitioned into 2°
discrete quantization levels | 1, 3], with each level comresponding to a unique digital code.
Ag the bit resolution ingreases, the number of guantization levels grows exponentially.

enabling more precise representation of the analog mpur signal.

The voltage difference between two adjacent quantization levels is known as LSB or
quantization step size, The LSB defines the minimum variation in the input voltage that
causes & one-bit change in the digital output code of the ADC. It can be caleulated as:

¥
LSE=2—';,5 (1.1)

where Vs is the full-scale input voltage range of the ADC.

For instance, a 10-bit ADC divides the input range imto 2"'=1024 discrete levels. If the
full-scale imput range 15 | ¥V, the cormesponding LSB size 15 approximately 0.976 mY.
indicating that the converter can ideally detect veltage variations as small as this amount

Higher resolution ADCs provide more accurate digital representations of analog signals
but generally require more complex circuitry. increased conversion time, and higher
power consamption. In SAR ADC architectures, resolution directly affects the mumber of
comparison cycles required dunng the conversion process. Specifically, am N-bit SAR
ADC requires N successive comparison operations (o determine the final digital output

code |4, 3.

1



In summuary, resolution is a key performance parameter that determines the sccuracy and
precision of an ADC, and inereasing the resolution improves the ability of the converter
to detect small vamations in the inpu signal. However, achieving higher resolution
requires careful design considerations [ manage noise, power comsumption and circuit

complexity.
Sampling Rate:

The sampling rate, also known a8 the sampling frequency (f.), indicates the number of
times per second a continuous-time analog signal is captured or sampled by an analog-to-
digial converter |1, 2], It determines bow irequently the signal is captured and theretore
direetl y influences the ability of the converter to accurately reconstruct the original analog

waveform in the digital domain,

According to the Nyquist—Shannon sampling theorem, the sampling frequency must be ar
least twice the maximum frequency component of the mpat signal © prevent loss of

information during ssmpling |2, 3], Mathematically, this condition is expressed as:
fe 2 2 fiuax (1.2}

where Fuw represents the highest-frequency component present in the input signal, The
trequency 2tmn 15 commonly referred to as the Nyquist rate, It the sampling frequency
falls below the Nyquist rate. a phenomenon known as aliasing occurs. in which higher
frequency components of the input signal are incomectly mapped into lower frequency
components in the sampled signal [2, 4], This results in distortion that cannot be removed

once the signal has been digitized.

In practical implementations, the sampling frequency is typically selected well above the
Nyquist rate to ensure a safety margin and ease the design requirements of anti-aliasing
filter | 1, 5]. The sampling rate also determines the highest input signal bandwidth that the

11



ADC can socurately convert, making it a critical specification in applications such as

communication systems, imaging systems and real -time data sequisition platforms.
Conversion Time:

Conversion time 15 the total duration required by an ADC to convert a sampled analog
input signal into its equivalent digital outpat code [1, 6], [t represents the interval hetween
the instant when analog imput is sampled and the time at which the digital output data

becomes available.

[t SAR ADC, the conversion process is performed using a binary search algorithm [6, 7).
The converter identifies each output bit in sequence, starting from M5B and continuing
towards LSB. Atevery stage. the comparator determines whether the sampled input signal
is higher or lower than the reterence voliage produced by DAC,

For an N-bit SAR ADC. the conversion process typically nead W comparison cycles,

meaning that the conversion time can be approximated as:
Teane = N T.r_:.r-ctc' (13)

where Teya. represents the time required for one comparison cyele, including DAC settling

and comparator decision time,
The overall conversion time is therefore influenced by several factors, including |8]:

s Comparator decision delay

= DAC settiing time

« Propagation delay of SAR logic
s  Clock frequency of the ADC

Minimizing the conversion time is essential for achieving higher sampling rates, especially

in high-speed applications. Comsequently, significant research efforts focus on improving

12



comparator speed, redocing DAC settling time, and optimizing SAR logic architeciure o

accelemte the conversion process |9],
Ouantization:

Quantization is the procedure of converting a continuous range of analog input amplitudes
into a limited number of discrete digital levels [1, 2], Since an ADC has a limited number
of output codes determined by its resalution, the continuous input signal amplitude musi
be rounded o the closest available digital level. Since the mpurt signal may not exactly
match one of the discrete quanti zation levels, the ADC must approximate the input value
to the nearcst level, This approximation introduces an cmor known &s quantization crror
|2. 3], which represents the deviation between the true analog input value and its quantized
digital equivalent. In an ideal ADC, the quantization ermor remains limited within the

following mnge:
—-LSB e, < +-L5B (1.4)
Zz Z

Although gquantization is an unavoeidable aspect of analog-to-diginal conversion, increating
the AIMC resolution by using more bits decreases the quantization step size and

consequently enhances conversion accuracy [1, 4].
Quantization Noise:

The inaccuracy produced during quantization can be represented as a noise component
called quantization noise. In theoretical studies. this noise is commonly modeled as a
uniformly distributed random signal thar is uncorrelated with the input signal [2, 5]. Such
an assumption cnables the quantization emor to be analyzed as an additive noise sournce
within the conversion process. For an ideal ADC with uniformly distributed guantization
error, the mean square value of the quanti zation noise can be expressed as:

_ LsE®
47 43

{1.5)

13



where Py represents the quantizalion noase power.

Duantization noise establizshes a fumdamental constraint on the maximum SNE attainable
by an ADC and understanding it is therefore crtical in the design of high-performance

ADC architectures, as it determines the ultimate resolution and accuracy that the converter

i achmeye.
1.2.2 Dynamic Characteristics

Dynamic characteristics describe the behavior and performance of an ADC when the
signal vanes with time. Unlike static parameters, which are evaluated using constant or
slowly varying input signals, dynamic characteristics are messured vsing time-varying
signals such as sinusoidal, modulated or broadband signals. These parameters provide
insight into how accurately the ADC can digitize real-world signals thar change

continuously over time,

In practical systems such as  wircless communication  receivers, biomedical
instrumentation, radar systems and sensor interfaces, the wput signals are rarely static,
lnstead , they consist of dynamic wavelonms that contain multiple frequency components,
Therefore, assessing the dynamic performance of an ADC 15 imporient for determining its

effectiveness in signal processing applications [1.2].

Dynamic performance metrics are generally evaluated using frequency-domain anal ysis.
typically through FFT of the digital owtput sequence [2-4, 9]. By applving a purc
sinusoidal input signal and observing the spectral components of the ADC ourput, it is
possible to quantify the distortion, noise, and lincarity characteristics of the converter.

Various key parameters are employed to evaluate the dynamic performance of ADCs,

14



Signal-to=-MNoise Katio (SNR)

The Signal-to-Noise Ratio (SNR] s a fundamental dynamic performance parameter used
to assess the quality of an ADC. It is defined as the ratio of the desired signal power to the
total noise power within the specified frequency range. In simple terms, SNR indicates
how accurately the ADC maintains the original input sigmal while reducing the mmpact of

noise generated during the conversion process.

Mathematically, the guantization process miroduces noise that limits the achievable

dynamic performance of the ADC [3, 4], Consequently, SNR is quantified as:

SNR = 10 1ugw(gﬁ} 4B (186)
where Paigna represents the power of the fundamental input signal, and Pose: denotes the
wial noise power within the sysiem bandwidth. excluding harmonic  distortion
components. In ADC characterization, SNR is commonly evaluated by applving a purc
sinusoidal signal 1 the converter input and performing FFT on the resulting digital outpat
samples. The fundamental mnput frequency appears as the primary peak mn the frequency
spectrum, whereas the other spectral components comespond to moise arising from
quantization effects, thermal moise, circuit imperfections and clock jitter. The measured
SNR 15 obtained from the ratio of the fundamental signal power to the total integrated

noise power floor.

For an ideal N-bit ADC, the maximum achievable SNR is mainly constrained by
quantization noise, which results from the finite number of quantization levels in the
converter. By assuming that the guantization crror is uniformly distributed within =12

LSB and behaves as white notse, the theoretical SNR is given by:

SNR=6.02=N + 1.76 dB (1.7
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where N is the resolution of the ADC in bits. This expression indicaes that the SNR
increases linearly with the number of bits in the converter. In particular, every extra bit of
resolution increases the theoretical SNE by nearly 6 dB, effectively doubling the signal-

to-noise power ratio. For example:

o An B-bit ADC ideally provides approximately 499 dB SKR
= A 10-bit ADC ideally provides approximately 61,92 dB SNR
= A 12-bit ADC ideally provides approximately 74 dB SNR

However, practical ADCs rarely achicve the ideal SNR due to various non-ideal factors
presemt in real circuits. These tactors include thermal noise from resistive elements.
comparalor noise, capacitor mismatch, clock jitter, switching noise in the DAC amray, and
substrate coupling effects [5, 6-9]. In SAR ADCs, the noisc contributions from the
sampling network, comparator regeneration, process and capacitive DAC switching
significantly influence the achievable SNR. A higher SNR value indicates that the desired
signal 1s significantly stronger than the background nosse, resalting in improved signal
fidelity and a more precise digital representation of the analog input signal. Consequently.
achieving a high 5NR is essential in applications incloding wireless communication
receivers, high-resolution sensor interfaces, medical instrumentation, and high-speed data

Acquikition sysliems,

In the design of high-performance SAR ADCs, improving SNR requires careful
optimizstion of several circuit blocks, including the sampling capacitor network,
comparator architecture, reference voltage stability and DAC switching scheme. Reducing
noise contributions and improving circuit linearity can enhance dynamic performance and

lead to higher effective resolution.
Signal-to-Noise-and-Distortion Ratio (SNDR)

The Signal-to-Noise-and-Distortion Ratio (SNDR) is an imporiant dynamic performance

meiric used to assess the accuracy and lincarity of ADC under time-varying impui
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conditions. Unlike SNR, which considers only the noise components present in the system.
SNDE aecounts for both random noise snd nonlinear distortion components that arise
during the analeg-to-digital conversion process. Consequently, SKDR offers a more
complete and practical evaloation of ADC performance under real operating conditions

[1.4].

SMDR is defined as the ratio of the fundamental signal power (o the combimed power of
all unwanted spectral components, including noise and harmonic distortion. within the

specified frequency range. Mathematically, SNDR can be expressed as

SNDR = 10 logyp [——24—) gp (18

Faotsw+ P d i or tion

where Py represents the power of the Tundaimental input signal . P, represents the toral
noise power excluding harmonic components and Pasierion represents the power contained

in hammaonic distontion components generated by nonlinearities in the ADC,

In practical testing environments, SNDR is generally determined through spectral analysis
methods. A sinusoidal input signal is applied to the ADC, and the resulting digital output
samples ane analyzed wsing FFT to genemte the frequency spectrum. The fundamental
frequency component appears as the dominant peak in the spectrum, while the remaining
spectral components represent noise and distortion. The SKDR is subsequently obtained
by comparing the power of the fundamental frequency component with the total power of
all remuaining spectral components within the ADC bandwidth,

Hamonic distortion components arise due to nmonlinearities i the ADC circuitry.
including imperfections in the comparator, capacitor mismatch in the DAC amay, finite
seftling errors and switching nonidealities [6, 7]. These nonlinear effects generate
harmeonses at integer multiples of the input frequency, such as 26, 3ts, and higher-order
components. These harmonics contribute to the distortion power and therefore degrade the
SNDR value,
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SNDR is particularly importamt because it directly determines ENoB of the ADC, which

represents the practical resolution achieved by the converier under dynamic conditions.

Total Harmonic Distortion (THD)

Total Harmonic Distortion {THD) 15 a significant dynamic performance metric used o
assess the linearity characteristics of an ADC, It measures the extent to which harmonic
components are generated when a pure sinusoidal input signal is provided to the converter,
Ideally, when a sinugoidal signal is diginzed by a perfectly lingar ADC_ the owmput
spectrum should contain enly the fundamental frequency component corresponding to the
input signal. However, due o varions circuit pon-idealitics present in practical ADC
implementations_ extra frequency components emerge in the oulput spectrum al integer
multiples of the fundamental frequency | 1-4]. These components are known as harmonic

distortion components.

The primary sources of harmonic distortion in ADCs incluode nonlinearties in the
comparitor, mismatch in the capacitive DAC areay, finite settling errors in the switching
network, non-ideal reference voltages and device-level nonlinear behavior of transistors
in scaled CMOS echnologies. These nonlinearities distort the shape of the reconstructed
waveform and introdoce spectral components at frequencics such as 26, 36, 4., and s0

on, where £, represents the fundamental input signal frequency.

Total Harmonic Distertion guantifies the cumulative eftect of these harmonic components
relative 1o the fundamental signal. Mathematically, THD is defined as the ratio of the
combined power of all harmonic components (o the power of the fundamental frequency

component. It is commonly expressed in decibels (dB) and can be calculated as [ 2]

THD = 10 log,, (W} (19)
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Wher: P represents the power of the fundamental signal component, and P2 Ps Po L Py
represent the power of the second, third, fourth and nth order harmonic components,

respectively.

In practical measurcment procedures, THD is tyvpically determined using frequenc v-
domain analysis. A sinusoidal test signal is supplied to the ADC, and the resulting digital
output samples are processed using FFT, The resulting spectrum displays the fundamental
frequency component as the dominant peak., while harmonic distortion components appear
at multiples of the mput trequency [6-8], The THD is then calculated by summing the
power of the significant harmonic peaks and comparing it to the fundamental signal power.

A lower THD value indicates better linearity and reduced distortion, meaning that the
ADC more accurately prescrves the shape and spectral punty of the input signal.
Conversely, a high THD value indicates significant nonlinear distortion, which can
degrade signal quality and introduce mterference i commumication systems of

Measurement errors in precision instrumentation.

[n the design of high-performance SAR ADCs, minimizing THD requires careful attention
1 several design aspects, including accurate capacitor matching in the DAC array, high-
gain and low-offset comparator design, optimized switching algorithms, and symmetrical
layout technigues o reduce parasitic mismatches. Additienally. ensuring sufficient
settling time in the DAC and minimizing reference voltage fluctuations can significantly

improve harmonic performance.

THD 18 especially significant in applications such &8 wireless communicalion réceivers,
high-resolution data acquisition systems, audio processing equipment, and precision
instrumentation, where high signal fidelity and spectral purity are essential |4]. Therefore,
opiimizing THD alongside other dynamic parameters such as SNR and SNDER is important

for achieving high overall performance in modern ADC architectures.
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Spurious-Free Dynamic Range (SFDR)

Spurious-Free Dynamic Range (SFDR) is a key dynamic performance parameter used (o
evaluate the spectral purity of an ADC. It measures the ability of the converter to
distinguish a desired signal from unwanted spurious spectral components generated during
the conversion process. SFDR is defined as the ratio of the amplitude of the fundamental
aignal component to the amplitede of the largest spurious spectral component appearing

in the output spectrum. | 2, 8].

Mathematically, SFDR can be expressed as

SFDR = 2010, ("T‘P—‘“} B (1.10)
dpur
where Agana represents the amplitede of the fundamental input signal and A represents

the amplitude of the largest unwanted spunious component in the spectrum.

The spurious components, commaonly referred o as spurs, may arise from several sources
including harmonic distortion, intermodulation distortion, cleck feedthrongh, switching
transients in the DAC. capacitor mismatch, and nonlinearities in the comparator or other
circuit elements, These spurs appear @t frequencies different from the fundamental

frequency and can significantly degrade the quality of the digitized signal.

In practice, SFDR is typically measured using frequency-domain analysis. A sinusoidal
input signal is applied to the ADC, and the digital owtput samples are processed using FFT
to obiain the outpat s pectrum. The fundamental signal appears as the dominant peak at the
input frequency i, while harmonic distortion components appear at integer multiples such
as 2, 3ty and so forth, Other spurious tones may also appear due to nonlinear circuit
behavior or interference. The SFDR is determined by identifying the largest spur in the
spectrum and determining the ratio between the amplitude of the fundamental congponent

and that of the spur signal [5].
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Unlike SNR and SNDE. which consider the total imegrated noise and distortion power,
SFDR focuses specifically on the worst-case spectral component. This makes SFDR
particularly important i applications where & single unwanted tone can mtertere with

signal detection or corrupt adjacent communication channels.

A higher SFDR value indicates superior spectral purity, meaning that the ADC prodeces
fewer unwanted spurious tones and can sccurately represent the input signal without
introducing strong interfering components, Conversely, a low SFDR indicates significant

distartion or interference in the oufput spectrum.

SFDR is especially entical in applications such as wircless communication receivers., radar
systems, spectrum analyzers and high-speed data acquisition systems, where unwanted
spectral components can degrade system performance by interfering with neighboring
frequency channels, In these systems, the ADC must mamtain & large dynamic range so

that weak signals can be detected even in the presence of strong nearby signals [1].

In SAR ADC design, improving SFDR requires minimizing nonlinear distortion sand
reducing switching-induced artifacts. Technigues such as precise capacitor matching in
the DAC array, optimized DAC switching algorithms, high-gain low-offsel comparator
design, and carcful layout techniques o minimize parasitic coupling can significantly
improve SFDR performance. Additionally. ensuring siable reference voltages and

minimizing elock jitter are important factors in maintaining high spectral purity.

Owverall, SFDR iz an essential parameter for evaluating the dynamic linearity of an ADC
and is widely used alongside other performance metncs such as SNR, SNDR, THD, and

EMoB to chameterize the dynamic behavior of high-performance data converters.
Effective Number of Bits (ENoB)

The Eftective Number of Bits (ENoB) is an important dynamic performance metric used

to evaluate the practical resolution of an ADC, While the nominal resolution of an ADC
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is determined by the number of bits used for representing the digital outpur, the actual
performance of the converter is often degraded by vanous non-ideal effects such as
thermal noise, quantization noise, cireuit nonlinearities, comparator offset, capacitor
mismatch, reference voltage fluctuations and clock jimer. As a result, the effective
resolution achievable in real operating conditions 15 usually lower than the theoretical

resolution specified by the converter design [1].

EMoB provides a quantitative measure of the usable resolution of an ADC by considering
the combined effects of distortion present in the output signal. I is derived from the
SNDR, which includes both random nodse components and hammonic distortion effects,
By companng the measured SNDR with the theoretical signal-io-noise ratio of an ideal
converter, ENoB indicates the number of bits that effectively participate in accurate signal

conversion. The relationship between ENobB and SNDE is given by

T e (111

.02

where SNDR is capressed in decibels (dB). 1.76 dB mepresents the offset constant
associated with guantization noise in an ideal conventer and 6,02 dB corresponds to the

increase in signal -to-noise ratio obtained tor each additional bit of resolution,

This equation shows that each additional effective bit improves the SNDR by
approximately 6 dB. Conversely, any reduction in SNDR due o noise or distortion results

in & corresponding decrease in ENoB.

For example, if a converter has o messured SNDR of 62 dB, the effective number of bits

can be calculated as

Bd-1.74

ENoB = ———— = 10 bits (L.I2)
6,02
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This indicates that although the ADC may be designed as a higher-resolution converter,
its effective performance corresponds to that of an ideasl 10-bit ADC under the given

operating conditions,

EMNoB is typically determined through spectral analvsis using FFT of the digital output
signal when a sinusosdal mput s applied (3], From the FFT spectrum, the SNDR is
calculated by comparing the power associated with the fundamental signal component
with the combined power of noise and distortion components. The ENoB value is then
derved using the relationship above.

This paramecter is widely used as a comprehensive performance indicator bocause il
captures the combined influence of multiple dynamic error sources in the converter. In
high-performance SAR ADCs, factors such as capacitor mismatch in the DAC amray.
comparator noise, switching transients, and incomplete DAC settling can reduce SNDR

and therefore lower the effective resolution |5].

Improving ENoB in SAR ADC architectures requires careful optimization of several
design aspects, including high-accuracy capacitor arrays, low-noise CoOmMparator circ s,
efficient DAC switching schemes, and stable reference voltage generation. Proper layout
techniques and calibration methods are also commonly employed to mitigate mismatch

and reduce distorion.

Overall. ENoB provides a practical and widely accepted metric for assessing the real-
world performance of ADCs. Unlike nomnal resolution, which only reflects the
theoretical capability of the converter, ENoB directly reflects the usable precision of the
ADC when operating under realistic signal conditions, making it & entical parameter in
applications such as communication systems, precision measure ment equipment, Sensor

interfaces and high-speed data acquisition sysiems [8].
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1.2.3 Static Characteristics

Static chamcteristics describe the performance of an ADC when the input signal is
comstant or slowly varying with ime. Unlike dynamic parameters. which evaluate the
behavior of the converter under rapidly changing signals, static charactenstics focus on
the accuracy, linearity, and precision of the conversion process. These parmmeters provide
insight into how closely the ADC digital output sceurately matches the comesponding

analog input value under steady-state conditions | 1],

In statie performance evaluation, the input volage is gradually varied across the full
operating range of the ADC, and the resulting digital ouiput codes sre observed. By
analyzing the relationship between the applicd input voltage and the gencrated digiral
codes, it I8 possible w idemify deviations from ideal behavior caused by circuoit
imperfections, These deviations can arise from factors such as compamtor offset, capacitor
mismatch in the DAC amay, finite reference voltage accuracy,. switching ermors, and

parasitic effects m the circuit implementation [3, 4].

The primary ohjective of static characterization is to evaluate the linearity and accuracy
of the ADC transfer function. In an ideal ADC, the transfer characteristic follows a
perfectly linear correspondence between the analog imput vodtage and the resalting digiral
output code |5]. However, practical ADCs often exhibit deviations from this ideal lincar

behavior due 1o device mismatches and circust non-idealities.

Various key parameters are utilized to characterize the static performance of ADCs,
including offset error, gain emmor, DNL and INL Each of these parameters provides

information about specific types of errors that may occur during the conversion process.
Offset Error

Offset error 15 ome of the fundamental static performance parameters used to evaluate the

accuracy of an ADC. It represents the difference between the actual ADC transfer
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charactenistic and the ideal wransfer characteristic o the lower end of the input voltage
range. In simpler terms, offset ermor indicates the amount by which the input voltage musi

deviate from zero in order to produce the first transition in the digital outpul code [2].

In an ideal ADC, the first transition between digital output codes should occur when the
input voltage reaches half of the LSB above the mimmum input voltage. This ensares that
the guamtization intervals are symmetrically distributed around each digital code.
However, due to practical circuit imperfections, the actual transition point may shift either

above or below this ideal value. This shift is referred to as offset error [3].
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Fig. 1.4 Positive and Negative (ffset Error

Mathematically, Offset error is defined as the deviation between the actual and ideal

transition voltages cormesponding to the first code transition. I is typically expressed in
units of LSB or sometimes in volts [5].
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Of fset Error = V,, (1.13)

fral transition = "'riduut Erodis el tone

Where Vel ranesion represents the measured input volizge at which the first code transition

occurs, and Vide e oo represents the ideal rransition voltage (normally equal 1o Y2 LSB).

Offset error mn an ADC can be classified into positive offset error and negative offset error
depending on the direction of the shift of the transfer characteristic relative to the deal

response,

Offset error occurs when the first code transition point deviates from its ideal position,
which ideally should occur at ¥ L3B above the minimum input voltage, Due to
imperfections in the comparator, reference voltage circoitry, or capacitor mismatches in
the DAC, the transition point may shift either towand higher or lower input voltage values
171.

Offset error introduces a constant shift in the entire ADC transfer curve without affecting
its slope. This mesns that all digital codes are displaced by the same amount along the
input voltage axis. As a result, although the spacing between quantization levels remains
unchanged, the digital ontput codes no longer correspond exactly to the comect imput

voltage levels.

Several circuit-level factors contribute to oftset error in practical ADC implementations.
One of the major sources is comparator offset voltage. which arises due to mismatch
berween the transistors in the differential input pair of the comparator. Even small
mismatches in transistor dimensions or threshold voltages can lead the comparator 1o
switch ot input voltage levels that differ slightly from the imtended values, Other
contributing factors include reference vollage inaccuracies. parasitic capacitances in the
sampling network , charge injection during switching and mismatches in the capacitve

DAC armay [8].
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In SAR ADC architectures, offser error 15 particulardy influenced by the comparator
design, since the comparator determines the decision threshold during esch conversion
step. It the comparator exhibits a significant offset voltage. the comparison results may

shift consistently, leading w systemanc errors in the digital ourpot codes.

Although offset ermor affects the absolute accuracy of the converter, it 18 often considered
a correctable error, Calibration techniques such as digital offset calibration, auto-zeroing.
and chopping techniques can be wsed to compensate for offset ermors [9]. In many systems.,
offset error is also removed during post-processing by subtracting the measured offset

from the digital cutput.

From a system perspective, mimmizing offset error is important in applications demanding
high measurement precision. such as sensor interfaces, instrumentation  systems.
biomedical signal aoquisition, and precision contmol systems. Careful device matching.
symmetrical layout techniques, and low-otfsel comparator design are commonly used to

reduce offset error in high-performance ADCs.

Overall. offset error gives a systematic deviation of the ADC wansfer charactenistic at the
zero-input condition, and 15 reduction is essential for achieving accurate analog-to-digiral

conversien in precision electronic systems,
Gain Error

(rqin ermor is an important static performance parameter used to @valuate the accuracy of
an ADC. It denotes the difference in the slope of the actual ADC transfer characteristic
compared o the ideal characteristic afier compensating for the offset ermor. In other words.
gain error indicates how much the scaling of the input to output relationship differs from

the ideal conversion behavior,

In an ideal ADC, the digital output codes increase linearly with the voltage across the
entire input range. The slope of this transfer curve is determined from the ratio of the full-
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scale input voltage range o the ol number of quantization levels (2%). Under ideal
operating conditions, the maximum digital cutput code is obtained precisely when the

input signal attains the full-scale reterence voltage [4].

However, in practical implementations, various circait non-idealities can cause the slope
of the actual transter function to differ slightly from the weal slope. This deviation results
in & scaling error, meaning that the digital output values do not accurately represent the

input voltage across the entire range. This ermmor is referred to as gain emor (6],

ldenl Ciagn

111

110

101

Megative Gain Eror

Posiive (Gainibrror

=
o
=

=]
=
—_—

Digital Code

=]
et
o

000

i/8 2/8 3/8 4/8 5/8 &/8 7/8 B&BSf8
Mormalized analog input valtage

Fig. 1.5 Positive and Negative Gasn Error

Cain error is typically measured atter comecting for offset error so that the comparison
berween the ideal and actual ransfer characteristics reflects only the difference in slope.

Mathematically, gain ermror can be expressed as [7]

Vactual Juti-aoale ™ Videal full-scale

Lain Error = {1.14)

Videal fuoll-2cale
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where Vi ui-uae Tepresents the input voltage corresponding 1o the maximuom digital
output eode in the practical ADC, and Vgl full scle Tepresents the ideal full-seale inpui

vinltage,

Gain ermor is often expressed in LSB units, pereentage of full scale or in millivolts (mY)
depending on the specific format used m the ADC characterization [2]. In an ideal ADC,
the digital output codes increase lincarly with the input voltage and the maximum digital
output code i5 reached exactly when the input voltage reaches the full-scale reference
voltage. However, due to practical circuit non idealities such as reference voltage
ingecuracies, capacitor mismaich in the DAC army, comparator gain limitations, and
circuil parasitics, the slope of the ransfer characteristic may become either steeper or
flatter than the ideal slope [5, 6]. Depending on the direction of deviation, gain error can

be classified as either positive gain emor or negative gain error.

Several circuit-level lactors contribute to gamn ervor in practical ADC desizns. One major
source is inaccuracy in the reference voltage. since the reference voltage detines the full-
scale range of the converler. Any vanation in the reference voltage directly affects the
slope of the transfer characteristic. Another common source is mismatch in the CDAC
array | 7], particularly in SAR ADC architectures. Capacitor mismatches alter the eftective

weighting of each bit, which leads to deviations in the overall conversion gain,

Other contributing factors inclode finite settling errors in the DAC switching network,
temperature varigtions affecting device parameters, and non-ideal behavior of analog
front-end circuits such as amplifiers or sampling networks |8, 9], These effects can
collectively cause the transfer function to streich or compress refative to the ideal

charactenstic,

In the graphical representation of the ADC ransfer function. gain error appears as a tiltin

the transfer curve, meaning that the slope differs from the ideal slope even though the first
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transition point is aligned after offset correction. As the input voltage mereases wward Tull

seale, the deviation between the ideal and actual curves becomes progressively larger.

Unlike nonlincar errors such as [NL and DNL, gain emor is gencrally considercd a
systematic error and can often be corrected using calibmtion technigques. Many modern
ADC systems employ digital gain calibration, where the output codes are scaled using
comrection factors to compensate for gain mismatch, Proper reference voltage design.

accurate capacitor matching, and carcful circuit layout can also help reduce gain crror

during the design stage.

In high=-accuracy applications such as instnumentation sysicms. scnsor interfaces.
biomedical measurement equipment and  high-resolution data acquisition  systems,
minimizing gain emor is casential for maintaining accurste signal conversion across the
entire input range. Therefore, careful design of the reference peneration circust, CDAC

network and sampling circuitry is required to ensure mimmal gain deviation [9].

Overall, gain error retlects the difference in the scaling factor between the ideal and actual
ADC transfer functions, and is reduction is necessary 10 achieve high accuracy in analog-

wo-digital conversion syslems.
Differential Non-Linearity { DNL)

Differential Non-Lineanty {DNL) is an important static performance parameter used o
gvalmate the limearity of an ADC. It measures the vanation of the actual step size between
two neighboring digital output codes relative to the ideal step size of one LSB [5]. In an
ideal ADC, each quantization siep corresponds exactly o one LSB of the input voliage
range. However, due to circuit non-idealitics and component mismatches, the original step

width may differ slightly from this ideal value.

DXL theretore measures how uniformly the analog input range is divided into gquantization

intervals | 6]. If the quantization steps are not uniform, certain codes may represent larger
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or smaller voltage intervals than expected, which leads o inaccuracies in the conversion

process,
Mathematically, DML can be expressed as

DNL = Vasual step =V idsal step (1.15)
Vise

where Vicualsiep represents the measured voltage difference between two consecutive code
transition points, Vi aep represents the ideal step width equal to one LSB, and Visa
denotes the least significant bit voltage.

When the value of DNL is zero, the step size exactly matches the ideal LSB width. A
positive DNL value signifies that the actual code step is greater than one LSB, while a

negative DNL value indicates that the step size is less than one LSB [9, 10].
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The magniude of DNL provides insight imio the uniformity of the ADC mransfer
charactenstic, It the DNL value lies within the range —1 LSB to +1 LSB, the ADC is
considered monotonic, meaning that the output codes increase sequentially without
skipping any codes [2, 4]. However, if the DNL value exceeds £1 L3R, it may lead o the
occurrence of missing codes, where certain digital output values never appear for any input
voltage, Missing codes degrade the resolution and accuracy of the converier and arc

generally undesirable in precision applications.

Several circuit-level factors contribute to DNL errors in practical ADC implementations.
In SAR ADC architectures, one of the most signilicant contributors is capacitor mismatch
in the CDAC array. Since each capacitor représenis a specific binary weight, any
mismatch alters the effective voltage step produced during the successive approximation
process, This mismatch results in non-uniform quantization intervals, which directly

manifests & DML error [6].

Oiher sources of DNL incluode comparator offset, charge injection dunng switching.
parasitic capacitances in the sampling network. meomplete DAC settling and variations in
the reference wvoltape. These factors disturb the ideal voltage division during the

conversion process and lead to wrrepular spacing between code transitions |15, 2%].

DNL is typically measured using a slow ramp input signal or a histogram testing method.
where the input voltage is varied across the full-scale range, and the frequency of
occurrence of each digital output code is measured, By analyzing the distribution of output
coides. it is possible to determine whether certain codes appear more frequently (indicating

larger step widths) or less frequently {indicating smaller step widths) [16].

Maintaining low DINL is essential in applications demuanding high linearity performance
and precision. such as instrumentalion Sysiems. sensor inferfaces. communication
receivers. and high-resolution data acquisition systems, In high-performance SAR ADC

designs. DNL errorz can be minimized through technigques such as aceurate capacitor
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matching. layout symmetry, calibration methods. and optimized DAC switching schemes
[17].

Overall. DML provides an important measure of the local lineanty of the ADC transfer
function, reflecting how evenly the analog input range is quantized into discrete digical

output codes.
Imtegral Non-Linearity (INL)

Integral Non-Linearity (INL) is an mmportant static performance parameter wed 1o
evaluate the overall linearity of an ADC. It measures the variation of the actual ADC
transfer charsctenstic from the deal straight-line relationship between the analog imput
voltage and the comresponding digital output code [1-4]. Unlike DKL, which measures the
variation in step size between successive digital codes, INL represents the cumulative

deviation of the transfer curve over the entire input range.

In an ideal ADC. the digital outpiur codes increase linearly with the input voltage,
producing a perfectly straight transfer curve when plotted against the analog input signal.
However, practical ADC implementations exhibit deviations from this ideal behavior due
tor variows circuit imperfections such as capacitor mismatch, comparator offset_ incomplete
DAC senling, pargsitic capacitances, switching nonlinearities and variations in the
reference voltage [35]. These imperfections cause the transfer characteristic to bend or

shift away from the ideal straight-line charactersstics, resulting in INL error,

Mathematically, INL is defined as the deviation between the actual transition point of a
particular code and the cormesponding ransition point predicted by the ideal rransfer curve.

This deviation is typically expressed in units of LSB and can be written as

INLF o5 I‘rﬂfluﬂf'::j;:ld'fﬂ:[kl 1 I.-I.ﬁ]
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where Va(k) represents the measured input voltage associated with the kB code
transition, Vig.{k) represents the ideal rransition voltage of that code determined from the

ideal transter characteristic, and Visp 15 the voltage value comesponding o one LSB.

INL is wsually evalvated using either the endpoint method or the best-fit line method. In
the endpomt method, the wdeal straight line 15 drawn between the first and last transition
points of the ADC transfer curve [22-25]. In the best-fit method, o least-squares ling is
fitted through all transition points to minimize the overall emror. The INL value is then

determined as the maximum deviation of any code transition from this reference line.
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Fig. 1.7 ADC Transfer Function with INL Error

A smaller INL value indicates that the ADC transfer characteristic closely follows the
ideal limear behavior, Conversely, a large INL value indicates significant nonlinearnity i

the converter, which can degrade the accuracy of signal representation, Unlike offsef and

gain errors, which are systematic and often correctable through calibratiom, INL errors are



more complex because they arise from disiributed nonlinearities across the entine

comversion range | 17].

In SAR ADC architectures. INL is strongly influenced by the matching accuracy of the
CDAC array. Since cach capacitor represents a binary weight in the successive
approximation process. even small mismatches can accumulate and produce nonlinearities
in the output transfer curve. Additionally, comparator decision emmors and incomplete DAC

settling during high-speed operation can further contribute to INL degradation [19].

The impact of INL becomes particularly significant in applications that demand high
accuracy and precision. such as instrumentation systems, medical devices, indusirial
measurement equipment and high-resolution data acquisition systems. Large INL values
can introduce distortion into the reconstructed signal and decrease the effective accuracy

of the converer,

Therefore, minimizing INL is a critical objective in the design of high-performance SAR
ADCs., Techmiques such as capacitor layout optimization, common-centroid layout
structures, calibration algorithims, digital correction techniques and improved comparator
design are often emploved 1o reduce nonlinearity and improve the overall accuracy of the

comverter [9, 20, 21].

Owerall, INL provides a comprehensive evaluation of the global lincarity of the ADC
transfer function., capturing the cumulative effects of all nonlinear error sources present in

the converter.
Monotonicity

Monotonicity 1s an important static charecteristic of an ADC that descoibes the behavior
of the digital output codes with respect bo changes in the analog signal. An ADC is said o
be monotonic if its digital output code esther increases or remains constant when the input

voltage increases |2, 3], In other words, the output of the converter must never decrease
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when the input signal increases. This propery ensures that the ADC produces a non-

decreasing transfer charactenstic over the entire input voltage range.

In an ideal ADC, the transfer function consisis of a staircase-shaped curve where cach step
comesponds to a quantization level [5, 20, As the input voltage increases. the output code
transitions sequentially from one level to the next higher level. Therefore. the digital
output always moves in the forward direction without reversing. Monotomicity guarantees
that the conversion process maintains a consistent relationship between the analog imput
signal and the digial output code [18].

In practical ADC implementations, monotonic behavior s strongly related o DNL
performance. If the DNL of every code is greater than —1 L5B, the ADC is guaranteed 1o
be monotonic. However, if the DNL becomes less than —1 LSB, the step sige between
adjacent codes may become negative, leading to o situation where the output code
decreases even though the mput voltage increases. This phenomenon results in non-

monotonic behavior and may cause instability in signal processing systems [2. 4],

Monotonicity s particolarly important in applications where the ADC is used in closed-
loop control systems, digital feedback loops or measurement systemns |18, 20 48], In such
systems, 4 non-menotonic converter can introduce unpredictable behavior because a small
increase in the input signal may produce a lower digital ontput valoe. This can cause

oscillations or instability in control loops and degrade system reliability.

In SAR ADC architectures, monotonicity is langely influenced by the sccuracy of the
CDAC array, since the DAC generates the reference voluges used for companson during
the successive approximation process [4b, 43| It capacitor mismatches are large. the
voltage steps generated during the conversion process may not follow the comect binary
weighting, resulting in irregular step <izes. This can lead w negative DNL values and

consequently violate the monotonic property,
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Other factors that can affect monotonicity include comparator offser, switching charge
injection, parasitic capacitances, and incomplete DAC setlling during high-speed
operation |39, 441, Careful design technigues are theretfore requirad to ensure monotonic
behavior in high-resolution SAR ADCx.

To maintain monotonicity. designers often employ precision capacitor matching.
common-centroid lavout techniques, calibration metheds. and optimized DAC switching
algorithms |9, 18, 34, 44]. These approaches help maintain uniform step sizes and prevent

code reversal during the conversion process.

Monotonicity 1= often considered & minimum requircment for reliable ADC operation.
especially in systems where the converter output is directly used for control or decision-
making processcs. Even if other lincanty parameters such as INL and DNL are not perfect.
maintmning monotonic behavior ensures that the ADC produces stable and predictable

comversion results [4, 7).

Overall, monotonicity guarantees that the ADC transfer function remains non-decreasing
throughoot the input range, thereby preserving the accurate relationship between the
analog mpul signal and the corresponding digital output code. This charactenstic is
essential for ensuring reliable operation in a wide range of analog-to-dignal conversion

applications.

1.2.4 Figure of Merit (FoM)

The Figure of Merit (FoM) is a widely used performance metric that enables quantitative
comparison of different ADC architectures in terms of energy efficiency and conversion
performance [23]. Since ADCs may operate at different résolutions, sampling rates, and
power levels, direct comparison of parameters such as power consumption alone does not
provide a fair assessment of performance [24]. Therefore, the FoM serves as a normalized
performance metric that accoums for the relationship between power consumption,

resolution, and sampling frequency.

37



In modern mixed-signal sysiems, particulardy those used in wireless communication
devices, sensor interfaces, hiomedical electropics and IoT platforms, minimizing energy
consumption while maintaining high sccuracy 15 a key design objective (37, 48], FoM
provides a convenient method o evaluate how efficiently an ADC converis analog signals

into digital data with respect (o energy usage.

Several FoM formulations have been proposed m the literature, among which the Walden
FoM and the Schreier FoM arc the most commonly used metrics for evaluating ADC

performance.
Walden Figure of Merit

The Walden Figure of Merit is widely used for evaluating energy in Nyguist-rate ADCs,
particularly SAR and flash ADC architectures [37, 531]. This metne represents the energy
consumed per conversion step. providing a direct measure of how muech energy the

COMVErter requires 1o résolve one guantization level.

The Walden FoM is defined as

FOWET

FoM T em— (1.17)

widclem EEH‘:"B*_.I":

where Power represents the total power consumed by ADC, ENoB denotes the effective
number of buis, f, is the sampling frequency .

The term 27" corresponds o the twotal number of quantization levels in the converter,
and therefore the denominator represents the total number of conversion sieps
processed/second, The Walden FoM therefore quantifies the energy required to perform a

single quantization step.
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The units of Walden FoM are typecally expressed in Joules per conversion-step, and in
modern low-power ADC designs the values are usually reported in femto-loules per

conversien-step {f1/conversion-step) |23, 53].

A lower Walden FoM value indicates higher energy efficiency, meaning that the ADC
comsumes less energy to perform each conversion operation. Over the past decades.
advances in CMOS technology and circuit design techniques have enabled continuous
improvement in Walden FoM, particularly for SAR ADC architectures, which are known

tor their excellent power efficiency [51].
Schreier Figure of Merit

Another impontant performance metric used for ADC comparison is the Schreier Figure
of Merit, which mcorporates both dynamic range and power efficiency nto a single
parameter. Unlike the Walden FoM. which focuses primarily on energy per conversion

siep, the Schreier FoM evaluaies the wrade-off berween signal quality and power
consumption | 23],

The Schreier FoM is defined as

FoMgonrier = SNDR +101og,, (-2} (1.18)

where SNDR represents the signal-to-noise-and-distortion ratio, f. denotes the sampling

trequency, Power represents the power consumption of the ADC,

The Schreier FoM is expressed in decibels (dB) and provides a measure of how effectively
the ADC achieves high dynamic performance relative to its power consumption. In
contrast i the Walden FoM, higher Schreier FoM values indicate better performance, as

they comespond to higher signal guality achicved with lower power consumed [ 53].
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This metric s particularly useful when evaluating high-resolution converters, wherne

maintaining high SNR while minimizing power consumption is eritical.
Importance of FoM in Modern ADC Design

In recent years, the mpid growth of energy-constrained electronic systems such as
wearable devices, implantable madical sensors, wireless sensor networks, and edge-
computing nodes has significantly increased the demand for ultra-low-power ADC
architectures [44-47]. In such applications. the energy efficiency of the data conversion

process directly impacts battery life and overall system reliability,

SAR ADCs have has become one of the most power-efficient architectures for medinm-
resolution and moderate-speed applications. This is primarily due to their charge-
redistribution DAC structure, absence of high-power operatronal amplifiers, and highly
digital implementation, which allows them to benefit from CMOS technology scaling [48,
s0).

Modermn SAR ADC designs aim to achieve extremely low FolM values through several

architectural and circuit-level technigques. including |48, 449

« energy-efficient DAC switching schemes,
= optimized comparator architectures,

« asynchronous SAR logic,

= capacitor array scaling,

» reference voltage optimization,

s calibration rechnigues o improve linearity without increasing power Consumption,

By minimizing switching energy, improving comparator efficiency and reducing digital
control overhead, designers can significantly improve the FoM of SAR ADCs while
maintaining high SNDR and ENoB performance.
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1.3 Literature Survey

The comtintows evolution of modem electronic echnologies has greatly accelerated the
deployment of intel ligent and interconnected systems across a broad range of applications.
In particular, the widespread adoption of loT devices, wearable healthcare monitors,
portable sensor nodes, and edge-computing platforms has created a growing need for
efficient data acquisition systems [4¥]. These applications rely on electronic interfaces that
can accurately capiure analog signals from physical environments—such as temperaiure,
pressure, biological activity, and environmental parameters—and convert them into digital
data suitable for processing, storage, or transmission, Consequently. the development of
energy-efficient and high-precision signal conversion circuaits has become essential o
support the relisble operation of such syitems while maintaining mmmal power
comsumption [ 21, 52]. Asaresult, ADCs have become one of the most critical components
in mixed-signal imegrated circuits. In many [oT and sensor-oriented systems, the ADC
serves as the main interface between real-world analog signals and digital processing
circuits, making its performance critical to overall system operation. As a result, there is
a growing need for ADC architectures capable of providing high resolution, low power
comsumption. compact silicon area, and dependable performance under low supply
voltages in advanced CMOS technologies [1, 54].

Analog-to-digital conversion plays a central role in numerous applications including
wireless communication systems, biomedical instrumentation, environmental monitoring.
industrial automation and portsble consumer electronics [48], In these systems, physical
quantities such as temperature, pressure, sound and electromagnetic waves are initially
transformed into electrical analog signads by sensors. These analog signals must then be
digitized accurately sothat they can be processed. stored, or transmitted by digital systems,
Over the past several decades, significant research efforts have been devoted to developing
ADC architectures that meet mcreasingly demanding requirements in terms of conversion

speed, resolution, power efficiency . and integration density [48, 55].
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Among the various ADC architectures, SAR ADC has emerged a5 one of the most
attractive solutions for moderate- to-high resolution applications requiring excellent power
efficiency. The SAR ADC architecture offers several advantages including simple eircuil
structure, scalability with CMOS technology . and reduced dependence on power-hungry
analog blocks such as operational amplifiers [47, 60]. Az a result, SAR ADCs have
become widely adopied in loT devices, sensor interfaces, and batiery-powered clectronic
systems. Continuous advancements in circuit techniques and digial calibration methods
have further enhanced the performance capabilities of SAR ADCs. enabling them to

achieve higher sampling rates and improved energy efficiency.

1.3.1 Comparators

In SAR ADC, the comparator sarves as the pnmary decision-making circuit responsible
for generating the digital output bits during each conversion cycle [41].Since a SAR ADC
performs multiple comparison operations—itypically equal to the number of bits in the
converter resolution—the comparator is activated repeatedly during each conversion
process . Consequently the energy consumed by the comparator accumulates over multiple
comparison cycles and becomes a major contributor 1o the overall power dissipation of
the ADC. In low-power applications such as T devices, wircless sensor networks,
biomedical monitoring systems, and portable instrumentation, where energy etficiency is
a primary design objective. optimizing the comparator architecture is cssential for

improving the overall performance of the ADC [46].

In many practical SAR ADC implementations, the comparator along may account for a
substantial portion of the total power dissipation. sometimes approaching 40-60% of the
overall converter power budget [47]. This high contribution arises because the comparator
must operate at high speed while maintaining sufficient sensitivity 1o detect very small
voltage differences genemted by the capacitive DAC. Funthermore, the comparator must
exhibit low input-referred noise. minimal offset voltage, and robust operation across

process, voltage, and temperature (PYT) vanations [48, 653]. These requirements create
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significant design challenges, partculardy in modem CMOS technologies where supply

vidltages contimue to decresse due (o technology scaling.

One of the most widely used comparator architectures in high-speed ADC design is the
Strong ARM latch comparator (31,32, 66,67, originally introduced in the cady 1990s as
a sense-amplifier-based comparator tor high-speed digital circuits. This architecture has
guined widespread populanty due to its high-speed regencrative operation, compact
structure and zero static power consumption, as it relics entirely on dynamic operation
controlled by a clock signal [21-23]. The Strong ARM latch is composed of a differential
input stage followed by cross-coupled regenerative trangistors that gquickly amplify the

input voltage difference 1o full digmal owrpur levels [31].

Despite its advantages, the conventional Strong ARM comparator suffers from several
limitations when applied to modem low-power SAR ADC architectures. One major
drawback is that the Strong ARM structure emiploys a single-stage architecture, m wlich
the mput differential pair and the regenerative latch operate simulianeously without
sufficient clectrical 1solation |48, 68-T0]. As a result, the regencrative switching activity
in the latch stage directly affects the input stage, leading to undesirable effects such as
kickback noise, which can disturb the sampled mput signal stored in the capacitive DAC.
Additionally, the absence of isolation between stages increases switching losses and may
result in higher dynamic power consumption, particularly under low -speed or low-voliage
operating conditions |20, 24]. These limitations have motivated researchers to investi gate
altermative comparator architectures that offer improved energy efficiency and reduced

noise coupling.,

To overcome these challenges, the doubletail dynamic comparator architecture was
proposed as an enhancement over the traditional Strong ARM latch [27. 28, 68, 77, 109,
113]. In this structure. the comparator is divided into two distinet stages: a preamplifier
stage and o regenerative latch stage. The preamplifier stage amplifies the small differential

input voltage while minimizing the effects of noise and kickback interference. The

43



amplified signal is then fed 1o the regencrative latch stage. which rapidly resolves the
comparison decision through positive feedback regeneration [27, 28|, By separating the
amplification and regenemation processes, the double-tail comparator improves inpul

sensitivity and reduces the loading effect on the input signal source.

Although the double-tail architecture provides improved performance compared to single-
stage designs, it still exhibits certain limitations. In many implementations, both the
preamplificr and latch stages are activated simultancously during the evaluation phase [48,
82, ¥4]. This simultaneous operation may result in suboptimal energy utilization, since the
preamplifier may consume power éven when the latch stage has already resolved the
comparison decision. Furthermore, the performance of double-tsl comparators can
degrade under ultra-low supply voltage conditions, where reduced transistor overdrive
[imits the achievable gain and regeneration speed. These constraints become particulariy
significant in medium- tw high-réesolution SAR ADCs implemented in advanced

technology nodes [31-33].

In response to these challenges. extensive rescarch efforts have focused on developing
improved comparator archmectures that balance speed, power efficiency, and circuit
complexity, Many modern designs employ two-stage comparator structures, where the
preamplifier suppresses input-referred noise and redoces switching activity i the laich
atage, while the regenerative latch ensures rapid decision-making [41, 87, 95], Difterent
circuit techniques have been studied to enhance the performance of the preamplifier stage.
For mstance., the use of cascode differential amplifier sirociures has been explored o
increase the gain of the preamplificr by optimizing the overdrive voltage of the input
transistors [43, 103, 108, 113, 129]. Higher gain allows the comparator to resolve smaller
input voltage differences more guickly; however, this improvement typically results in

higher static power consumption [41].

Similarly, several swdies have proposed low-voltage double-tail comparator structures

that incorporate additional iransistors in the preamplifier soage o enhance gain and



improve speed performance [E1, 88, 98, 115, 120, 126, 131, 135, 141]. While these
designs can achieve reduced decision delay, they also incresse circuit complexity, silicon
area, and overall energy consumption [42, 44}, Other approaches have explored bulk-
driven techmigues w improve low-voltage operation by modifyving the effective threshold
voltage of input transistors [66, 67, 126]. For example, time-domain bulk-driven offset
cancellation methods adjust the tail fransistor parameters to improve comparator gain and
spead characteristics. However. such methods typically require auxiliary circuits such as
charge pumps and phase detectors. which increase design complexity and power overhead.

[imiting their suitability for high-frequency operation [42, 102, 123, 137].

Cahibration-based technigues have also been investgaied o mingue comparator offset
and improve accuracy . Methads such as weight-biasing calibration dynamically adjust the
effective input threshold of the comparator o compensate for mismatch-induced of fsets,
While these techniques can significamly improve comparison accuracy, they often
introduce additional digital controd circuitry and calibration overbead , thereby increasing

encrgy consumption and implementation complexity [29, 54-57, 1087,

Bevond improvements in the preamplifier stage. several techniques tocus on reducing
power consumption within the regenerative latch stage. One approach involves the use of
SR-latch-based regenerative comparators, where cross-coupled transistors provide strong
positive feedback to accelerate the regeneration process while maintaining relatively low
power consumption [43, 5%, 144]. Another approach invelves current-recyeling
techniques . in which bias currents are reused across multiple stages of the comparator 10
improve energy cfficiency [33. 44, 153, 157]. Althoogh these techniques can reduce
average power consumption. the inclusion of additional latch stages may introduce extra

delay and degrade the overall comparison speed [2729].

Uther design strategies combine the preamplitier and Iatch stages using muoltuplexing or
hybrid structures, allowing certain circuit blocks (o remain inactive during specific phases

of operation in order to reduce average power consumplion [43, 38 64 K0 90, 160, 164].
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Howewver, this integration may miroduce additional delay in the signal path and adversely

affect the overall comparison speed,

For applications requiring extremely low input-referred notse. some researchers have
proposcd multi-stage comparator architectures that employ two preamplifier stages
followed by a regenerative latch [48, 73-76]. These designs provide improved sensitivity
and faster decision speed but generally consame significantly higher power due to the

imereased number of active analo g stages.,

High-speed performance enhancement techniques have also been explored in the
Iterature, For instance, peaking lechniques using negative impedance convertcrs can
emulate negative capacitance in the preamplifier stage, effectively increasing bandwidth
and accelerating the comparator decision process, While such approaches improve speed
performance, they intmduece additional circuitry that increases overall power consumption

and design complexity [35-48].

More recently, advanced comparstor designs have incorporated dynamic-time current-
mode architectures that uniize switched-feedback inverters and clock-shaping circuits to
dynamically regulate the power consumption during the comparison process |80, 82, 166,
170]. These designs aim to achieve the best compromise between speed and energy
efficiency by controlling the timing of regenerative feedback. However. the additional
circuit blocks reguired for clock shaping and feedback control increase implementation
complexity and may present challenges in terms of scalability and layout optimization
[68—64].

Owerall, the existing literature demonstrates that comparator design inherently involves a
trade-off among power consumption, speed, circuit complexity, and robustness under low-
voltage operation. While numerous techniques have been proposed 10 improve specific
performance metrics, achieving simultancous optimization of all these parameters remains

a challenging task, These limitations highlight the need for the development of novel
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comparator architectures capable of providing high speed, low power consumption,
reduced offset, and improved noise immunity, particularly for nexi-generation SAR ADCs

designed for energy-constrainad loT and edge-sensing applications,

1.3.2 DAC Switching Algorithms and Capacitor Architeciures

In a SAR ADC, CDAC plays a fundamental role in defining the energy efficiency, area
consumption and lingarity performance of the overall conventer. The CDAC gencrates
reference voltages during the successive approximation process by redistributing charge
across 8 capacitor array. Becanse this charge redistmbution occurs repeated| y for every bit
decision in the conversion cycle, the DAC often becomes the dominant contributor to the
total power dissipation and silicon area of the SAR ADC [6, 14]. Consequently, the design
of efficient DAC architectiures and switching algorithms has become one of the most

active research areas in SAR ADC development.

Traditional SAR ADC implementations rely on binary-weighted capacitor arrays |16, 17].
where the capacitor values follow a geometric progression proportional to powers of two,
For an N-bit converter, the largest capacitor in the array typically has a value proportional
o 27~ 1 times the unit capacitor, As the ADC resolution increases, the value of the largest
capacitor rises exponentially. This exponential scaling leads o several practical
challenges. First, the large capacitors occupy a substantial silicon area, increasing the
overadll chip size and fabrication cost. Second, large eapacitive loads introduce significant
parasitic capacitances and routing capacitance, which degrade the settling behavior of the
DAC output. Third, the large capacitor array increases the impact of thermal noise.
commonly represented by the kT/C noise limit, thereby constraming the minimum

capacitor size that can be used in low-noise designs [1, 2].

Another important drawback ot conventional binarv-weighted DAC architectures is the
high switching energy consumed during the charge redisribution process. In each
conversion cyele, multiple capacitors are switched between reference voltage nodes and

groamd, resulting in substantial charge transfer. This repeated charging and discharging
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process consumes significant dynamic power. Furthermore, switching large capacitors
penerates reference-dependent voltage glitches and transient disturbanees, which require
additional settiing time betore accurate comparator decisions can be made. Consaquently.
the DAC switching operation can restrict the highest anainable sampling rate of the SAR

ADC.

Capacitor mismatch also represents & major challenge in binary-weighted DAC amavs.
Manufacturing varations in capacitor dimensions and dielectric properties introduce
mismatch between capacitors that ideally should have precise binary ratios. Such
mismatches cause deviations in the DAC oacput voltage . which in tum introduce nonlinear
errors such as DNL and INL [ [9]. These nonlinearities degrade the accuracy of the
converter and may lead o missing codes in severe cases. To mitigate these effects,
designers often rely on careful layout methods such as common-centmid configuration.
capacitor trimming, or digital calibration methods. Nevertheless, the présence of large

capacitors and parasitic clements continues to impose limitations on DAC performance.,

To address these himitations, numerous energy-cfficient DAC switching algonthms have
been introduced over the past decade. These algonithms aim to minimize the wtal charge
teanster during the conversion process while maintaining accurate digital approximation.
One of the earliest improvements over the conventional switching scheéeme is the
monotonic switching algorithm [21. 65, 92], which significantly reduces switching energy
by ensuring that capacitors switch in only one direction during the conversion process. In
this approach. large capacitors are nol mgeled between opposite reference voltages.
therchy avoiding unnecessary charge redistnibution and reducing encrgy consumption.
Monotonic switching has become widely adopted in practical SAR ADC designs due 1o

its simplicity and moderate energy savings.

Further improvements have been achieved through the introduction of non-binary and
redundant switching techmiques [25, 39, 59, 61-63]. In non-binary architectures, the

capacitor armay does not stnctly follow binary weighting; nstead, redundancy is



introduced in the DAC structure 10 relax matching requirements and tolerate comparator
errors. By allowing slight inaccuracies during intermeadiate comparison sleps, non-binary
DAC structures reduce the need for precise capacitor ratios and enable faster convergence
of the successive approximation process. Redundant switching schemes extend this
concept by incorporating additional capacitors or redundant bits that provide Dexibility in
the approximation sequence, therchy improving tolerance to noise and mismatch effects
[78. T9].

More aggressive switching schemes have also been proposed to achieve near-complete
switching energy reduction. These approaches carefully reuse stored change and avoid
reselfing capacitors o ground between successive conversion cycles, Technigues such as
charge-reuse switching [24, 52, 132, 161], reference recycling [8B1] and resel-energy
elimination | 103, 14Y] can reduce the wotal switching energy by a large percentage
compared 1o conventional charge redistribution  methods. In some  advanced
implementations, these techniques have enabled SAR ADCs to achicve extremely low
encrgy  per conversion step, making them  highly  soitable for energy-constrained

applications.

In addition to switching algorithm optimization, significant research eftorts have been
direcied in improving the capacitor topology of the DAC array. One common approach
involves the use of split-capacitor DAC structures |25, 38, 40, 83, 85, 91, 44, 105], in
which the large capacitor array is divided into multiple smaller sub-arrays connected
through attenuation capacitors. This echnique reduces the size of the largest capacitor
while maintaining the overall resolution of the converter. By reducing the physical size of
the capacitor array, split-capacitor DACs significantly decrease silicon area and parasitic

capacitance, therehy improving both energy efficiency and conversion speed.

Another widely adopted architectare is the split-array DAC [116, 122, 130, 143,152, 162,
169], where the M5B capacitors and LS B capaciors are implemented in separate sub-

arrays. These sub-armays may be connected through bridging capacitors or scaling
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capacitors 1o achieve the desired binary weighting, Split-amay architectures scale well
with increasing resolution because they prevent the largest capacitor from becoming
excessively large. Additionally, these stroctures facilitate improved matching through

opiimized layout techniques and calibration methods [ 18,47].

More advanced capacitor structures have also been introduced to further reduce switching
energy. For example, semi-resting DAC architectures maintain the charge stored in large
capacitors during intermediate conversion steps, therchy avoiding unnecessary switching
activity [39]. Similarly, semi-recovery DAC structures reuse charge from previous
conversions [0 reduce the total energy required for sebsequent operations. These
technigques have demonstrated exiremely low gnergy consumption. achieving femio-Joule

energy per conversion step in specialized low-power implementations [4X].

Additional encrgy savings can be achieved through charge-sharing reset techniques, where
charge that would normally be dissipated to groend during reset operations is partially
recovered and reused in subsequent cycles. These charge-recovery approaches further
improve encrgy cfficiency by minimizing the net charge transfer in the DAC network [71.
72).

Despite these advancements, the design of DAC switching schemes and capacitor
architectures involves several important trade-offs. Algorithms that achieve significant
switching-energy reduction often require more complex control logic and precise timing
coordination, which can incresse digital power consumption and design complexity
Similarly, split or redundant capacitor arrays may introduce addittonal calibration
requi rements 0 mamiain acceptable DNL and INL performance. Therefore, the overall
effectivencss of a DAC architecture depends on carcful co-optimization of switching
algorithms, capacitor layout, comparator design, and SAR logic.

Application requirements also influence DAC design choices. For example, ultra-low-

power wearable biosensor systems typically prioritize minimal energy per conversion step
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and low supply voltage operation rather than extremely high sampling rates [50]. In such
applications, designers often employ small-capacitance DAC amays combined with

simphitied switching al gorithms that minimize dynamic energy consumption.

Ovwverall. the most cnergy-cfficient SAR DAC implementations integrate several
complementary techiigues, incloding optimized switching algorithms, capacitor splitting
strategies, charge reuse mechanisms and careful layout design to manage mismatch and
parasitic effects, By combining algorithmic innovations with mmproved capacitor
architectures, modern SAR ADCs can achieve significant reductions in power
comsumption while maintaining high accuracy and scalabality for next-generation mixed-

signal svsiems.

133 SAR Logic and System-Level Considerations

While the analog building blocks such as the comparator and CDAC form the core of the
conversion process in a SAR ADC. the SAR logic plays an egually important role in
determining the overall efficiency, speed and reliability of the convernter. The SAR logic
orchestrates the entire conversion process by controdling the switching sequence of the
DAC, managing comparator evaluation cycles and stornng intermediate decision results.
Although SAR logic is implemenied using digital circuitry, 118 performance has a major
impact on the dynamic power consumption, timing accuracy, and throughput of the ADC
|200, 23, 58], As the resolution and operating speed of SAR ADCs increase, the impact of

SAR logic on overall system performance becomes increasingly pronounced.

Iin a conventional SAR ADC. the conversion process follows a binary search algorithm in
which cach bit of the digital output is determined sequentially [60, 86, 93], The SAR logic
first assigns a trial value to the MSEB and instructs the DAC to produce the comresponding
reference voltage. The comparator then evaluates whether the sampled input voltage is
greater or smaller than the DAC output, afier which the SAR logic updates the digital code
accordingly. This iterative procedure continues from the M5B down to the LSB, requiring

N comparisen steps for an N-bit ADC. Although this approach is conceptually simple and

3l



highly efficient for moderate sampling rates, it introduces certain limitations as converter

resolution and speed increase.

One of the primary challenges associated with SAR logic 15 the dynamic power
consumption caused by switching activity within the digital control circuitry [96, 99, 100],
During each conversion cycle, multiple digital signals toggle as the SAR logic updates the
register contents and controls DAC switching operations. As the sampling frequency
ingreases, the switching activity within the SAR logic also increases, leading to higher
dynamic power dissipation. Furthermore, mnefficiencies in the design of the state machine
controfling the SAR logic can resull in unnecessary transitions or redundant clock cyeles,

which further increase engrgy ConsUmMpTion per CONVErsion.

Another important consideration is the precise timing coordination required between the
comparator, DAC and SAR logc [48]. After each hit decision, the DAC output must settle
ter a stable voltage level before the comparator performs the next comparison. If the SAR
logic advances o the next decision step before the DAC has fully seftled. incorrect
comparator decisions may occur, leading to conversion emors. Conversely, if excessive
settling time 18 allocated., the overall conversion speed is unnecessanly reduced. Therefore.
the SAR logic must carefully synchronize comparator evaluation, DAC settling and

register updating operalions 0 ensure both accuracy and efficiency,

As the resolution of the SAR ADC increases, the complexity of the SAR logic also
increases, Higher resolution converters require a larger number of decision cvcles, which
places more stringent requirements on clock generation, signal synchronization and timing
marging. Moreover, the logic circuitry must be robust enough 1o handle metastabilily
conditions that may anse when the comparator decision occurs near the swiatching
threshold | 115]. IF metastability is not properly handled. the SAR logic may incommectly
interpret comparator outputs. resulting in erroneous digital codes. Consequently, robust

SAR logic design is essential 1o ensure relinble operation across different PVT conditions.
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At the architectural level, the desion of SAR logic directly influences how efficiently
improvements in comparator and DAC design translate imto overall ADC performance.
Traditional SAR controllers rely on single-bit-per-cycle conversion, where each bit
decision requires one complete comparator evaluation [107]. While this apprmach
minimizes hardware complexity, it limits the maximum achievable sampling rate because
the total conversion time is proporiional to the ADC resolution, To address this limitation,

several advanced SAR logic technigues have been proposed.

One such technique is the mult:-bit-per-cycle SAR architecture, where multiple bits are
resalved during a single comparison cycle [97, 101, 111, 127]. For example, 2-bit-per-
cyele SAR ADCs determing two bits simultaneously by using multiple comparators or
more complex decision logic. This approach significantly decreases the number of
necessary comparison cycles, thereby improving conversion speed and increasing the
effective conversion speed of the converter [51]. However, the implementation of malti-
bit-per-cvcle architectures reguires morne sophisticated comparator arrangements and
additional digital control circuitry, which may increase design complexity and power

COMSUMPLon.

Another important architectural enhancement involves the use of hybrid ADC
architectures, where SAR conversion 18 combined with other conversion techniques 1o
improve performance [35, 89, 97, 119, 133, 138, 150, 163], For example, Flash-5AR
hybrid architectures employ a small lash ADC stage to determine the most significant
bits of the input signal, followed by SAR logic that resolves the remaining lower hits. By
performing coarse quantization using a flash stage, the number of SAR comparison cvcles
can be reduced, thereby improving conversion speed. However, the imegration of flash
and SAR architectures introduces additional design challenges, including comparator
maiching, thermometer-to-binary decoding. and synchronization between paraliel and

sgquential conversion stages,
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In addition 1o speed improvement echnigues, modern SAR ADCs also incorporale
redundancy and calibration mechanisms to enhance accuracy and robustness. Redundant
DAC encodings allow the SAR logic totolerte certain comparator decision errors without
affecting the final conversion result [40, T8, 86|, Such redundancy relaxes capacitor
matching requirements and improves linearity performance, although it increases the

complexity of the controd logic and requires additional digital processing.

Another important concept i comparator-aware S AR control [101, 112, 1 18], where the
SAR logic dynamically adapts the timing of comparison operations based on the behavior
of the comparator, For example, when the comparator inputl difference is small, the
regeneralion process may take more ime o resplve the decision. In such cases, the SAR
logie can extend the evaluation time to avoid metastability errors, Conversely, when the
input difference is large, the decision can be completed more quickly. allowing the SAR
logic to procesd to the next step sooner. This adaptive timing strategy helps optimize the
trade-0ff between speed and reliability while reducing unnecessary power consumption
[60, 61].

At extremely high sampling rates. particularly in gigahertz-range 5AR ADCs, system-
level considerations become even more critical. In such designs, the comparator, sampling
network, DAC switching carcuitry ., and SAR logic must be co-designed 1o ensure precise
timing alignment. lszues such a: clock distribution delay, comparator regeneration timing,
and input sampling sccuracy become dominant design constraints. Advanced clocking
sirategies [ 104]. pipeline-assisied SAR sirucwres [73, 75, 170] and asynchronous SAR
logic |64, 65] have been explored to address these challenges,

On the opposite end of the design spectrum, SAR ADCs mtended for low power
applications such as [oT sensor nodes, wearable biomedical devices end energy-harvesting
systems, prioritizing minimal energy consumption per conversion rather than maximum
spead [37, 39, 88,93, 117,121, 125, 134, 136, 140]. In these systems, the SAR logic is

often optimized for energy efficiency through techniques such a5 asynchronows control
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logic, reduced switching activity, simplified state machines, and voltage-scaled digital
circwits. Additionally, small-capacitor DAC arrays and low-power comparators are

employed to further reduce energy consumption per sample |66, 67, 71-76].

Diespite the numerous advancements in comparator design, DAC switching al gonthms.
and SAR logic, several challenges remain m achieving the simultaneous optimization of
apeed, power efficiency, area, and accuracy. The interaction among these building hlocks
creates fundamental performance bottlenecks that limit the scalsbility of SAR ADC
architectures in advanced CMOS technologies. In particular, achieving high conversion
apead without significantly increasing power consumplion rémains a major challenge in

the design of next-generation SAR ADCs.

These limitations highlight the need for new circuit-level and architectural innovations
that can improve the performance of SAR ADCs while maintaining encrgy efficiency.
Specifically. there is a strong motivation to develop improved comparator architectunes
with enhanced sensitivity and reduced power consumpiion, more efficient DAC structures
that reduce capacitor count and switching energy, and optimized SAR logic capable of
supporting high-speed operation with minimal power overhaad.

1.34 Hybrid ADC Architectures: Bridging Speed and Power Efficiency

Ax the demand for high-performance data conversion continues [ grow m modem
electronic systems, the limitations of conventional ADC architectures have driven the
development of hybrid data converter architectures that combine the advantages of
mubtiple conversion techniques [48]. While SAR ADCs are widely recognized for their
excellent encrgy efficiency and moderate speed, their sequential bit-cycling operation
inherently limits the achievable sampling rate in very high-speed applications [20].
Conversely. architectures such as Flash ADCs offer extremely high conversion speed but
suffer from exponential growth in comparator count, large silicon area, and high power

consumption [9]. Hybrid ADC architectures have therefore emerged as an attractive
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solution to bridge the performance gap between high-speed conversion and energy

afficiency.

Hybrid ADCs inte grate two or more conversion technigques within a single architecture in
order to exploint their complementary advantages. Among the vanous hvbrid approaches
proposed m the literature, Flash-SAR ADCs, Pipeline-SAR ADCs, and maulti-step SAR
architectures are the most widely studied. These architectures aim b increase conversion
speed while maintaining the low power characteristics that make SAR ADCs attractive
for modern mixed-signal systems,

One of the most widely adopted hybnd architectures is the Flash—5AR ADC, which
combines a coarse flash conversion stage with a fine SAR conversion siage [89, 97, 107,
112, 119]. In this architecture, a low-resolution flash ADC is used 1o find the MSBs of the
input signal, Since flash converters perform comparisons simultancously using paraliel
comparators, the M3B determination oceurs very rapidly. Once the coarse conversion is
completed. the remaining LSBs are resolved using a SAR coaversion process. This hybeid
strategy significantly reduces the numberof SAR companson eyeles required to finish the

comversion, thereby increasing the overall sampling rate of the converter.

The Flash-5AR approach provides several advantages. First, the flash front-end reduces
the mumber of sequential SAR cyeles, which directly improves conversion speed. Second.
since the flash stage typically resolves only a few MSBs, the number of required
comparptors remains relatively small compared w & full flash ADC implementation.
Third, the SAR stage continues to benefit from the energy efficiency of CDAC switching.
preserving the low-power features of SAR ADC architectures. However, the integration
of a flash front-end also introduces new design challenges, including comparator offset
matching, thermometer-to-binary encoding, and synchronization between pamalle]l flash
decisions and sequential 5AR lopic [ 127, 133, 142, 150, 159, 167].
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Another important hybnd architecure is the Pipeline-5AR ADC | which combines the
pipeline conversion principle with SAR sub-converters, In traditional pipeline A s, each
stage resolves a small pumber of input bits and forwands the residue signal to the nexi
stage for further refinement. However, conventional pipeline stages rely heavily on
operational amplifiers o perform residue amplification, which significantly increases
power consumption and limits scalability in low-voltage CMOS technologics. To
overcome these limitations, modern designs replace traditional pipeline stages with SAR-
based residue converters. In a Pipeline-SAR ADC . each stage carries out a pantial SAR
conversion and produces a residue voltage that is transferred to the following stage, This
approach sigmbicontly reduces the need tor high-power operational amplifiers while

maintaining high throughput [73, 75].

Pipeline-5 AR architectures provide a tavorable balance between speed and power
efficiency. Since different pipe line stages operate concurrently, the overall throughput can
be significantly higher than that of a traditional SAR ADC [170]. At the same time, use of
SAR-based stages allows designers to leverage capacitive DAC structures and dynamic
comparators. which are inherently energy efficient. Nevertheless, pipeline-based
architectures reguire careful management of inter-stage residue amplification, calibration,

and digital correction technigques to maintain high lincarity performance.

In addition to Flash-SAR and Pipeline-SAR architectures, several multi-step and multi-
bit-per-cyele SAR ADC architectures have been proposed to enhance conversion speed
[106, 1 14]. In these architectures . mulriple bits are resolved during each comparison cycle
rather than determining one bit at a time, For example, a 2-bit-per-cycle SAR ADC
determines two bits simuoltaneously by comparing the inpm signal against multiple
reference levels. By resolving multiple bits per cycle, the overall number of comparison
cycles needed for conversion is reduced, leading 1o faster operation. However, this
improvement eften requires additional comparators or more complex reference gencration

schemes, which may increase circuit complexity and power consumption.
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Another promising direction involves ome-interleaved SAR ADC architectures, where
multiple SAR ADC cores operate in parallel to increase the effective sampling rate, In this
technigue, each ADC core samples the input signal @t a fraction of the overall sampling
rate, and their outputs are interleaved o produce a high-speed dignal dara siream. Time-
interleaving enables very high sampling rates without requiring extremely fast individuoal
comverters [35, 54-57, 72, 76]. Howcver, this approach introduces challenges related 1o
channel mismatch, timing skew, offset mismatch and gain mismatch, which must be

carefully comected vsing calibration technigues.

Hybrid architectures have alzo been explored o support adaptive and reconfigurable ADC
systems. In such designs, the converter dynamically adjusts irs resolution or operating
mode depending on the application requirements [ 77, 80, 112]. For example, in wireless
communication systems, the ADC may operate at high speed with moderate resolution
during data reception, while switching 10 a lower sampling rate and higher resolution
during signal monitoring, Reconfigurable hvbnd architectures allow a single converter o

support multiple operating modes, improving system flexibility and energy efficiency.

Despite the numerous advantages offered by hybrid ADC architectures. their design also
involves several trade-otfs. The integration of multiple conversion techniques increases
architectural complexity and often requires sophisticated digial calibration and control
logie, Additional comparator circuits and reference generation networks may increase
power consumption if not carefully optimized. Furthermore, maintaining synchronization

berween different conversion stages is critical 1o ensure accurate and reliable operation.

Nevertheless, hybrid architectures represent an imporiant direction in modern ADC
research, particularly for applications that require both high sampling speed and energy
efficicncy. By intelligently combining the strengths of multiple conversion techmigues,
hybrid ADCs can achieve performance levels that are difficult to realize using a single

architecture alone,
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In the context of low-power sensing systems and Imemet-of-Things applications, the
challenge is to develop hybrid architectures that maintain the energy efficiency of SAR
ADCs while extending their speed capabilities. Recent research trends theretore tocus on
hybrid designs that minimize additional circuitry, reduce comparator count, and maintain
compact capacitor arrays, These efforts aim o achieve high-performance ADC solutions

capable of supporting the increasing data-rate demands of modern mixed-signal systems,

Consequently, the exploration of hybrid ADC architectures offers valuable understanding
into overcoming the inherent speed limitations of conventional SAR ADCs, By integrating
architectural innovations with improved circuit technigques, hybrid converters play a

crucial role in advancing the performance of nexi-generation dara conversion sysiems.

1.4 Research Gaps

The rapid expansion of loT platforms, wearahle biomedical devices, portable sensing
nodes, wireless sensor networks, and edge-compuring systems has significantly increased
the demand for compact and energy-efficient data acquisition circuits, In such systems,
the ADC serves as a gritical interface between real-world analog signals and digital
processing systems. The performance of the ADC directly determines the overall
accuracy, power consumpon, latency, and signal integrity of the system. Consequently .
the development of high-performance and low-power ADC architectures has become an

important research focus i modern mixed-signal mtegrated circoit design.

Among the various ADC architectures, SAR ADC has emerged ss one of the most
attractive solutions for medium-resolution and moderate-speed applications. SAR ADCs
provide an excellent balance between resolution, conversion speed. circuil complexity.
and encrgy cfficiency. Their architecture primarily relies on  capacitive charge
redistribution, dynamic comparators, and digital control logic. making them highly
compatible with modern CMOS technology scaling. As a result, SAR ADCs are widely
uscd in low-power sensing systems, biomedical instrumentation, wircless communication

devices, and embedded signal processing platforms.
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Despite their advantages, achieving simulianeous improvements in speed, resalution, and
power etficiency remains # challenging task in SAR ADC design. The overall
performance of a SAR ADC is heavily dependent on the efficiency of its main building
blocks, including the comparator, CDAC and SAR logic. Each of these components
imposes particular design limitations that affect the scalability and performance of the
converier. Consequently, several rescarch gaps still exist in the optimization of these
fundamental blocks, particularly for operation in modem low-voltage CMOS

technologies.

1.4.1 Research Gap in Comparator Design

One of the most critical components in a SAR ADC is the comparator, which exccutes the
decision-making operation during each bit comparison cyvcle. In atypical N-bit SAR ADC,
the comparator is activated N times during each conversion process. Therefore, its delay,
input-referred noise, offsetr voltage, and metastability charactenistics directly influence the

achievable resolution, SNR and maximum sampling rate of the convener.

Dynamic comparators are widely vsed in SAR ADC architectures because they consume
negligible static power and can achieve high operating speeds. Several comparator
topologees have been proposed in the literature, including Strong ARM latch comparators
[31], double-tail dynamic comparators |27, 30|, auxiliary-mverter comparators [42. 108,
129], and body-biased comparator structures [67, 95, 154]). These designs attempt o
improve speed, reduce noise, or minimize offset voltage through various circunit techniques

such as regenerative latching, adaptive biasing, and offset calibration.

However, many of these technigues introduce additional transistors, intermediate nodes,
or auxiliary circuits, which increase parasitic capacitance and layout complexity. These
additional parasitic effects can degrade the regeneration speed of the latch and increase

dynamic power consumption, Furthermore, offset reduction techniques often require
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calibration loops or digital correction circuitry, which increases area overhead and system

complexity |66, 98, 109,

Another significant challenge arises when comparators operate under low supply voltage
conditions, which are common in modemn deep-submicron CMOS technologies [ 114,
124]. Reduced supply voltage limits the available voltage headroom for transistor
operation, weakening the regenerative gain of the latch stage. This leads to longer decizsion
times and increases susceptibility to metastability, pariculard y when the input differential
voltage 15 small. Additionally, thermal noise and device mismatch become more dominant

at low supply voltages, further degrading comparator sccuracy.

The regeneration process in dynamic compariators also introduces Kickback noise, which
propagates back to the DAC output and disturbs the sampled input signal. This
phenomenon can significantly degrade conversion accuracy, especially in high-resolation

SAR ADCs where the voltage difference between adjacent codes is extremely small.

Therefore, there exists a clear nead tor novel comparator architectures that simultaneously

achieve:;

i High decision speed
i.  Robust operation under low supply voltages

iii.  Low power consumption

Developing such comparators without relying on extensive calibration circuitry remains

an important research challenge in modern SAR ADC design.
1.4.2 Research Gap in DAC Switching Techniques

Another important component in SAR ADC architectures is the CDAC, which generates

reference voltages during the successive appraximation process. The DAC typically
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occupies the largest silicon ares in the converter and contributes significantly 1o the overall

power dissipation.

In conventional SAR ADC designs, the DAC is implemented vsing a binary-weighted
capacitor array [21, 52, 105, 148, 165]. While this approach provides a straightforwand
implementation of the charge-redistribution algorthm, it introduces several limitations.
As ADC resolution increases, the capacitor sizes grow exponentially, resulting in large
silicon arca and increased parasitic capacitances. For example. a 10-bit binary-weighted

DAC requires a capacitor ratio of 512:1 between the larpest and smallest capacitors.

The high total capacitance of the DAC array increascs switching cnergy consumption
during each conversion cycle. Every time the capacitor array is reconfigured during the
successive approximation process. charge is redistributed between capacitors and
reference voltage nodes, This repeated switching process results in significant dynamic

power dissipation.

In addition to incressed power consumption, large capacitor amays also mtroduce settling
time limitations, The DAC output voltage must settle o a stable value before the
comparator performs the next comparnison. Large capacitances slow down this senling

process, thereby limiting the maximum achievable sampling rate.

To address these challenges, several encrgy-efficient switching schemes have been studied

in the literature, including:

i Monotonic switching techniques
i Vom-based switching algorithms

iii.  Split capacitor ammays

Although these approaches significantly reduce switching energy, they often introduce
additional circuit complexity. Some techniques require multiple reference voltages, while

others rely on redundant capacitor arrays that increase layout complexity and calibration
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requirements, Furthermore, many reported DAC switching schemes are evaluated under
nominal operating conditions, with limited analysis of reliable performance under PVT

VArEkions

Thercfore, an important rescarch gap exists in the development of simple, scalable DAC

architectures that can simultaneously achieve:

i Reduced switching energy
i Smaller capacitor arrays
iii.  Improved linearity performance
iv.  Robust operation under PAT variations

v.  Minimal circunit complexity

1.4.3 Research Gap in SAR Logic

While significant research attention has been devoted w comparator and DAC design, the
S5AR logic has received comparatively less focus. The SAR logic governs the timing and
sequencing of the conversion process, coordmmating the operation of the DAC swatching

network and comparator decisions.

Conventional SAR ADCs employ synchronous control Iogic, where 2ach comparison
cvele is rrigeered by a plobal clock cignal. Although this approach simplifies timing
control, it introduces several limitations. High-frequency clock distribution networks
consume significant dynamic power, especially in high-speed SAR ADCs [29, 98, 1301,
Addmionally, synchronous operalion requires conservalve ming marging [0 ensure
comreet operation across PYT vanations, which may reduce conversion speed and energy

efficiency.

Recent research has explored asynchronous SAR logic architectures, where the nexi
comparison evele is triggered immediately after the comparator decision becomes

available [96, 106, 118, 124]. This approach eliminates unnecessary clock cycles and can

63



significantly reduce conversion time. However, asynchronous designs often require more

complex control circuits and are sensitive to variations in comparator delay,

Another important limitation of conventional SAR logic is the lack of adaptive behavior,
Muost existing SAR controllers opemate with fixed timing schedules regardless of mput
signal conditions [55, 89, 151]. In practice, the comparator may resolve some decisions
much faster than others, depending on the input voltage difference. Fixed-timing control

therefore results in wasted idle time and unnecessary cnergy consumpt ion.

Furthermore, the interaction between SAR logic and comparstor metastability is not fully
addressed in many existing designs [48]. IF the comparator requires  additional
regeneration time for small input differences, the SAR logic may incorrectly interpret the
output if sofficient timing margin is not provided. Current solutions often rely on
comnservative timing design or additional calibration circoits, which increase power

comsumption and circuit complexity.

Thus, there remains significant scope tor developing energy-aware and adaptive SAR
logic architectures that can dynamically adjust their operation based on comparalor

behavior and input sipgnal conditions.
1.4.4 Research Gap in Hybrid SAR ADC Architectures

Hybrid ADC architectures, particularly Flash-SAR converters, have been studied 1o
overcome the speed limitations of conventional SAR ADCs [107, 127, 138]. In these
architectures, a flash converter carries out a coarse quantization of the input signal. while
a SAR convener resol ves the remaining lower bits. This technique reduces the number of

SAR comparison cycles and improves conversion speed.,

However, hybrid architectures introduce additional design challenges. The flash front-end

requires multiple comparators and reference ladders, which increase static and dynamic



power consumption. Comparator offset mismatch and reference ladder inaccuracies may

alsn degrade conversion accuracy,

Moreover, many existing hybrd architectures focus pnmanly on improving specd, with
less emphasis on overall energy efficiency. As a result. hybrid ADCs often consume

significantly more power than pure SAR ADCs at modlerate sampling rates.

Therefore, there is a need for energy-efficient hybrid architectures that maintain the low-

power characteristics of SAR ADCs while improving conversion speed.

1.5 Problem Statement

The continuous development of modern electronic techniques has significantly enhanced
the adoption of intelligent and mterconnected systems sach as loT devices, wearable
healthcare monitors, wircless sensor networks and portable embedded platforms. These
applicationg rely on compact and enerpy-efficient data acquisition circuits capable of
accurately capturing physical signals from the surrounding environment. In such systems,
Ay serve as acritical bridge between the analog sensing domain and digital processing
units. By converting continuous-time analog signals generated by sensors into discrete
digital representations, ADCs enable further processing, storage and communication of
data. Comnsequently. the overall performance of the ADC—incleding its resolution.
comversion speed and power consumption—influences on the efficiency, reliability and

aperational lifetime of the entire electronic system.

Among the various ADC architectures, SAR ADC has emerged as suitable solutions for
low-power and moderate-resolution spplications. SAR AICs offer several advantages
including simple architecture, excellent energy efficiency. scalsbility with CMOS
technology, and compatibility with low supply voltages. These characteristics make SAR
ADCs particularly atiractive for battery-operated and energy-constrained applications

where minimizing power consumption is eritical. However, despite these advantages,
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achieving simultaneously high speed, high resolution, and low power dissipation remains

a significant challenge in SAR ADC design.

The overall performance of a SAR ADC is greatly influenced by the efficiency and
coordination of its primary building blocks. including the comparator. CDAC and SAR
logic. Each of these components introduces specitic limstations that restrict the achievable
performance of the converter. Conseguently, improving SAR ADC performance requirnes
a comprchensive design approach that addresses the limitations of these blocks

simultaneously.

One of the most critical challenges arises from the comparator circuit, which performs the
decision-making operation during each bit comparison cycle of the SAR algorithm. The
comparator must detect extremely small voltage differences between the sampled imput
signal and the DAC output voltage. Therefore, its performance parameters—such as delay,
input-referred noise, offset voltage, metastalulity behavior and power consumption

directly affect the achievable resolution, SNR and maximum sampling rate of the ADC.
Conventional dynamic comparator architectures, including StrongARM and double-tail
comparators. have been widely used due to their high speed and low static power
consumption. However, these designs sutfer from several drawbacks when implemented
in modern low-voltage CMOS technodogies. Reduced supply voltage limits the available
voltage hesdroom for transistor operation, weakening the regenerative gain of the latch
and increasing susceptibility to noise and offset. Additionally, many advanced comparator
techniques require additional circuiry for offset calibration, auxiliary amplification, or
bias control, which increases power consumption. circuit complexity, and silicon arca.
These limitations highlight the need for novel comparator architectures capable of
providing high-speed operation, reduced noise, and low power consumption while

maintaining reliable performance ar low supply voltages.

Another important challenge in SAR ADC design arises from the CDAC switching

nerwork, which is responsible for generating reference voltages during the successive
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approximation process. In conventional SAR ADCs, the DAC is mmplemented using
hinary-weighted capacitor arrays, While this approach simplifies the implementation of
the charge redistribuwtion algonithm, it leads (0 exponential growth in capacitor size as the
resolution increases. For example, ina [0-bit 8 AR ADC, the Jargest capacitor mustbe 512
times larger than the smallest unit capacitor. Such large capacitor arrays ocoupy signaficant
silicon arca amd introduce large pamsitic capacitances that degrade seitling speed,
Furthermore, frequent switching of these capacitors during each conversion cycle leads 1o
comsiderable dynamic power consumption. Although various energy-efficient switching
algorithms have been proposed to redoce DAC switching encrzy, many of these
technigues introduce additional reference voltages, redundant capacitor structures, or
complex switching control schemes, These solutions increase design complexity and may
negatively affect linearity performance, particularly in the presence of capacitor mismatch,
Therefore, there is 8 strong need o develop DAC architectures and switching technigues
that reduce switching energy, minimize capacitor count, and maintain high linearity while

remaining simple and robust for practical implementation.

Besides the comparator and DAC, the SAR logic has a significant role in defining the
conversion speed and energy efficiency of the ADC. The SAR logic manages the scquence
of DAC switching actions and comparator decisions necessary for implementing the
binary search algonthm. Conventional SAR ADC typically employ synchronous control
logee driven by a global clock. However, high-frequency clock distribution introduces
significant dynamic power consumption and limits scalability for high-speed operation.
Furthermore, the fixed timing of synchronous SAR logic often results in inefficient use of
comparator decision time, since the logie must assume worst-case delays to guarantee
correct operation. As a result, unnecessary idle periods may occur belwean comparison
cycles, increasing overall conversion time and energy consumption. While asynchronous
and multi-bit-per-cycle S AR logic architectures have been proposed to improve speed and
efficiency. these approaches often introduce complex control circuits and increased
sensitivity 1o process, voltage ., and temperature variations. Consequently . there remains a

need for energy-efficient SAR logic architectures that redece digital switching activity.
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support  high-speed operation, and mainigin mobust tming coordination  with  the

comparator and DAC circuits.

Another limitation in conventional SAR ADC architcctures 1s the inherent trade-off
between conversion speed and power efficiency. The sequential nature of the SAR
algorithm requires one companson per bit, which limits the maximum acheevable
sampling rate for high-resolution converiers. Hybrid architectures such as Flash-SAR
ADCs have been introduced to improve speed by combining coarse flash conversion with
fine SAR quantization. However, these architectures typically introduce additional
comparaiors and reference  networks, which increage static and dynamic power
comnsumption. Moreover, many existing hybrid designs prioritize speed improvemaenis
without adequately addressing overall energy efficiency. Therefore, there 15 a need for
hybrid 5AR ADC architectures that enhance conversion speed while preserving the low-

power advantages of conventional SAR designs.

Based on the above challenges. i1 becomes evident that achieving a high-performance
SAR ADC requires a holistic design approach that simultancously addresses the
limitations of the comparator, DAC and 5AR logic blocks. Improvements in one
component alone are often insafficient to achieve significant system-level performance
enhancement. Instead, coordinated optimization of these building blocks is necessary o

achieve improvements in speed, resolution, power efficiency, and silicon area.

1.6 Research Objectives

The primary objective of this research is o develop a novel high- performance SAR ADC
architecture by addressing the key design limitations associated with its core building

Blocks. The specific objectives of the work are as follows:

1. To design an enhanced performance comparator for application in Analog to
Digital Converters (ADC) with improved speed, reduced input-referred noise,
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and robust metastability characteristics suitable for low-voliage, high-resolution
ADC applications.

2. To design a Digital to Analog Converter (DAC) circuit with reduced number
of capacitors for improving delays and overall ADC footprint in order 0
minimize switching energy, improve setthing behavior, reduce conversion delay
and decrease the overall silicon arca of the ADC.

3. To design a power efficient Successive Approximation Register (SAR) logic
tor application in ADC that minimizes switching asctivity and dynamic power
consumption while ensuring fast and reliable bit-by-hit decision sequencing,

4. To design a novel high performance SAR ADC, and to demonstrate
improvements wn speed, resolution, power efliciency and footprnt through detailed
simulation, analysis, and performance benchmarking against state-of-the-art

designs.
1.7 Thesis Organization

This thesis is organized into six chapters, cach focusing on different aspects of low-power
and high-performance SAR ADC design techniques and hybrid ADC architectures.

Chapter 1 presents the introduction and background of Analog-to-Digital Converters
(ADCs), with particular emphasis on Successive Approximation Register (SAR) ADCs.
The chapter discusses the motivation behind the research, important SAR  ADC
performance parameters, literture survey, identified research gaps. problem stalement.

research objectives and overall thesis organi zation.

Chapter 2 provides a comprehensive review of pnor work on advanced mixed-signal
circueit technigues used in SAR ADC design. The chapter discusses self-cascode
structares, DTMOS5-based techniques. cross-coupled regenerative latch architectures.

shared-charge reset techmigees. auxiliary inventer methods, capacitive DAC switching
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schemes and SAR control swategies. Different design trade-offs related w0 power

consumption, speed, silicon area and circuit complexity are also anal yzed,

Chapter 3 focuses on the proposed comparator architectures developed in this rescarch
waork. Multiple comparator topologies based on self-cascode structures, shared-charge
logee. anxiliary inverter technigues and DTMOS operation are presented and anal yzed.
Their operating principles, circuit implementation and performance improvements are

discussed in detail along with comparative evaluation results.

Chapter 4 presents the design and implementation of a low-power SAR ADC architecture,
The chapter introduces the proposed methodology. including  split-capacitor DAC
architecture, booistrap sampling switch, Vem-based switching technique and energy-
optimired switching strategy. Simulation results related o switching cnergy. static

lincarity, dynamic performance, and power consumption are also discussed.,

Chapter 5 presents the proposed Hybrid Flash-SAR ADC architecture developed o
achieve improved conversion speed and energy efficiency. The chapter explains the
integration of flash ADC and SAR ADC blocks, asynchronous SAR logic, segmented
DAC srructure and hybrid conversion methodology. Detailed simulation resulis including
FFT analysis, lincarity analysis, switching energy comparison and overall performance

evaluation are presented and discussed.

Chapter 6 presents the conclusions, future research directions, and social impact of the
proposed work. The chaprer summarizes the major contributions and performance
improvements achieved through the proposed comparator archiectures and SAR ADC
technmigues. In addition, possible future enhancements such as Al-assisted calihration.
advanced CMOS technology scaling, ultra-low-voltage operation and high-speed time-
interleaved architectures are discussed. The chaprer also highlights the potential social

impact of energy-efficient ADC systems in applications such as IoT devices, wearable
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healthcare systems, biomedical instrumentation, wireless communication, environmental

monmitoring snd sustiimahle low-power electronic s ystams.
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Chapter 2

Prior Work on Advanced Mixed-Signal Circuit
Techniques

2.1 Scope of the Chapter

This chapter presents a comprehensive review of prior work on advanced mixed-signal
circuit wechnigues that are widely employed in the design of energy-cfficient and high-
performance data converters, particularly SAR ADCs. The primary objective of this
chapter is to cstablish a strong theoretical and practical foundation by cntical ly examining
vanons circuit-level and architectoral mpovations reported in the literature, without

focusing om specific mplementations from this thesis.

The chapter bepins by discussing device and circuit level enhancement technigues such as
the self-cascode structure and DTMOS-based configurations, which are primarily aimed
al improving imtrinsic gain, reducing leakage and enabling reliable operation at ulira-low
supply voltages. These technigues are particularly relevant in medern CMOS technologies

where reduced voltage headroom poses significant design challenges.

Subsequently, the chapter explores comparator design methodologies, including the cross-
coupled regencrative latch structure. shared-chorge reset technique, auxiliary inverter-
based enhancements, and the conventional dynamic comparator, These approaches are
examined in terms of their influence on key performance meirics such as offset voliage,
decision speed, power consumption, and noise immunity, which are critical in finding

overall efficiency of SAR ADCs.

The discassion then transitions to CDAC architectures, covenng a range of switching
achemes such as binary-weighted structures, monotonic switching, Yem-based technigques

and split-capacitor configurations. Emphasis 15 placed on understanding how these
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technigques influence switching energy, lineanty, capacitor area, and settling behavior,

thereby atfecting the overall ADC performance,

Further, the chapter reviews SAR logic and control stratcgics, including conventional
sequential logic, binary search algorithms, and asynchronous control technigques, These
methods are evaluated based on thesr ability to optimize conversion speed, redioce digital

power consumption, and simplify fiming requirements,

Additionally, the chapier includes a review of conventional comparator archirecture,
highlighting their operating principles. regencrative behavior and inherent limitations
regarding delay, energy and power. This discussion provides @ bascline for understanding
the performance improvements achieved by advanced comparator techniques presented in

later sections,

Finally, the chapter consolidates the msights ganed from the reviewed techniques by
presenting o detailed analysis of design trade-offs, focusing on power, speed, area and
circuit complexity. Key observations are drawn to highlight the limitations of existing
approaches and to dentifly potential research gaps that motivate the work presented in

subsequent chapters of this thesis.

Owerall, this chapter serves as a cntical survey of existing mixed-signal design
methodologies, providing a structured understanding of the challenges and opportunitics

in the development of low-power, high-resolution SAR ADC systems.

2.2 Self-Cascode Technigue

The self-cascode transistor is a widely adopted technique for overcoming the gain and
output resistance limitstions of shon-channel MOS transistors in low voltage analog and
mixed-signal designs [ 113]. ltis realized by vertically stacking two transistors of the same

polarity. with their gates shorted together and an intemal node formed between them, as
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shown in Fig. 2.1, Typically, the upper device (M2) is designed with a larger aspect ratio

than the lower device (M1}, i.e.,

g _ (D)

m= == - | {(2.1)
2 {“ﬁf

For cosvect operation, both devices must remaun in conduction, which imposes the
conditions Vi, =V, — Ve >0 and V, =V, —V; > 0. ensuning that M2 operates in
aaturation or linear region and M1 remains in linear region aver a wide omput volge
range . This biasing arrangement is fundamental to achieving the desired enhancement in
output resistance without significantly increasing the minimum required drain-source

violtage.

Ml
mWi/L

Wil
Ml

Fag. 2.1 Self cascode siructure NMOS transistor

The operation of the self-cascode structure can be understood by analyzing the voltage
distribution across the two mansistors, Since M1 has a smaller aspect ratio, it develops a
relatively small voltage drop across its drain-source terminals, effectively acting as @
source degeneration element. This stahilizes the intermediate node voltage and allows M2
to expernience a higher effective draan voltage, ensuring that it remains in saturation or

lincar region. As a result, varations in the output voltage at node [ are largely absorbed
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by M2, while the channel of M1 remains relatively unaffected. This significantly reduces

channel-length modulation eftects, leading to a substantial increase in output resistance,

From a large-signal perspective, the drain current of the composite deviee can be derived
by equating the corrents through M1 and M2, Since M1 works in the tnode region, the
current exhibits a guasi-linear dependence on the intermediate node vollage Yy, whereas
M2 follows the square-law behavior characteristic of saturation. Solving the resulting

equations yiclds an equivalent current expression that resembles that of a single transistor

with an effective transconductance pammeter ff., = ;f; . When Pz, this simplifies
1 z

i g = P, indicating that the current driving capacity of the composite device is governed
primarily by the smaller transistor. This is an important msight. as it implies that the gamn
improvement achieved by the structure does not come from increased rransconductance.

but rather from a substantial reduction in output conductance.,

The small-signal model, shown in Fig, 2.2, further highlights the advantages of the self.
cascode configuration. The lower transistor M1 can be approximated &8 a source
degeneration resismnce ro.« = 1/gmy, which introduces local Feedback snd stabilizes the
voltage al the intermediote node. As aresult, variations in the drain voltage are attenuated
before reaching the channel of M2, effcctively suppressing channel length modulation,
The overall output resisiance can therefore be Wrillen as ro q0 = { |+ omara )t which, under
practical design conditions, approaches (m+ 1, for large m. This substantial increase in
output resistance directly translates into higher intnnsic gain Ay = gm * r,, making the

structure particulad y attractive for gain-critical stages.
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Fig. 2.2 Small-signal model of self-cascode transistor

A key advantage of the self-cascode over the conventional cascode lies in its voltage
headroom requirement. In a traditional cageods . both trangistors must remain in saturation,
requiring a minimum voltage of approximastely Vpsari+Vpsar:, which becomes
prohibitive in low-supply designs. In contrast, the self-cascode allows the lower device 1o
operate in the linear region with a very small Vipg,, resulting in an overall saration

voltage nearly equal to that of a single transistor.

In terms of device sizing and layout, the composite structure offers an interesting trde -
off between effective channel length and silicon area. Increasing the scaling factor m
effectively increases the equivalent channel length, thereby improving output resistance,
but also leads o larger parasitic capacitances at the miernal node. These capacitances,
particularly the gate o desan capacitance of M2, imtroduce additional poles in the
trequency response and transfer the dominant pole to lower frequencies. Consequently,
while the DC gain improves. the unity-pain bandwidth and overall speed are reduced.
Analytical and simulation smdies show that the transition time increases with m,

highlighting a fundamental gain—bandwidth trade-off inherent 10 the strocture.

From an application standpoint, the self-cascode composite transistor is particularly uscful

in corrent mirrors, where high output impedance is essential for accurate current
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replication. By replacing a single transistor with a composite pair, the mirmor exhibits
reduced gain error and improved linearity without requining additional voltage headroom,
Similarly, in differential amplifiers and operational transconductance amplitiers (O As).
the structure can be used to enhance gain while maintaining compatibility with low supply
voltages, It is alse advantageous in biasing networks and analog front-end circuits, such

as those used in data converters, where power efficiency and arca constraints are critical,

Owerall. the seif-cascode technique provides a robust and scalable solution for enhancing
analog performance in modern CMOS technologies. By exploiting device stacking with
asymmetric sizing and controlled region of operation, it achieves g significant
improvement in output resisiance and intrinsic gain, while preserving low-voliage
operation and moderate area overhead. This makes it a key building block in designing of

energy-efficient, high performance analog and mixed signal integrated circuits,

2.3 DTMOS-based Technigue

The continuows compression of CMOS technologies and the consequent decrease in
supply voltage have introduced substantial challenges in designing of high performance
circuits, particularly due to the degradation of intrinsic gain, reduced voltage headroom,
and lmited signal swing. In this context, advanced device-level techmigues such as
DTMOS structure has emerged as effective solutions to sustain analog performance under
low-violtage conditions |90, 102], The DTMOS technique exploits the body terminal of
MOS transistors as an active contml node, enabling dynamic modulation of the threshold
voltage through body biasing, By forward-biasing the body-—source junetion, the threshold
voltage 1s reduced, which in turn eénhances the effective overdnve voltage and improves
current drive capability. The increasing the body bias significantly reduoces the threshold

voltage while increasing the drain current [135, 147].
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Fig. 2.2 DTMOS based NMOS transistor

The DTMOS-based NMOS shown in the Fig. 2.3 represents o modified MOS device
configuration in which the gate and body (substrate) terminals are joined together,
enabling adaptive threshold voliage control during operation. In this structure, the input
Vin is emploved ssimultaneously to both the gate and the body of the NMOS transistor, the
gate and body terminals are comnected together to dynamically control the threshold
voltage, while the drain functions as the cutput node and the source is maintained at an
appropriate reference potential determined by the circuit operation. Unlike a conventional
NMOS transistor where the body is fixed (usmally tied to ground), the DTMOS
configuration allows the body potential to follow the gate voltage, thereby dynamically
maodul ating the threshold voltage through the body effect.

When Vin increases, both the gate 1o source voliage Vs and the body to source voliage
Vs increase simultaneously. Since the body s forward-mased with reference to the
source, the threshold voltage %m 15 reduced according to the body effect relation. This
reduction effectively increases the overdrive valtage (Vs Vi), resulting in a higher
drain current for the same nput voltage compared 1o & convennonal NMOS.
Consequently, the DTMOS device exhibits enhanced mansconductance and improved
current driving capability, which is particularly beneficial in low-voltage operation where

maimaining sufficient overdrive is challenging.

Overall. the DTMOS-based transistor provides an effective technique for enhancing
device performance onder low supply voltage conditions by dynamucally lowenng the

threshold voltage during conduction while maintaining low lcakage in the OFF state, This
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makes it particularly wseful in power constraint analog circuits, such as low-voltage

comparators, SAR ADCs, and biomedical sensor imerfaces.

In addition to amplifiers, the DTMOS technigque proves highly beneficial in comparator
and quantizer design, particularly in delta-sigma modulators operating at sub-1 % supply
levels. One of the primary limitations in low-voltage systems is the restricted overlap
between output voltage range of amphfiers and input range of subsequent stages, such as
comparators. By employing the body terminal as the signal input in PMOS transistors, the
DTMOS-based comparator achieves a rail-to-rail input range. effectively eliminating the
need for additional level-shifting circuitry. Furthermore, the dynamic functioning of the
comparator reveals a balance berween inpul resolunon and spead. as smaller differential

inputs incresse the decision delay due to redoced current imbalance in the input pair,

Diespite its advantages, the DTMOS technique introduces several design considerations,
The transconductance of D'TMOS 1s the addition of body transconductance (eme) and =ate
transconductance (gmg), which can limit gain enhancement. Additionally, the body
terminal exhibits larger parasitic capacitances due to well structures, making it unsuitable
tor high-trequency sipnal paths. Care must also be taken to limit the torward body bias o
avoid excessive junction currents. Nevertheless, when judiciously applied, DTMOS offers
a powerful means of improving low-voltage analog performance by eénabling threshold

voltage reduction, extended input range, and simplified circuit topologies,

24 Cross-Coupled Regenerative Latch Structure

The cross-coupled regenerative latch s a nonlinear, positive-feedback-based circuit
topology that scrves as the core decision-making element in high-specd comparators,
sense amplifiers, and bistable memory elements | 120]. Its operation relies on the rapid
amplification of a small differential input into a full logic-level output through
regenerative action. Structurally, the latch consists of two identical branches forming a
differential pair. where cach output node is connected to the gate of the opposite transistor.
creating a cross-coupled loop [129]. This configuration establishes a bistable system with
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twio stable equilibrivm points, corresponding 1o logic 07 and *1°, and one metastable point

where both outpuis ane equal.
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Fig. 2 4 Cross coupled regenerative latch

The cross-coupled repenerative latch shown in the Fig. 2.4 15 a fundamental decision-
making circuit widely used in dynamie comparators snd sense amplifiers bacause of its
capahility to rapidly amplify small differential inputs into full-swing digital outputs
through positive feedback [137]. The structure consists of two symmetrical branches
formed by PMOS transistors M3I1 and Mol connected to Vg, and NMOS input rans istors
ML M2I, M31, and M41 connected o ground. The nodes Outp and Ouin serve as both
outpul podes and internal feedback nodes, which are cross-coupled such that the output of
each branch controls the opposite branch. The inputs Vip and Vin are employed at the
gates of the NMOS transistors, creating & differemtial current path that initistes the

TCZCNCTaOn Process,

During operation, when a small differential input voltage is applied (VipzVin), one side
of the latch begins to conduct slightly more cumrent than the other. For instance, if Vip
>Vin, transistor M1 (and corresponding branch ) conducts more strongly, pulling the Outp
node slightly towand ground. This small voltage drop at Owp reduces the gate voltage of
the opposite PMOS transistor M6l causing it to turn ON more strongly and pull Outn

BO



woward Ypp, As Oumn rises. it further suppresses conduction i the left branch while
enhancing conduction in the right branch, creating 2 strong positive feedback |oop. This
regenerative action continues exponentially, rapidly driving one node (Outn) o Vpp and

the other node (Outp) o ground.

The key feature of this latch s the cross-coupling between Outp and Outa, which ensures
that any small imitial imbalance 15 reinforced and amplified. The regeneration speed
depends on the effective transconductance of the transistors and capacitancs at output
nodes, with faster operation achieved for higher pm and lower parasitic capacitance. This
structure inherently exhibits bistable behavior, meaning it has two stable states
corresponding 1w logie *0° and *1°, and one unstable merasiable state when both outputs
are equal. If the input difference is very small, the latch may temporarily remain in this

metastable state before resolving to one of the stable states due to noise or mismatch.

Additionally, the PMOS transistors M31 and M6l act as active loads, providing pull-up
action, while the NMOS transistors form the pull-down network controlled by the mput
aignals. The symmetry of the circuit 15 critical to minimize offset and ensure accurate
comparison. Any mismatch between transistors or parasitic capacitances at Outp and Outn

can introduce input-referred oftset voltage, affecting precision.

The regeneration process can be described mathematically by examining the differential
voltage AV. Under small-signal conditions. the rate of change of this differential voltage

follows an exponential relationship:

didv] _ gm 2
s av 2.2)

which leads to

!
AV(t) = AV{D) »e- (2.3}

where T =Cygm
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Here, gm represents the effective ransconductance of the latch transistors, and C; 15 the
total capacitance @t each output, including pammsitic capacitances . This equation highlights
that the latch behaves as an exponential amplifier, where the regeneration speed is
determined by the ratio gmi'Cy. A higher transconductance or lower node capacitance

results in faster decision time, which is critical in high-speed data converiers.

An important charactenstic of the regenerative latch is its metastability behavior, IF the
input voltage is extremely small or zero, the latch may remain in a quasi- stable state for a
finite time before resolving to one of the stable states due to noise or mismatch. The
resalution time in such cases increases logarithmically with decreasing input difference.
which imposes a fundamental limit on comparator spead and accuracy. This is particularly
eritical in high-resolution ADCs, where the input difference near decision boundaries is

very small.

Non-idealities such as device mismatch, thermal noise, and fhicker noise introduce an
input-reterred off set voltage, which determines the minimum detectable signal. Mismaich
in threshold voltage, mobility, or transistor dimensions between the two branches causes
asymmetry in the regenerative process, biasing the latch toward one output state. To
mitigate these ettects, careful layout methods such as common-centroid placement, inter-
digitation, and symmetric routing sre employed. Addinionally, preamplifier stages are
often placed betore the latch to amplify the mput signal and reduce the impact of latch

offset and kickback noise [ 153, 157].

From a power perspective. the regenerative latch is highly efficient because it consumes
dynamic power only during the evaluation phase, with negligible static current in steady
states, This makes it particularly suitable for low power and high speed applications such
as SAR ADCs. where the comparator is activated only during bit decision cycles.

In scaled CMOS technologies, reduced supply voltage and limited overdrive voltage

degrade the transconductance gm, thereby increasing regeneration time. To address this,
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advanced technigues such as body biasing (DTMOS) or self-cascode sructures can be
incorporated to enhance effective mansconductance and improve latch sensitivity under

low-wviltage conditions.,

In summary, the cross-coupled regenerative latch operates as a high-gain, nonlinear
amplitier that exploits positive feedback to achieve rapid signal amplification and bimsary
decision-making, Its performance is governed by the interplay between transconductance,
load capacitance, device matching, and parasitic effects. making it a critical component in

the design of high speed, low power analog systems.

2.5 Shared-Charge Reset Technigue

In dynamic latch comparators, the reset phase plays a cnucial mole in establishing proper
initial conditions for accurate and fast regeneration during evaluation. Conventionally . the
output nodes are either completely charged w Vg or discharged © ground, which results
in large voltage swings and increased power consumption. To overcome this limitation, o
shared-charge reset technique is illestrated in Fig, 2.5, where a pass transistor (5¢) is

introdueed between the two output nodes | 103].
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Fig. 2.5 Shared charpe logic in cross couple latch
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Duwring first phase (Clk = ), the transistor M2 s OFF, eliminating static current flow. Al
the same time, the reset transistors initialize internal nodes, and the shared.charge
transistor becomes active, shorting the output nodes Cutp and Ouwin. Since one of these
nodes ix typically at a higher voltage and the other at a lower voltage from the previous
evaluation cycle. charge redistribution occurs between them. As a result, both output
nodes settle to an intermediate voliage level, approximately around Vag/2, insicad of being

driven to full mil voltages.

When the circuit enters the second phase {Clk = 1), the same M2 is ON and the reset
transistors turn OFF, The differential input signal causes the internal nodes to discharge
ar different rares, generating a volage difference that riggers the regenerative latch.
Unlike conventional designs, the regeneration in this architecture begins from a mid-level
voltage rather than rail-to-rail conditions. significantly reducing the required voltage

swing. This leads o faster decision-making and lower dynamic power consumplion.

The shared-charge technique offers muoltiple advantages. First, it reduces delay by
minimizing the voltage excursion required dunng regeneration. Second. it lowers power
consumption by avoiding tull charging and discharging of output nodes. Third. it
simplities clocking requirements, as the use of NMOS tail transistors eliminates the need
for complementary clock signals. Overall, the shared charge reset technigue redefines the
eonventional notion of reset in dynamic comparators by transitioning from full -state
inttialization to charge-preserving preconditioning [ 149}, By positioning the latch near its
metasiable point prior o evaloation, it enables [aster regeneration, redoced energy
dissipation, and improved overall performance. making it a highly effective strategy for
modern low voltage, high speed analog systems like SAR ADCs and other data conversion

interfaces.

2.6 Auxiliary Inverter Technique

The auxiliary inverter technigue is an advanced enhancement introduced in the latch stage

of a dynamic comparator to significantly mmprove regeneration speed by increasing both



the initial differential voltage and the effective mansconductance of the lawch [49, 108].
Unlike traditional designs where intermediate transistors do not contribute 10 the latch
transconductance during regeneration, this auxiliary inverter pair actively participates in

both the early and later phases of the decision process.

Fig. 2.6 illustrates the schematic of the proposed comparator incorporating an auxiliary
inverter pair within a double-tail architecture. The primary objective of this design is to
reduce the latch regemcration time by effectively increasing the equivalent
transconductance of the regenerative stage. To achieve this, additional transistors forming
auxiliary inverters (Mrl-Mrd) are mtroduced at the output nodes. These auxiliary
inverters act as volage-dependent current sources and sinks, providing additional drive

strength during the regenemtion phase without introducing significant capacitive loading

[129].
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Fig. 2.6 Auxiliary inverter pair technique
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During first stage {Clk =0), M2 is turned OFF  ensuring zero static cument, Internal nodes
are precharged to Vg, and the suxiliary inventer is initialized such that the NMOS devices
{Mrl, Mr2) are ON while the PMOS devices (Mr3, Mrd) remain OFF. This establishes

proper initial conditions at the output nodes without unnecessary switching activity.

When the circwt enters second stage (Clk = 1), the tail transistor is tumed ON. As
regeneration begins, the apxiliary inverter pair actively assists the latch operation.
Specifically, one inverter branch provides additional pull-up cument while the other
provides pull-down current, depending on the polarsty of the differential input. For
example, when one output node starts discharging, the corresponding NMOS device in the
auxiliary inverter strengthens the discharge path, whiale the complementary PMOS device
agsists incharging the opposite node. This dual action enhances the effective regeneration

current and accelerates the transition of output nodes toward rail voltages,

Unlike conventional latch structures. where regeneration relies solely on cross-coupled
teedback. this design benefits from addittonal current boosting through the auxilary
inverter pair, resulting in faster voltage amphification and reduced delay. Importantly, this
improvement is achieved without requiring multi-phase clocking or introducing

significant parasitic capacitance at the output nodes [157].

Orher benefit of this technigue is 1o preserves the low static power natwee of dynamic
comparators, as the auxiliary inverter operates only during the evaluation phase and does
not introduce continuous current paths. However, careful design considerations  are
necessary, including proper sizing of the auxiliary transistors to balance speed
improvement against ncreased parasitic capaciiance and potential mismatch-induced

offset.

Owverall, the auxiliary inverter iechnique enhances comparator performance by acting a5 a
dynamic gain booster and current accelerator within the latch stage, simultancously

increasing the effective transconductance and initial differential voltage. This resulis in
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faster regeneration, improved sensitivity w small inpot signals, mnd reduced delay . making
it usable for high speed and high resolution ADC applications in modern CMOS

technologies,

2.7 Capacitive DAC Techniques

The capacitive Digital-to-Analog Converter (CDAC) is a fundamental component in SAR
ADCs, playing o dual role of sampling the input and generating reference voltages during
the conversion process. Its design critically infleences the complete performance of the
ADC in terms of power dissipation, area, linearnty and conversion speed, As SAR ADCs
are broadly adopted in low power and medium to high resolution applications, the
optimization of CDAC architecture has been a major focus in muxed-signal circuit design,

In conventional implementations, the CDAC is realized vsing an array of binary-weighted
capacitors, which enables siraightforward charge redistribution o approximate the input
signal. However. this approach often leads to siznificant switching encrgy, large total
capacitance, and increased silicon area, especially for higher resoluion designs.
Additionally, capacitor mismatch and parasitic effects can degrade linearity, resulting in
errors like DML and [NL.

To address these limitations, several advanced switching techniques and strsctural
modifications have been described in the litersture. These include energy-efficient
switching schemes such 88 monotonic switching and Veme-basad switching .. which aim 1o
reduce switching power and improve settling behavior. Furthermore, architecturil
innovations like the split-capacitor technigue help in minimizing the total capacitance and

arca without significantl v compromising accuracy,

This section provides an overview of vanous capacitive DAC techniques, focusing on
their operating principles, advantages, and inherent trade-offs, The discussion highlights
how different switching strategies and capacitor configurations impact key performance

metrics such as energy efficiency, hinearity, and implemenation complexity, thereby
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guiding the selection of suitable CDAC architectures for modern low -power SAR ADC

designs,
2.7.1 Conventional Binary-Weighted Capacitor Structures

Figure 2.7 illustrates a 5-bit binary-weighted CDAC commonly used in SAR ADCs for
generating analog reference voltages during the conversion process [6, 19]. The DAC
consists of a comparator, an array of capacitors whose values are scaled in binary ratios
such as C.CR2. C/4, C/8 and s0 on. Each capacitor is connected through a switch network
that allows its top plate to be selectively connected erther to the positive reference voltage
{Vrefp) or the negative reference voltage (Vreln). The bottom plates of all capacitors are
comnected together 1o form the DAC output node, which is inmterfaced with the comparator

input,

Vrefp

veln Ll Ll

C| o2 i m:_‘_ l.'.flﬁ-l_l.'.'lﬁ_
Vin

1

Fig. 2.7 5-hit hinary weighted DAC

During the sampling phase. the capacitor array samples the input signal Vin. In the
subsequent conversion phase, the SAR logic controls the switches sequentially from the
M3 B capacitor to the LSB capacitor. Depending on the comparator output, each capagitor

is switched either to Vrefp or Vretn, thereby redistmbuting charge within the capacitor
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array. Since the capacitor values follow binary weighting, each capacitor contributes a
voltage proportional to its binary significance. The largest capacitor C represents the MSB
and contributes the highest voltage step, while smaller capacitors provide progressively

finer voliage adjustments.

The output voltage generated by the capacitive DAC 1s determined by charge conservation

and can be expressed as;

Cy

Voae = Eiuy by + * Vear {24)

Crapal

where by represents the digital control bit, C; i& the corresponding capacitor value and Cyqp

is the total capacitance of the array.

The binary-weighted DAC offers simple implementation and accurate binary scarch
operation in SAR ADCs. However. for higher resolutions, the largest capacitor value
increases exponentially. leading to larger silicon area, higher switching energy. and
ingreascd sensitivity to capacitor mismatch and pamasitic capacitances [48]. Another
important limitation is mismatch between capacitors, which introduces errors in the DAC
output. Since the accuracy of the CDAC directly determines the linearity of the ADC, any
deviation in capacitor ratios lesds o DNL and INL. The most significant errors anse from
mismatch in the largest capacitors, as they contribute the highest weight, From un eénérgy
perspective, the conventional binary-weighted switching scheme is inefficient because il
involves large voltage swings across capacitors during each bit cycle. This has led 1o the
development of improved switching technigques such as monotonic switching, Vem-based
switching and split capacitor arrays, which reduce switching energy and total capacitance
while maintaining accuracy. Despite these drawbacks, the conventional binary-weighted
CDAC remains an important reference architecture due 1o its conceprual simplicity, ease

of analysis, and direct mapping between digital codes and analog output,
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2.7.2 Monotonic Switching Technigue

The monctonic switching technique is an energy-efficient capacitor switching strategy
employed in SAR ADCs to minimize dynamic power consumption and simplify charge
redistribution in the capacitive DAC. while maintaining accurate conversion [21, 92)].
Unlike the conventional binary-weighted switching scheme—where capacitors are
repeatedly toggled between Veer and ground. leading to large switching energy-—the
monotonic approach ensures that the DAC output voliage evolves in a single direction
throughout the conversion process, thereby climinating redundant charege/discharge
cycles. This technique is fundamentally based on principle of charge conservation. but

modifies the mitial conditions and switching sequence to reduce energy dissipation.
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Fig. 2.8 Monotonic DAC switching scheme in 5-bit SAR ADC

Figure 2.8 illustrates a monotonic switching CDAC used m a fully difterential 5-bit SAR
ADC architecture, The DAC consists of two symmetrical capacitor arrays connected (o
the positive and negative comparator inputs. Each array containg binary-weighted
eapacitors (160, 8C, 4C, 2C, C, C), controlled by swiiches that connect the capacitor iop
plates either to Vrefp or Vretn. The inputs Vip and Vin are sampled through bootstrap

switches to improve sampling hnearity and reduce signal-dependent switch resistance.
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During the sampling stage, the input differential signal is sampled on the capacitor arrays
while all bottom plates are initially connected to a common reference level, After
sampling, the SAR conversion process begins. Unlike the conventional binary-weaighted
DAC, where capacitors may switch repeatedly berween Vrefp and Vrefn, the monotonic
switching scheme ensures that capacitor switching occurs in only one direction during the
comversion process, Typically, all capacitors are mitially connected to one reference
voltage, and dunng successive approximation, selected capacitors are  swilched

monotomically toward the opposite reference depending on the comparator decision.

The conversion starts with MSB. Based on the comparator output, the comesponding
capacitor in ong DAC branch remaing unchanged while the capaciior in the opposite
branch is switched. Subsequent capacitors are then switched sequentially according 1o
SAR logic decisions. Since only either side of the differential DAC actively switches
during each comparison cycle, the total swirching activity and charge redistribution energy

are significant!y reduced.
The monotonic switching technigue offers several imporant advantages;

s Reduced switching energy: Since capacitors switch only once in a single direction,
unnecessary charging/discharging is avoided.

« Lower power consumption: Reduced switching activity directly lowers dynamic
power.

o Improved common-mode stability; The differential structure helps maintain o

relatively constant common-mode voltage during conversion,

« Reduced capacitor stress and noise: Smaller voltage transitions reduce switching

noise and improve | ineanty.,

In summary. the monotonic switching technique represents a significant improvement
over conventional binary-weighted switching by reducing  encrgy  consumption.

simplifying switching operations, and improving speed through reduced voltage
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transitions. By ensuring that the DAC cutput evolves in a single direction during
comversien, it eliminates redundant charge redistribution and enables highly efficient SAR

ADC implementations suitable for modem low-power, high-performance applications.
2.7.3 Vem-Based Switching Technigue

The ¥om-based switching technique is an advanced and highly energy-efficient capacitor
switching method used in SAR ADCs o significantly reduce switching energy, improve
[incarity, and maintain a stable common-mode voltage at the comparator input, This
technigue modifies both the sampling scheme and the reference voltage level s wsed during
conversion, thereby addressing key limitations of conventional and monotonic switching
methods [104], In contrast to traditional approaches where capacitors are switched
between Ve and ground, the Voem-based technigue utilizes a common-mode reference
voltage Vem (tvpically Ves'2) 08 a central operating point, which plays a crucial role in

minimizing voliage swings and energy consumpion.
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Figure 2.9 illustrates a Vem-based capacitive DAC switching scheme used in a fully
differential 5-bit SAR ADC architecture [114]. In this approach, sn additional reference
level, namely the common-mode voltage (Vem). is imtroduced along with the conventional
reference voltapes Vreefp and Vrefn. The DAC congists of two symmetrical binary-
weighted capacitor arrays comnected to the differential comparator inputs. Each capacitor
can be sclectively switched among Vrefp, Virefn and Vem through the 5 AR-controlled

switching petwork,

During the sampling stage. the inputs Vip and Vin are sampled onto the capacitor areays
through bootstrap switches, which help maintaining constant switch resistance and
improve linearity. Initially, most capacitor bottom plates are connected 10 the common
mode voltage Vem, which establishes @ balanced common-mode condition across the

differential DAC out pats,

Inn successive approximation phase. the SAR logie controls capacitor switching based on
eomparaior decisions. Unlike conventional binary-weighted switching, where capacitors
transition directly between Vrefp and Vrefn, the Vom-based scheme performs switching
around the common-mode voltage. Typically, the first comparison is carried out without
consuming DAC switching energy because the capacitor arrays are already initialized
around Vem. In subsequent bit cycles, selected capacitors are switched between Ve,

Vretp, and Vrefn depending on the comparator output,

An important benefit of this approach is that the vollage swing across the capacitor array
i5 significantly reduced. Since many capacitor transitions occur between Vem and one
reference level mstead of full-scale transitions between Yrefp and Vreefn. the overall
awitching encrzy decreases substantially, In addition, maintaiming the DAC output around
a constant common-mode level improves comparator stability and reduces common-mode

disturbance during conversion [ 125].

The Vem-based DAC switching technique provides several imporiant benefits:
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= Significant reduction in switching energy

s Lower dynamic power consumption
[mproved common-mode stability

s Reduced switching noise and better linearicy

s Smaller voltage transitions acrss capacitors

However, the Vom-based switching technigue also imtroduces certain design complexities,
It requires precise gencration and contrel of the common-mode voltage, as any deviation
in Vem directly affects conversion accuracy. Additionally, the switching logic is mare
complex compared 0 monotonic schemes, and caretul timing 18 required 10 ensure correct

charge redisribution | 146].

In summary, the Yem-based switching technique represents a highly optimized approsch
for SAR ADCs, offering substantial reductions in switching energy, improved speed, and
enhanced comparator performance through common-mode stabilization. By leveraging a
mid-level reference voltage and symmetric switching operations. 1t overcomes the
limitations of carlier techmiques and 15 widely adopted in modemn low-power. high-

pertormance ADC designs.
2.7 4 Split Capacitor Technique

The split capacitor technique is 8 widely adopted optimization of the conventional binary-
weighted CDAC in 5AR ADCs. developed o overcome the exponential growth of
capacitance, area_and switching energy associated with high-resolution designs [25]. Ina
conventional N-bit binary-weighted CDAC, the total capacitance scales a5 Cone(27-1)C,
making it impractical for resolutions beyond 10-12 bits due to large silicon area, increascd

parasitic effects. and slower settling.
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Fig. 2.10 5plit capacitor DAL technigue for 3-bit SAR ADC

The split capacitor approach addresses this by partitioning the capacitor amray into two
sub-arrays—an MSB array (Main-DAC) and an LSB array (Sub-DAC)—connected
through an attenuation (bndge) capacitor, thereby preserving the required bimary
weighting while drastically reducing the total capacitance [38, 40, Figure 2.10 illustrates
a split-capacitor DAC architecture emploved in a 5-bit fully differential SAR ADC. The
split-capacitor technique divides the DAC into two smaller sections: a Main-DAC
responsihle for the Most Significant Bits (MSBs ) and a Sub-DAC responsible for the Least
Significant Biis (LSBs). Both sections are connected through a badge capacitor C, which

seafes the contribution of the sub-DAC to maintain cormect binary weighting.

In the shown architecture, the Main-DAC contains larger capacitors such as 4C, 2C, C and
(5C which generate coarse voltage steps corresponding to higher-order bits. The Sub-
DAC contains smaller capacitors wsed to resolve lower-order bits with finer voltage
resolution. The bridge capacitor between the two arrays ensures that the wvoltage
contribution from the sub-DAC is attenuated appropriately before reaching the comparator

input, The differéntial implementation uses two identical capacitor arrays connected 1o the
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positive and negalive comparator inpuls, thereby improving common-mode noise

rejection and linesrity .,

Dwring the sampling phase. the analeg input signals Vip and Vin are sampled onto the
capacitor armrays through bootstrap switches, which improve sampling lincarty by
maintaming nearly constant switch resistance. During the successive approximation
phase, the SAR logic sequentially controls the capacitor switching between Vrefp and
Vrefn. The Main-DAC first resolves the MSBs through larger voltage transitions, while
the Sub-DAC subsequently refines the conversion by generating smaller voltage steps for
the L5Bs.

The primary advantage of the split-capacitor DAC is the significam reduction in total
capacitance compared to a conventiona! binary-weighted array. Instead of requiring very
large capacitor ratios, the architecture achieves equivalent binary weighting through

capacitive attenuation |83, 85, 116, 122] . Ths leads to:

= Reduced silicon ares

o  Lower switching energy and dynamic power consumption
s Improved DAC settling speed

»  Reduced RC delay

s Lower loading on the comparator input

However, the technique introduces several critical design challenges. The precision of the
DAC heavily depends on the precise value of the bridge capacitor. Any mismatch or
parasitic capacitance at the intermediate node (berween MSB and LSB arrays) can
introduce  gain arrors, leading o INL and DNL degradation.  Another important
consideration is the parasitic capacitance #t the bridge node, which can be comparable to
the LSB capacitors and hence significantly affect performance. Shielding technigues,

dummy structurcs, and careful routing are essential to minimize these parasitics.
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In summary. the split capacitor technique provides an elegant solution o the scalabality
limitations of conventional CDACs by reducing capacitance, power, and ares while
maintaining resolution through capacitive attenoation. Despite the added design
complexity and sensifivity [0 parasitics, it remains a highly effective and widely wsed
approach in modern SAR ADCs, particularly for applications requiring a balance between

high resolution, low power, and compact silicon implementation,
28 SAR Logic and Control Technigues

The SAR logic torms the digital backbone of a SAR ADC, orchestrating the step-by-step
conversion of the analog input into a cormresponding digital output. It governs the timing
and sequence of operations, including sampling, bit-wise companson, DAC switching and
final code gemeration. The efficiency of the SAR logic directly impacts the total speed,
power consumption, and robusiness of the converter, making it a ¢ritical component in

mixed-signal system design.

In its basic form, SAR logic implements a binary search algorithm to iteratively coincide
on the digital representation of the input signal. This process involves setting and resetting
bits based on comparator decisions, requinng precise synchronization between the digital
control circuitry, the capacitive DAC, and the comparator. Traditionally, this functionality
has been realized using synchronous sequential logie dnven by a global clock, which
simplifies design but may introduce limitations in terms of speed and power efficiency

due to clock distribution and unnecessary switching activity.

To overcome these challenges. vanous advanced SAR control techniques have been
developed. These include optimized sequential logic implementations, etficient binary
scarch algomthms, and asynchronous control schemes that eliminate the need for a high-
trequency global clock. Asynchronous approaches, in particular, offer significant

advantages in reducing power consumption and improving conversion speed by allowing
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each bitdecision 1o proceed immediately after the comparator resolves, rather than waiting

for 2 fixed clock edge

This section presents an overview of different SAR logic and control methodologices,
emphasizing their operational principles and design trade-offs, The discussion focuses on
how these technigues influence timing complexity, energy efficiency, scalability, and ease
of integration, providing a foundation for selecting appropnate control strategics in

modern low-power and high-performance SAR ADC architecturcs,
2.8.1 Conventional Sequential Logic Techniques

The conventional sequential logic technique used in SAR ADCs forms the digital
backbone responsible for controlling the bit- wise approximation process and coordinating
the interaction between the comparator and the capacitive DAC [35, 36]. In this approach,
the SAR logic is typically implemented using 2 chain of flip-flops, shift registers, and
combinational control circuits that operate synchronously with a clock signal. The
comversion process follows a binary search algorithm. where each bt is resolved
sequentially starting from MSB to LSH . At the beginning of the conversion cycle, the SAR
register 15 imtialized, usually by setting the MSB to logic *1" while keeping all other bits
at ", This digital code 1s applied o the CDAC, generating a corresponding analog voltage
that is compared with the sampled input signal using a comparator.

Based on the comparator output, the SAR logic determines whether the trial bit should be
refained or cleared. If the DAC output is less than the mput signal, the bit remaing ser;
otherwise, it is reset to zero, This decision is stored in a flip-flop corresponding to that bit
position, The logic then shifis o the next bit. wpeating the process umtil all bits arc
resolved. The sequental nature of this technigque ensures that only one comparison is
performed per clock cycle., leading to a total conversion time of N clock cycles for an N-

bit ADC. The control logic also generates timing signals required for sampling, DAC
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awitching, and comparator evaluation, ensuring proper synchronization between analog

and digital biocks.

From an implementation perspective. dynamic or static 1 flip-flops are commonly used
to store bit decisions, while a shift register mechanism propagates the control signal across
it positions [96]. A fite state machine (F5M) may also be employed to manage the
overall conversion sequence, including reset, sampling., and evaluation phases. While this
conventional sequential approach is simpie, robust, and easy to design, it introdueces
limitations in terms of speed and power etficiency. Since each bit decision requires a
separate clock cycle, the overall conversion speed 15 constrained, making it less suitable
for high-speed applications. Additonally, the repeated clocking of flip-flops and control

circuitry contributes to dynamic power consumption,

Diespite these limitations, the conventional sequential SAR logic remains widely used due
te its deterministic operation, low hardware complexity, and ease of integration. 1t
provides a reliable framewok for moderate-speed and medivm-resolotion ADCs,
particularly in applications where simplicity and accuracy are priontized over ultra-high
spead. Advances in 5AR logic design, such as asvachronous and event-driven techniques.
have been proposed to overcome the speed and power limitations of conventional

sequential logic while retaining its fundamental operating principles.
2.8.2 Binary Search Implementation

The binary search implementation in SAR ADCs is the fundamental algorithm that enables
efficient and systematic conversion of an analog input signal into its comesponding digital
representation [106]. This technique operates by successively narrowing down the range
in which the mput signal lies. using a divide-and-conquer approach analogouws 1o a binary
scarch in digital systems [ 118]. At the start of the conversion process. the sampled anglog
input is held constant, and the SAR logic inttializes the MSB to logic *17, while all other

bits are set to “[)°. This digital code 15 applied to the capacitive DAL, generating an analog
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voltage equal o half of the reference voltage (V'2). The comparator then compares this
DAC output with the input signal Vin, If Vin>Vpac, the MSRB is retained; otherwise, it is

resel o (7,

Following this decision, the SAR logic proceeds to the next bit, setting the second mosi
significant bit (MSB-1) 10 *1" wlile keeping the previously decided MSB unchanged The
DAC now gencrates a new analog voltage corresponding to the updated digital code and
updates the analog estimate according to the second-bit weight. This process continues
iteratively for each subsequent bit, with each step halving the remaining error range. At
the i step, the DAC output represents the sum of previously determined bits plus a mial
contribution of V2. The comparator decision determines whether this contribution

should be retained or removed , thereby refining the estimate of the input signal.

Mathematically, after N comparison cycles for an N-bit ADC, the final digital output [

satisfies:
Voar = Voop # = & Vin (2.5
DAL ref 2 F

where I3 is the digital approximation of the input signal. The eror after each step is
reduced by 2 factor of two, ensuring convergence within N clock cycles. This makes the
binary search algorithm highly efficient, as it achieves full resolution with a linear number

of steps relative 1o the number of bits.

From a circuil perspective, the implementation of hinary search relies on tight
coordination between the SAR register, DAC and comparator, The SAR logic penerates
contral gignals to switch the capacitor amray, while the comparator provides a single-hit
decision at each step. The simplicity of this algorithm allows for low hardware complexity
and deterministic operation, which is a key advantage over other ADC architeciures.
However, the sequential nature of the process limits the maximum conversion speed, as

each hit must be resolved before proceeding to the next.
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Despite this limitstion, binary seanch remains the cornerstong of SAR ADC operation due
te its excellent balance between speed, power efficiency and accuracy. It is particularly
well-suited for medium-to-high resolution applications where moderate sampling rates
and low power consumption are required, such as in biomedical devices, loT sensors, and

portable electronics.
2.8.3 Asynchronous Control Techniques

The asynchronous control technigue in SAR ADCs is an advanced timing stratcgy that
eliminates the dependence on a global high-frequency clock for bit eycling, therehy
improving speed and reducing power comsumption [124]. Unlike conventional sequential
logic. where cach bit decision 15 synchronized te a fixed clock peniod, the asynchronous
approach allows cach conversion step to procecd after finishing previous comparator
decision. This is achieved using event-driven control logic, where the comparator output
itsedll tngoers the next stage of the SAR operation. As o result, the conversion time
becomes data-dependent rather than being constrained by a worst-case clock period.

leading to faster average conversion speed.

In an asynchronous S AR architecturg, the comparator generates a “ready™ or “done™ signal
once it completes the comparison between the input signal and the DAC output. This
signal i3 vsed o activate the SAR logic, which updates the comesponding bit and
reconfigures the DAC for the next comparison. Instead of wsing flip-flops driven by a
global clock. the design typically employs dynamic latches. delay elements, and
handshaking circuits to propagate conirol signals through the bit cycles. Each stage
operates only when required, thereby reducing unnecessary switching activity and
dynamic power consumption. The asbsence of a high-speed clock also simplifies clock

distmbution and minimizes clock-related issues such as skew and jitter.

From a timing perspective, the total conversion time in an asynchronous SAR ADC is

given by the sum of individual bit decision times:
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Teons = Limi(toompt + Liogics + Epaca) {246)

Where Lomp, Dogie. A0d [pae represent the comparator decision time, logic delay, and DAC
seftling time for each bit, respectively. Since each stapge proceads immediately after the
previous one completes, the overall conversion time is optimized, especially when the

comparalor resolves quickly for large input differences in early bit cycles.

One of the major advantages of asynchronous control is its energy etficiency. Because the
circuit operates in an event-driven manner, power is consumed only when transitions
oceur, avoiding the constant toggling associated with synchronous clocked systems. This
makes it highly suitable for low-power applications such as loT devices, biomedical
sensors and porable electromcs. Additionally, asynchronous operation can improve
robusimess o PVT vanations, sy the tming automatically adapts o the actual circoit

comditions,

However, the design of asynchronous SAR loge introduces challenges, including
increased circuit complexity, sensitivity to noise and glitches. and the need for careful
timing coordmation to avord metastability or race conditions, Handshaking circuits and
delay matching must be carcfully designed to ensure reliable operation [ 139, 145]. Despite
these challenges, asynchronous conirol technigues have gaimed significant attention in
modern SAR ADC designs due to their ability to achieve higher speed and lower power
comnsumption compared o conventional synchronous approaches, making them highly

attractive for advanced low-voltage and high-pedformance applications.

2.9 Conventional Comparator

After discussing the vamous device-level enhancement techmiques, DAC switching
methodologies and SAR control strategies. it s important to examine the operation of the
conventional comparator architecture that forms the fundamental decision-making block

in most SAR ADC systems. Understanding the structure, operation and limitations of the
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conventional compargtor provides a wuseful reference for evaluating the performance
improvements achieved by the advanced comparator techniques discussed in subsequent

chaptars,

The conventional comparator architecture consists of two primary stages. namely the
preamplifier stage and the latch stage, as shown in Fig. 2.11, which operate sequentially
to convert a small analog input difference inte a full-scale digital cutput. The preamplifier
stage functions as an imput sensing and amplification block, while the latch stage performs
the final decision through regenerative positive feedback. The operation of the
preamplifier stage 15 divided into two distinet phages: pre-charge and evalustion. During
itg first phase (Clk = (0), the PMOS trangistors M3c and Mde are umed ON, charging the
parasitic or explicit capacitances at nodes P and Q) (denoted ns Cp and Cg) to the supply
voltage Vad As these nodes are prechanged 1o 4 high level, the subsequent static lsich stage
is imtialized sccordimgly. Specifically, the NMOS ransistors M1 and M4l in the laich
turn OM, which discharges the output nodes Out_p and Out_n 10 ground, thereby ensuring
a well-defined initial condition. Simultancously . the PMOS transistors M6l and M71 are
wrmed ON, while M51, MBI, and the NMOS devices M2| and M31 remain OFF.

maintaiming symmetry and preventing any unintended regeneration during this phase.
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Fig. 211 Conventional comparator stages (a) preamplifier and (b) static latch
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When the clock ransitions w its second phase (Clk = 1), the preamplifier enters its active
amplitieation mode. The PMOS precharge devices are mumed OFF, and the nodes Vop
and YVon begin 1o discharge from Vg toward ground through the NMOS inpat transistors
Mlc and Me¢. The discharge rates of these nodes depend on the input voliages Vip and
Vin, such that a differential voltage is gradually developed between Vop and Yon. This
voltage difference, although initially small, is crocial because it serves as the input to the
latch stage. The preamplifier thus converts the mput voliage difference into a tdme or
voltage difference at its output nodes. The gain of the preamplifier stage can be

approximated as [ 128]

Av(Preamp) = BVE oy S V] - Fien) 27

Ave fem

where @) (2 ¢ i% the rranscondoctance of monsistor M1c or M2e, Voen = [Vop — Vonl, is
the output level to enable cross coupled latch and lem is the common mode current drawn
from the capacitances il placed on nodes P and Q. This expression indicates that the gain
is directly proportional o the ramsconductance and available voltage headroom, and

inversely proportional 1o the common-mode cument.

The latch stage, which follows the preamplifier, operates based on strong positive
feedback. Once a sufficient differential voltage is developed at Vop and Von, the cross-
coupled transistors in the latch are triggered, initisting repeneration. One output node is
rapidly driven toward WV, while the other is pulled toward ground, resulting m a full logic-
level outpul. An important advantage of this two-siage architecture is that the preamplifier
isolates the input from the latch, thereby significantly reducing kickback noise caused by
rapad switching in the regenerative stage [ 155, 156]. This isolation improves accuracy and
allows operation over a wide input common-mode range, which is particularly beneficial
in high-speed ADC applications.

Howewver, despite these advantages, the prescnce of a static latch intmoduces cerlain

limitations. Since the latch continuously consumes current, it leads to increased static
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power consumption, which is undesirable for low-power applications such os loT systems
| 158]. Moreover, the spead of the comparator is constrained by the gain and bandwidth of
the preamplifier, as well as the delay associated with initiating regeneration in the latch,
The requirement of sulTicient preamplifier gaim o overcome lawch offset further increases
power consumption and limits scalability at low supply voltages . Consequently, while the
conventional comparator provides pood noise isolation and robusiness, its specd—power
trade-of f motivates the use of dynamic latch-based architectures in modern low-power and

high-speed designs [ 168].

The physical implementation of the conventional comparator was carned ool using
Cadence Virieoso on 180 nm technology and the comresponding layour is shown in the
Fig. 2.12 with area of 168 mm®, The layout design ensures symmetry between differential
paths to minimize mismatch and offset, with careful placement of transistors and routing
o balance parasitc capacitances at crtical nodes. Proper common-centroid echniques
and matching strategics arc typically emploved o reduce systematic variations, which is

essential for maintaining comparator accuracy in high-specd applications,
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Fig. 2.12 Layout of conventional comparator

The transient analysis of the conventional comparator, as depicted in Fig. 2.13, illustrates

the dynamic switching behavior of the circuit across the pre-charge and evaluation phasas,
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highlighting the evolution of internal node voltages and output transitions, Duning the pre-
charge phase, hoth owput nodes are mitiahized to 8 known state, ensuring symmelric
starting conditions. As the clock transitions to the evaluation phase. 3 small differential
inpul voltage causes unequal discharge rates at the preamplifier output nodes, which is
subsequently amplified by the latch stage through regenerative feedback. The transient
waveform clearly demonstrates how a small input difference is translated into a full -swing
dignal output, with one node rransitioning toward Vg and the other oward ground. Based
on the simulation results, the conventional comparator exhibits a delay of approximately
353 ps and a power consumption of 135 W, indicating a moderate-speed operation with
relatively higher power dissipation due to the presence of static current paths and the

requirement of sufficient preamplifier gan.
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Fig. 2.13 Tranzient analysis of Conventional comparator

To further evaluate the robustness of the design, Monte Carlo simulations {shown in Fig.
2.14) were performed with 200 samples 10 analyze the statistical varations in delay.

power. and energy consumption.
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The results exhibit a random distribution of these performance parameters due (o process
variations such as threshold voliage fuciustions, mobility variations, and mismateh in
device dimensions. The spread in delay and power reflects the semsitivity of the
comparator o device-level non-idealities, while the energy distribution provides insight
into overall efficiency under variability. Such statistical analysis 1= crucial in assessing the
reliability and yield of the design, particularly for large-scale integration in ADC systcms.
where consistent performance across process corners is required. Overall, the resulis
indicate that while the conventiom! comparator demonstrates functional correctness, its
vanability and relatively higher delay and power consumption motivate the need for more

optimized dy namic comparator architectures.
2.10 Summary of Techniques and Design Trade-offs

The advanced mixed-signal circmt techmiques discuszed in this chapter collectively
address the fundamental challenges associated with low-voltage operation, high-speed
comversion, and energy-cfficient design in modern SAR ADC architectures, Each
technique targets a specific bottlencck within the signal chain, including device-level
limitations, comparator regeneration delay. DAC switching energy. and conirol logic
ingfficiencies. However, these improvements are inherently interdependent, and the
adoption of any particular techniguee introduces trade-offs in terms of power consumption,
speed, sibicon area. and design complexity, Therefore, a system-level perspective is
essential to evaluate how these techniques interact and to determine an optimal design

SIFALEgY .

At the device level, technigues such as self-cascode and DTMOS aim toenhance transistor
performance under constrained supply voltages. The self-cascode structure effectively
increases output resistance by redisiributing the drain-source voltage across two series-
comnected devices, thereby reducing channel-length modulation and improving intrinsic
gain. This is particulardy advantageous in analog front-end circuits where gain

enhancement is cntical. However, the presence of an mternal node introduces additional
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parasitic capacitance, which can limit bandwidth and slow down ransient responsa. In
comtrast, the DTMOS technigue dynamically modulates the threshold voltage by tying the
gate and body terminals, resulting in increased transconductance and improved current
drive at low supply voltages. While this enables operation i sub-1V repimes, ity
applicability is constrained by the forward-biasing of the body-source junction, which can

intmoduce leakage cuments and reliability concems in bulk CMOS processes.

At the circuit level, comparator performance is primanly dictated by the efficiency of the
regenerative latch. The cross-coupled regenerative latch structure provides exponential
amplification of small differential inputs through positive feedback, making it a key
component in high-speed comparators. Enhancements such a8 the shared-charge reset
technique and suxiliary inverter-based technique focus on improving the initial conditions
and eftective tmansconductance of the latch, respectively. The shared-charge reset
technique reduces delay by preconditioning output nodes 1o an intermediate voltage level,
therchy minimizing the time required to enter the regeneration phase. This also reduces
dynamic power consumption by avoiding full voltage swings during reset. However, its
performance is sensitive to capacitor matching and charge redistribution accuracy. The
auxiliary imventer technigue, on the other hand, introdeces additional dvnamic current
paths that boost the effective trunsconductance during regencration. leading to faster
decision-making. This improvement comes al the cost of increased parasitic loading and

potential design complexity in ensuring stable operation across process variations,

In the DAC domain, the conventional hinary-weighted capaciior array provides a
straightforward implementation of charge redistribution but suffers from exponential
growth in capacitance with increasing resolution, leading to larger area, higher switching
energy, and slower settling. To mitigate these issues, several optimized switching
techniques have been developed. The monctonic switching technique reduces energy
consumption by cnsunng unidirectional switching of capacitors, thercby climinating
redundant charge/discharge cycles. The Vem-hased switching technigque further improves

energy efficiency by maintaining the DAC output around a constant common-mode
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voltage, significantly reducing voltage swings and improving comparator stabiliy.
However, it requires precise generation of the common-maode reference and introduces
additional control complexity, The split capacitor technigue addresses the scalability issue
by dividing the DAC into MSB and LSB sub-arrays connected through an atenuation
capacitor, thereby reducing total capacitance and area. While effective, this approach is
highly sensitive to parasitic capacitances at the bridge node, which can degrade lincarity

and necessitate calibeation.

From a digital control perspective, SAR logic plays a crucial role in determining
conversion speed and energy efficiency . Conventional sequential logic provides a simple
and deterministic implementation bun i limited by clock dependency. resulting in fixed
comversion time and increased dynamic power due fo continuows clock switching, The
binary search algonthm ensures efficient convergence to the input signal value in N steps
for an N-bit ADC. forming the core operational principle of 5AR conversion.
Asynchronous contmol techniques enhance performance by eliminating the global clock
and allowing each bit decision to occur immediately after the previous one, thereby
reducing average conversion time and power consumption. However. asynchronous
designs  introduce challenges related w timing synchronization. metastability, and

ingreased circuit complexity.
2.10.1 Performance Trade-offs (Power, Speed, Area, Complexity)

The optimization of mixed-sipnal circuits requires caretul balancing of multiple
performance parameters. each of which is influenced by the chosen design techniques.
Power consumption is predominantly determined by switching activity in the DAC and
dynamic operation of the comparator and control logie. Techniques such as monotonic
and Vem-based switching significantly reduce switching energy by minimizing voltage
transitions, while asynchronous control further reduces power by eliminating unnecessary
clock wagling. However, these techniques may increase design overhead and require

additional circoitry for control and reference generation.
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Spead 18 largely govemed by comparator regeneration time, DAC semthng time, and
comtrol logic delay. Techniques that enhance the mitial differential veltage or effective
transconductance of the lxch, such as shared-charge reset and auxiliary inverter methods,
directly reduce comparator delay. Asynchronoms SAR logic further improves speed by
removing the constraint of fixed clock cycles. Nevertheless, increasing speed often
requires higher bias currents or more complex circuit structures, which can negatively

impact power efficiency.

Area is primanly dominated by the capacitive DAC and layout considerations. The
conventional binary-weighted DAC suffers from large area due 10 exponential capacitor
gealing, whereas the split capacitor technigue significanty reduces area by partitioning the
array. However, reduced capacitance incresses sensitivity to mismatch and parasitic
effects, requiring more sophisticated layout techniques and, in some cases, calibration

circuitry.

Complexity increases with the adoption of advanced techmiques. While conventional
architectures are relatively simple and robust, techmiques such as asynchronous control.
auxiliary mvener enhancement, and Vem-based switching introduce additional design
challenges, including precise timing control and sensitivity to process variations. Thus,
achieving optimal performance requires g careful trade-off between simplicity and

functionality.
2.10.2 Key Observations from Existing Techniques

The comprehensive review of existing mixed-signal circuit techniques reveals that the
performance of SAR ADCs is strongly dependent on the optimization of threc major
building blocks: the comparator. capacitive DAC and 5AR logic. From the smdy of
comparator architectures, it 18 observed that conventional dynamic comparators suffer
from reduced gain, increased delay and degraded robustness under low-voltage operation,

Technigues such as self-cascode structures improve voltage gain by increasing effective
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output resistance, thereby accelerating differential signal development and reducing
comparator defay. Similarly, DTMOS-based approaches enhance transconductance
through dynamic threshold modulation, making them highly suitable for ultra-low-voltage
applications. However, DTMOS techniques may require careful body-bias management

1o avoid lach-up and excessive leakage in scaled technologies.

The analysis of regenerative latch architectures indicates that the regeneration speed of a
comparator is highly influenced by the effective transconductance and initialization
conditions of the latch. Conventional cross-coupled latches provide strong positive
feedback but ofien consume higher switching energy due 1o full rail-to-rml charging and
discharging. The shared-charge reset technique reduces unnecessary voliage swings
during reset by equalizing output node voltages prior to regeneration, thereby lowering
delay and power consumption. Likewise, the auxiliary inverter technigue enhances the
regenerative strength of the latch by providing additional current drive, resulting in faster

latch operation without introducing significant capacitive loading.

The study of capacitive DAC techniques demonstrates that conventional binary-weighted
capacitor arrays become inefticient at higher resolutions due to exponentially increasing
capacitance, leading to larger silicon area, higher switching energy, and increased
sensimivity © mismatch and parasitic capacitances. To overcome these limitations,
monotonic switching techniques reduce switching activity by ensuring umidirectional
capacitor transitions during conversion. Similady, Vem-based switching schemes
minimize voltage swing across capacitors by introducing a common-made reference
voltage, therchy achicving substantial cnergy savings and improved common-mode
stability. Furthermore, split-capacitor architectures effectively reduce total capacitance
and DAC area while maintaining binary-weighted functionality through capacitive

Allenuat on.

The review of SAR logic and control techniques indicates that conventional synchronous

sequential logic saffers from clock distribution overhead and increased power
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comsumption at higher sampling rates. Binary search algorithms provide efficient
successive approximation conversion; however, overall conversion speed remains limited
by global clock dependency. In contrist, asynchronous SAR control techniques eliminate
unnecessary clock cycles by enabling event-driven operation. thereby reducing power

comsumption and improving conversion speed.

Owerall, the literature survey reveals that significant improvements in ADC performance
can be achieved through the combined optimization of comparator gain, latch regeneration
dynamics, DAC switching energy and SAR control logic. However, existing techniques
often optinize only one performance parameter af the expense of others. leading to trade-
offs among speed. power consumption, area, complexity and mobusiness. These
observations  highlight the need for integrated design methodologies capable of
simultaneously improving energy efficiency. speed, and low-voltage operation, which

forms the primary motivation for the proposed work presented in subsequent chaplers.
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Chapter 3

Key Innovations in Comparator Architecture

This chapter presents a detiled nvestgation of several nnovative compdraor
architectures developed to enhance the overall performance of SAR ADC systems, The
proposcd designs incorporate advanced circuit-level techniques incleding self-cascode
structures, shared-charge reset mechanisms, auxiliary inverter-assisted regeneration and
DTMOS-based operation. Each technigque is introduced with the objective of improving
specific performance parameters such as companson speed, regencrative gain, power
efficiency, and reliable low-voltage operation. Self-cascode configurations are explored
to enhance etfective output resistance and strengthen regeneration without increasing
power overhead. Shared-charge technigues are employed (o redoce intemal node
transition delay and improve companson efficiency, while auxiliary inverter stroctures
accelerate regenerative action and reduce decision latency, Furthermore, [T MOS-based
architectures dynamically adjust transistor threshold voltage during operation to improve

current driving capability and enable cfficient operation under reduced supply voltages,

3.1 Design Motivation and Performance Metrics

The design of high-performance comparators is a critical aspect in the development of
energy-efficient and high-speed mixed-signal systems, paricularly in SAR ADCs. The
comparator serves as the decision-making element that determines each bit dunng the
conversion process, and its performance precisely impacts the entire speed, power
comsumption, resolution and accuracy of the ADC. A key challenge in comparator design
is achieving an optimal trade-off among delay . power consumption, energy efficlency, and
accuracy. The total delay of a comparator is primarly composed of two components: the
preamplificr delay, which govemns the rate of development of the input differential voltage.
and the latch regeneration delay [120]. which determines how quickly the comparator

output resolves toa full digital level. In conventional designs. the preamplifier stage often
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suffers from hmited gain doe 1o low output resistance and limited transconductance.
Similariy, the latch stage, while capable of strong positive feedback, may exhibit increased
regeneration delay if the initial differential input is insufficient. leading to metastability

and degraded speed performance .

Power consumption is another eritical design constraint, especially m battery -operated and
[oT-hased systems [93]. In comparator circuits, power is consumed through both static
and dynamic components. where static power anses from bias curments i preamplifier
stages and dynamic power is due to charging and discharging of internal capacitances
during switching. Therefore, achieving low power consumplion while muntaining high
apead and accurney requires caretul optimization of both preamplifier and lach siages.
Energy etficiency, often quantified in terms of energy per comparison, is closely related
to both delay and power consumption. Reducing delay without increasing power, or
reducing power without significantly affecting delay, leads o improved energy efficiency.
Additionally, robust design methodologics must also ensure stable operation across
process cormners and temperature variations while maintaining low standard deviation in

performance meirics,

To address aforementioned challenges, this chapter brings forward six new comparator
architectures (PC1-PCA) based on progressive design innovations, With an aim of
increasing gain, a self coscode structure is introduced in preamplifier stage of PC1 - PC4
while remaining two architectures bring in DTMOS in preamplifier stage. Further, to
spead up latch regeneration shared-charpe logic and auxiliary mverer-based approaches
arc used and overall energy efficiency is improved through dynamic operation and reduced
switching activity, By svstematically exploring these technigues, the proposed comparator
architectures aim to achieve an improved balance among speed, power, and accuracy.
making them soitable for next-generation low-voltage, high-speed SAR ADC

applications,
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3.2 Self-Cascode Based Comparator Architectures (PCI and
PC2)

This section shows the design, its implementaton and performance evaluation of the two
proposed comparator architectures, namely Proposed Comparator 1 (PC 1) and Proposed
Comparator 2 (PC2), developed to enhance the speed and energy efficiency of
conventional comparator opologies for low-voliage SAR ADC applications. The
maotivation behind these designs’ stems from the limited preamplifier gain, higher delay,
and suboptimal power efficiency of conventional two-stage comparators under scaled
supply voltages. To overcome these issues, both proposed comparators employ a self-
cascode structure in place of the waditional differential pair, thereby increasing the
effective output resistance and transconductance of the input stage to achieve higher gain
and faster differcntial voltage development. While PC1 combings this enhanced
preamplifier with a static latch o mantain robust regeneration and structural simplicity.
PC2 further improves energy efficiency by integrating a dynamic latch, which eliminates
static current paths and enables faster regenerative action through clock-controlled
operation. Detailed analytical modeling of the proposed architectures is carried oul by
deriving the delay contributions of both preamplifier and lawch stages, thereby establishing
the relationship between circuil parameters, parasilic capacitances, and overall comparator

apecd.
3.2.1 Circuit Design and Orperation

The proposed methodology focuses on improving comparator performance by modifying
the preamplifier stage of a conventional two-stage omnparator. The circuit schematics of
Proposed Comparator 1 (PC1) and Proposed Comparator 2 (PC2) are placed as Fig. 3.1
and Fig. 3.2 respectively, PCI and PC2 use proposed self-cascode based preamplificr
wherein differential pair is formed by self-cascode structure ((M1s, M3s), ((M2s, Mds)),
The PC1 and PC2 differ in the latch configurations. The former uses static latch while the

larter relies on dynamic latch.
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The preamplifier in both PCL and PC2 is dynamic in nature, and works in sampling
{(Clk=0}) and evaluation phases (Clk=1). For Clk=0, both transistors Mos and M 75 ane
turned on and charge capacitors at nodes Pand Q {Cp and Cq) 0 Vdd. Subseguently when
Clk=1, Cp and Cq are discharged from ¥dd to ground at different instants proportional to
input voltage Vip and Vin, Therefore, an input dependent differential voltage is created
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between Vop and Von, which drive the latch stage for Gnal output. The gain of the

preamplifier stage can be expressed as follows,

1 ={Vdad -V
Av(Preamp) = T & Lusdsssst S0 700 (3.1)

where Bmis_was 4 represent equivalent trans-conductances of transistor (M1s, M3s) or
(M2s, Mdg). Voen is the output level o enable cross coupled latch and lem is the current
in common mode configuration pulled out from the differential pair roansistors., It is to be
emphasized here that the gain of sclf cascode stage used in proposed comparator is much

higher than simple differential pair used in preamplifier of conventional comparator [ 19].

The PC1 employs static latch comprising of differential input pair (M11-M41) and cross-
coupled transistor pairs { M21-M31 and M71-M#]1) that stores and maintains its output state
using continuous feedback ., typically implemented with cross-coupled inverters. [t does
not rely on clocked pre-charge or evaluation phases and can hold its state indefinitely 18
long as power is supplied. Static latches offer good noise immunity and stable operation

but generally consume higher static power due 1o continuous current flow,

The PC2 used dynamic latch which is formed by ditferential pair M1d-M2d., rvo cross
coupled purs, Mad-M3d and Mbd-M7d and two pre-charge switches MEA-MOd. During
first phase (Clk=0), ransistors Mos and M7s are umed on and charge the capacitons at
nodes P oand Q {Cp and Cg) to Vdd, Also, PMOS transistors MEd and M%d of dynamic
latch are turned on charging capacitors C, and Cy at nodes X and Y respectively o Vdd,
which rums on NMOS ransistors M4ad and M5d. In addition, the outpts enabled in self
cascode preamplifier tums both NMOS transistors Mid and M2d of dynamic latch,
Sequentially, PMOS ransistors M7d, MEd and NMOS transistor M3d are off.

During evaluation phase {Clk =1), Vop and Von node capacitance of self cascode
preamplifier discharges from Vdd to ground in a different time rate proportional to the
magnitude of each input voltage Vip and Vin. Therefore, an input dependent differential

voltage is formed between outpur terminals, operafling the transistors of dynamic lach
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such that to regenerate one of the output node of latch o loge high while other remains at

logie low,
Delay analvsis

The delay anal ysis of the proposed comparators is camed out by decomposing it into two
fundamental components, namely the preamplitier delay (fpe) and the latch regeneration

delay,
Preamplifier delay

As PC1 and PC2 use same preamplifier stage. the delay calculations remain same for both
compargiors, In pre-charge phase, the wil transistor M358 remaing off and the PMOS
transisiors MAs-M7s connecied w the supply are wrned on, charging the intermediate
nodes P and 0 to Vga. This ensures proper initialization of the circuit with equal node
voltages. In pre-charge phase, the circuit schematic of preamplifier may be viewed as Fig.
3. 3(a). When the clock ransitions o the second phase (Clk = 1), the pre-charge ransistors
arc switched of f and the curment path through the self-cascode differential pair is activated,
The circuit schematic of preamplifier in evaluate phase may be viewed as Fig. 33(h).
Consequently, the capacitances st nodes P (Cpl and Q (Cyg). respectively begin 1o
discharge st rates determined by the voltages Vip and Vin, leading to the development of
a differential voltage between the two nodes. The KCL at nodes P and Q may be written
as

AV aa—Vaph
‘_'Lr:-p dd~ Vo

o = g Vip) {32)

—EII] d(Vga—Von)

o = gz a:(Vin) a3

where gimys3 and gmoee are the equivalent transconductances of M1s, M35 and M2s, Mds

respectively,
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Fig. 3.3 Preamplifier operation phases: (a) precharge, (b) amplification

Integrating and combimng (3.2) and (3.3), we get

cpg L2 omy, (Vip — Vin) (34)

Lpre

where Cpg= Cp = Cg, and 1, 15 the decision time of preamplifier. Equation (3.4) gives
commelation between the differential output voltage and input voltage difference. It is clear
that the output voltage grows proportionally with time and is directly influenced by the

equivalent ransconductance and load capacitance.,

Since the tail current 15 constant., therefore.,

|Vop = Von| = {gm"l’ il_:u_m”j S {3.5)

where gmeg. denotes the equivalemt transconductance of Mls-Mds This analysis
highlights that the enhanced transconductance provided by the self-eascode structure
accelerates the discharge process, thereby reducing the preamplifier decision time. As a
result, the first stage produces a sufficiently large differential signal more rapedly, which
subsequently reduces the regeneration time required by the latch stage and contributes to

the overall reduction in comparator delay.
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Latch delay

The second stage of PCL is realized using a satic latch configuration, implemented
through two cross-coupled NOR gates, fol lowing the methodology reported in prior work,
This latch structure provides regenerative feedback by interconnecting the outputs of each
NOR gate to the imput of the other. while the second mput of each gate serves as the
enabling signal for triggering the decision process, Specifically, transistors M1TLM21,0M5I
M7 constitute the first NOR gate (NOR 1), whercas transistors M31M41MGILME] form
the second NOR gate (NOR2). The latch produces two comple mentary outputs, Out_p and
Owt_n_ which represent the final digital decision of the comparator, During operation, once
a sufficient differential voliage is developed ar the preamplifier outpar, it is applied w
inputs of the latch. The cross-coupled structure ensures that even a small input difference
is rapidiy amplified through positive feedback. forcing one output node 1o transition (o
logic high while the other is driven o logic low. The switching behavior of the latch can
be analyzed vsing transicnt response, where propagation delay comesponds to the time
required for the outputs to transition between logic states following an input event. The
total parasitic capacitance at output aodes Out_n and Out_p can be viewed as lumiped

capacitances at these nodes and may written as [48]:

[Cout n = Cynmar + Comst + Canmsr + Copmar + Cappent + Coppmt + Capmn]  (3.6)
[Coue, = Cgvmar ¥ Conprat + Capmne + Capmzt + Capmse + Cspmsy + Cop oyl (3.7)

where Cap, Cp and Cu comesponds to gate to bulk, drain to bulk and source to bulk

capacitances of respective tramsistors,

In this context, the delay of the static latch s strongly mtluenced by the parasitic
capacitances present al the outpul nodes. These capacitances. which arise from gate-to-
bulk, drain-to-bulk and source-to-bulk junctions of the constituent transistors, can be
collectively modeled as lumped capacitances at nodes Out_p and Out_n. The charging and
discharging of these effective capacitances determine the speed of voltage transition at the
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output nodes and hence directly impact the propagation delay of the latch. Therefore,
accurate estimation of these parasitic components is essential for precise delay modeling

and overall performance evaluation of the comparator,

Assuming the static latch 15 initially reset and its inputs are applicd 05 Vop =1 and Von =
(), therefore, the lowest 1o highest and highest to lowest propagation delays (Tppy paees and

Tpur tatch linked with node Out_n are given respectively as:

TeLk tarch = Teibi_ontn + TeHi our p {3 .8a)
and
Tpie taten = Teaie_outn F TeLH put p (3.8h}

Finally, the overall delay of PCI can be expressed as:

Cratal pe1 = Cpre + (Trisyacn + TrnLyan M2 {39)

The PC2 uses dymamee latch and s delay may be formulated by writing KCL at nodes X
and node Y of Fig. 3.2, which are given in (3.10) and {3.11) respectively.

dVaui

Cx TE = gmy o Vout, = Von = ¥t) ALY
Cy M::”“ = gtz g (Veut, —Vop — Vt) {3.11)

where Vout,and Vout, comespond to voltages at node X and Y.

Combining equations ( 3107 and (3.11), we getl

Cxy d{rw;dE;rr'wtn] = giMeg o (Vout, —Vout, + Vop — Von) {3.12)

Also, writing summing currents at node A and B from Fig. 3.2:

L R 1 B i

—La
dt de

{3.13)
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—Ch “:f” = -M+4:}r!‘ij-:*ﬂ (3.14)

Integrating the sides of (3.13) and (3.14) and merging the resulting equations gives:

d{Vaour_ p -Vout n)
e

+ gmdq_dﬂ-"uur_p — Vout_n) [:1 —ﬂ} = G,y 4 % (3.15)

[
Lxy P

where g g represents equivalent transcondoctance of transistors M4d and M5d, Cay =
Cx= Cy is the identical capacitance at node X and ¥, Cab = Ca = Ch is the identical
capacitance at node a and b, Equation { 16) represents a differential equation and solving
the same. the delay of the dynamic latch can be written os:

OGS Cxy

Lraten pea = (3.16)

[
gmagal1="""cqp

The delay expression of the dynamic latch clearly indicates the influence of internal node
capacitances on the regeneration process. In particular, the presence of capacitances Ca
and Chb introduces a degeneration effect, which effectively slows down the regeneration

by increasing the time constant of the laich, Therefore. the degencration caused by the

capacitors Ca and Ch raises Y p by a factorof {:1 - Ex}rf,:-ﬂb } As this ratio increases,

the etfective rransconductance driving the regeneration js reduced , thereby Increasing .
Hence, the capacitive loading at intermediate nodes plays a crucial role in evaluating the
spead of the dynamic latch and should be minimized during the design and layout. Finally,
the overall delay of PC 2 can be expressed as:

Ceotet pez = Lpre + bareh {3.17)

This relation highlights that any improvement in the preamyplitier gain or reduction in latch
capacitances directly contributes to faster overall comparator operation. Meanwhile, the
outpul voltages Voul_p and Voul_n of dynamic lawch varnes sccording o the values of
Vop and Von and finally brings one outpet back o Vdd while allowing other to fall to

zero, This regenerative action ensures full-swing digital outputs and enables high-speed
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decision making, thereby making the proposed comparator highly efficient for low-power
and high-speed applications,

3.2.2 Performance Evaluation

The design of proposed comparator architectures is validated through extensive
simulations carried out in a 180 mm CMOS technology using the Cadence Virtuoso design.
Post-layout simulations are performed 10 evaluate key indicators such as gain, delay.
power dissipation. encrey cfficiency and mobustness under process vanations. The results

are also compared with the conventional comparator to establish the effectiveness of the

proposed methodology.

The first level of analysis tocuses on the preamplitier stage, where the impact of the self.
cascode structure is assessed agamnst the conventional differential pair. The gain of
proposed self-cascode preamplifier stage is compared with the conventional design
through AC analysis.

Yoltage Gain (dB)
L ; : : E E
TE T AR e (N il 1

T T T T T T T T T 1
1 102 10® 104 10% i 1w 19 1eF 40w
Frequency |Hz)

E

e COnventional Preamplifier e 5¢|f cascode Preamplfier

Fig. 3 4 Gain comparison of conventiona| preamplifier and proposed self cascode

preamplifier
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The AC response is depicted in Fig. 3.4 which indicates that the proposed self-cascode
preamplifier exhibits a significant]ly higher gain across a wide frequency range companed
to the conventional design. This improvement is attributed to the increased owipul
resistance and enhanced ramnsconductance of the self-cascode configuration. Further the
delay and average power dissipation of the proposed self-cascode preamplifier is
compared with the conventional design. The timing waveform for delay and average
power consumption are shown in Fig. 3.5 and 3.6 respectively. It is found that the delay
of self-cascode preamplifier is ~25 ps in contrast 1o ~72 ps for conventional preamplifier.
clearly highlighting the improvement. Additionally, the average power consumption of
the proposed self-cascode preamplifier consumes approximately 16 oW, whereas the
conventional preamplifier exhibits a higher power consumption of about 29 pW, These
results clearly demonstrate that the proposed preamplifier achieves both higher speed and

lower power consumption. primarily due to faster development of the differential output

voltage.
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Fig. 3.6 Power consumption of proposed self cascode and conventional preamplificrs

The layouts of the proposed comparstor architectures were implemented using Cadence
Virtuoso, as illustrated in Fig, 3.7, 1o evaluste the practical silicon ares and layout
feasibility of the designs. The measured active areas indicate that Proposed Comparator |
{PC1) occupies approximately 162 pm?, while Proposed Comparator 2 (PC2) reguires a

slightly smaller area of about 154 gm?.

Despite incorporating architectural enhancements such as the self-cascode preamplifier
and optimized latch configurations, the layout results show a minimal increase in active
area indicating that performance improvements are achieved without significant silicon
area penalty. Notably, PC2 achieves a marginal reduction m area compared o PCIL.
primarily due to the use of a dynamic latch structure, which eliminates certain transistors

associated with static biasing and simplifies the overall layount.
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Fig. 3.7 Layout of (a) Proposed comparator 1 {PC1) (b) Proposed comparator 2 (PC2)

The complete proposed comparator structures wene evaluated using transient simulations

with a ramp input signal. One input 15 swept upto |V while the other 15 held at a fixed

reference voltage (300 mV). Post-layout simulation results provide a realistic evaluation

of circuit evaluaton in terms of delay, power and energy performance.

!]_.E-l
= 06+ \ \ |||I
£ i |
g FI ' .'I
| | i
I i
u- |I| II §
| f
b
Pt T T T T T T T T T 1
oo 0 03 03 04 05 0e 07 08 o 10
Time (ns)
E

127



- — T -
1.0 'I > —Ir-:h-f
I| |
a8~ II |
II |
= o | (
E ] |
gee | |
1 |
oz= | |
| ' -
- 1 II — -
o0 T T T L] L] ¥ L] L] ! !
fix] 0. oz oy [1F ] (1 1] s oy ] oy 1.0
Time [ns)
i)
ik — Oul p Ot _pn

Fig. 3 8. Transiem analysis of (a) Proposed comparator 1 (PCH) and {b) Proposed

comparaor 2 (PC2)

From the transient waveforms shown in Fig. 38 (a) and (b}, analogees to Proposed
Comparator 1 (PC1) and Proposed Comparator 2 (PC2). the key performance metrics are

extracted and analvzed. PC1 exhibits a delay of approximately 304 ps, power consumption
of 130 pW, and epergy consumption of 116 tliconversion. In comparison, PC2

demonstrates improved performance with a reduced delay of 220 ps, lower power
comsumption of 110 pW, and energy consumption of 111 fLconversion. These results
clearly indicate that PCI achieves a significant improvemeni over the conventional
comparator due to the enhanced gain provided by the self-cascode preamplifier. which
accelerates the development of the differential inpur <ignal and reduces decision time.
Furthermore, PC2 achieves additional performance gains by incorporating a dynarmac lawch

structure, which climimates static cumrent paths and enhances regenerative action..
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To evalvate the robustness of the proposed comparator architeciures agpingst process
variations, Monte Carlo simulations with 200 samples are performed, as shown in Figs,
39 and 3.10 for PCI1 and PC2, respectively, The statistical analysis reveals that both
proposed comparators demonsirate lower mean delay and power consumption compared
1o the conventional design, indicating improved performance consistency. Additionally,
the standard deviation of key paramcters is reduced, which reflects enhanced stability and
reduced sensitivity 1o device mismaich and process variations. For instance, the mean
delay decreases significantly from approximately 353 ps in the conventional comparator
to about 2200 ps in Proposed Comparator 2, highlighting the effecti veness of the proposed
design in achieying faster operation. Sumilarly. the energy consumption not only decreases
but also exhibits lower variation, confirming improved reliability across different process
conditions, These results validate that the proposed comparator architectures maintam
comsistent performance and are well-suited for practical fabrication scenanos where

process variations are inevitable,

Tahle 3.1;: Comparative Analysis of Proposed Comparators with recent works
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The performance comparison presented in Table 3.1 provides a comprehensive evaluation
of the proposed comparator architectures against recent reported works and the
conventional compariator under similar operating conditions in 180 nm CMO5 echnology.
It is observed that prior works exhibit relatively higher delay and energy consumption,
with delays ranging from 388 ps 1o 550 ps and energy values as high as 660 fliconversion,
indicating limitations in achicving an optimal balance between specd and encroy
efficiency. Although some designs report lower power, they often compromise in delay or
operate at different supply voltages and frequencies, making them less sustable for

balanced high-speed applications,

The conventional comparaior, while maintaining moderate power consumprtion of 133
pW, suffers from a relatively high delay of 353 ps and energy consumption of 132
tl/comversion, which restricts its suitability in high-speed SAR ADC sysiems. In contrast.
the proposed designs demonsirate clear and consistent improvements. Proposed
Comparator 1 (PC1) reduces the delay o 304 ps while mamtaining comparable power
consumption (130 W) and achieving lower encrgy (116 flfconversion), validating the
effiectiveness of the self-cascode preamplifier in enhancing gain and accelerating decision-
making. More notably, Proposed Comparator 2 (PC2) achieves the best overall
performance, with a significant reduction in delay to 220 ps, along with lower power
comsumption (110 gWhand energy (111 Lliconversion). This improvement highlights the
advantage of combining a high-gain self-cascode preamplitier with a dynamic latch, which
enhances regeneration speed while eliminating static corment paths., Additionally, the
active area of the proposed comparators remains competitive, with PC2 occupying only
154 pm?, which is smaller than both the conventional comparator and several prior

designs.

132



3.3 Shared-Charge Logic and Auxiliary Inverter Based
Comparators (PC3 and PC4)

This section presents the design and comprehensive evaluation of Proposed Comparator 3
(PC3) and Proposed Comparator 4 {(PC4), which are advanced dynamic comparator
architectures developed to enhance the energy efficiency and speed of comparator
operation beyvond the previously proposed static and dynamic latch structures. Both
comparator architecures employ the seli-cascode preamplifier topology introduced in the
earlier section to enhance front-end gain and accelerate differential voltage development;
however, their key distinction lies in the latch-stage optimization. PC3 inte grates a shared-
charge logic dynamic latch, wherein a charpe-sharing reset mechanism is introduced
between the latch output nodes duning the precharge phase to exploit residual charge from
the previous cycle and inifialize both outpots pear an intermediate potential rather than
full rail voltages. This reduces the voltage swing required durng regeneration and

consequently lowers both latch delay and dynamic energy consumption.

Building upon this concept, PC4 further angments the latch stage by incorporating
auxiliary inverter pairs into the shared-charge logic dynamic latch structure. These
auxiliary inveniers increasc the effective transconductance of the repenerative latch,
thereby sirengthening positive feedback and accelerating the charging/discharging of
output nodes dunng the evaluation phase. Analytical delay modeling shows that the laich
delay is inversely proportional to the cffective lawch transconductance. and therefore the
apxiliary inverter-assisted topology of PC4 achieves substantial ly lower regeneration time

than PC3 by increasing the overall regenerative drive strength.

Extensive post-layout simulations confirms the efficacy of the proposed architectures.
PC3 achieves a delay of substantial improvement over conventional dynamic comparators
due to the shared-charge logic mechanism. PC4 further improves the delay, owing to the

enhanced regeneration provided by the anxiliary inverier pair. Monte Carlo anal yses
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confirm the robusiness of both designs, indicating resilience agmmst fabrication
mismatches and environmental fuctuations. Although PC4 incurs slightly higher power
and ares overhead than PC3 due to the auxiliary inverfer circuitry, it otfers the best overall
speed and FoM, sexing it highly approprize for ultra-high-speed ADC applications.
Conversely, PCY provides the lowest energy consumption and power dissipation,
rendering it more attractive for ultra-low-power sysicms where energy efficiency is

priceitized over shsolute speed.
3.3.1 Circuoit Design and Operation

The architecture of Proposed Comparator 3 (PC3 ) incorporates a self-cascode preamplifier
followed by an optimized dynamic latch emploving shared-charge reset logic, as
illustrated in Fig. 3.1 1. The principal motivation behind this latch modification is to explot
residual charge stored at the output nodes during the previons comparison cycle. thereby
reducing unnecessary full-swing charging/discharging and improving both delay and

energy efficiency.
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Fig.3.11 Proposed comparator 3 (PC3) using shared charged logic

In contrast to conventional latch implementations, the PMOS reset transistors used in

earlier static laich structures are replaced with a single tail-controlled regenerative path 1o
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reduce ransistor count and increase the effective regeneration current. Furthermore, an
NMOS pass trnsistor (M7sl)p is inserfed between the complementary latch output nodes
to realize the shared-charge mechanism. This transistor becomes active during the
reset/precharge phase and allows redistribution of charge berween the two outpul nodes,
such that the latch outputs equalize toward an mtermediate voltage rather than being
forced to opposite rail voltages. As a result, both outpwi nodes begin the subsequent
evaluation cycle from approximately half-supply potential. substantially reducing the

voltage excursion required during regeneration.

During precharge phase, the tail trangistors of both the preamplifier and latch remain
wrned off, thereby eliminating static current paths and ensuring zero s1afic power
dissipation. Simultaneously, the preamplifier output nodes Vop and Von are charged 1o
Wad, which activates the imtermediate Iatch transistors connected to these nodes. LUinderthis
condition, the shared-charge transistor between the latch outputs wims on and facilitates
charge redistribution between Out_p and Out_n. Since one of the output nodes typical Ly
retains a high voltage while the other remains low from the preceding comparison cvele,
this charge-sharing process equalizes the node voltages owand nearly Vaa'2. This
intermediate initialization state significantly reduces the regeneration distance required n

the subsequent comparison cycle and therefore lowers latch delay.

When the clock transitions to next phasz (Clk=1), the tail transistors are activated, and the
self-cascode preamplifier begins discharging Yop and Von at rates determined by the
differential input voliages Vip and Vin. As the voltage difference between the preamplifier
outputs develops, one of the latch input transistors gradually tums off when its gate o
source voltage declines befow threshold, thereby initiating the repenerative action of the
latch. The cross-coupled inverter pairs provide strong positive feedback. rapidly
amplifying the differential input and forcing one output node toward Vg while discharging
the complementary node to ground. Since the latch outputs commence regeneration from
an initial voltage near mid-supply rather than rail-to-rail extremes, the required transition

time is substantiafly reduced. This shared-charge assisted inmtialization improves both the
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regeneration speed and switching energy of the latch compared 1o conventional dynamic
latch structures. Consequently, PC3 achieves lower delay and reduced energy per
conversion while maintaining robust dynamic operation, which is aptly suitable for low

voltage, high speed comparator applications.

The delay of shared charge logic latch in PC3 is calculated using the methodology given
in [<40)] and found as

CL Vg2
OMan I¥ap=Vanl

Liateh pea = (3.18)

where gmey di = Emaze sl + Zmasd-mnst + Zmvia-siaa 15 the effective trans-conductance

of shared charge logic dynamic latch and Cp corresponds to the load capacitance.

The architecture of Proposed Comparator 4 (PC4) extends the shared-charge dynamic
latch eoncept of PC3 by incorporating anxiliary inverter pairs (M lai, M9ai) and (M4ai.,
M1Oai) into the latch stage to further accelerate regencrative action and reduce latch delay.

as illustrated in Fig. 3,12,

o] % proposed sett. |

ascodepre | Dynamiclatch |

Fig 3.12 Proposed comparator 4 (PC4) using auxihary inverter iechnigque
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The fundamental objecuve of this modification 5 10 increase the effective
transconductance of the latch network, thereby supporting the positive feedback
mechanism responsible for regeneration. These auxilary inverters provide supplementary
charging and discharging paths during repeneration, enabling faster rransition of the output
nodes without introducing significant capacitive loading at the output terminals. As a

result, the delay of the latch is reduced substantiall y while preserving energy efficiency

During the first phase {(Clk={1), the tail transistors of both the self-cascode preamplifier
and dynamic latch remain turned off. ensuring zero static current dissipation.
Simultaneously, the PMOS precharge transistors charge the preamplifier output nodes
Vop and Von 1o V. thereby initializing the differencial ourpurs. At this instant, the lower
NMOS transistors of the auxiliary inverter branches are turmed on, while the
comesponding PMOS devices remain off, thus preparing the laich outputs for the
subsequent regeneration cycle. This configuration establishes proper initial conditions at

the latch nodes without introducing unnecessary switching activity.,

When the clock transitions to the second phase (Clk=1). the tail transistors of the
preamplifier and latch are activated. and the self-cascode preamplifier begins discharging
Vopand Von at rates proportional to the applied ditferential inputs. If, for example, Vip
=Vin, the node Vop discharges more rapidly than Von, thereby generating a sufficient
differential voltage at the latch input nodes. This differential voltage activates the
regeneritive latch, mnd the auxiliary inverter pairs simultaneously assist in the charging
and discharging of Out_p and Out_n. In particular, a8 the corresponding latch inpur node
discharges, the tail transistor of the latch behaves as an effective current source, while the
auxiliary inverter transistors provide additional drive current to aceelerate the transition of
the output nide toward the sapply rall. The complementary output node is discharged
correspondingly through the regenerative feedback network. Finally, the wial delay of

proposed comparator 3 (PC3) can be expressed as;

I:tul.u:l pc3 = rpr'e + 'tir.l:tcl'l:_pr.".i f% [“:I
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The delay of dynamic laich with auxiliary inverter used in PC4 18 given by [21]

Cj, In Vi 2 {_;;1{']]

t g =
EI'.II'.I.'.IIIJ-'E# EFI{'U dz Ipﬂp_“ﬂﬂl

where g d2 = B i Mani + ST 050 + BITMS 456+ LMo 15 the effective trans-
conductance of the latch which includes shared charge logic as well as auxiliary inverter

concepts. The total delay of proposed comparator 2 can be expressed as:
tm:-eriFH =lpre + I:r-a:r.':hiu.m 321

The inclusion of auxiliary inverter pairs increases the effective transconductance of the
latch, therchy accelerating the regencration process and reducing delay compared to the
shared-charge dynamic lawch used in PC3, Since these inverters are incorporated within
the regenerative path without adding significant capacitive load at the output nodes, the
improvement in speed is achieved with only a slight increase in power and energy. As a
result, PC4 provides a better delay-performance trade-off while stll maintaining high

encrgy ¢fficiency.

333 Performance Evaluation

The proposed comparator architectures were verified and evalvated using post-layout
simulations i Cadence Yirtuoso with a 180 nm CMOS technology ata 1V supply voltage.
These simulations were carried oot to validate circuwit functionality and to accurately
extract key performance parameters such as delay, power consumption and energy per
conversion, The final layouts of PC3 and PC4, presented in Fig. 3.13(a} and Fig. 3.13{b}).
occupy 149.5 ym? and 156 gm?, respectively. The slightly larger area of PC4 1= due to the
inclusion of auxiliary inverter circuitry; however, the increase i8 only 4 3% This indicates
that the proposed architeciural improvements achieve significant performance gains with

negligible area overhead,

138



|-_,|-ﬂ_
W EE &
Tad 11§ g "l | fagr e W
= TE et TR R 0 _(“-"":H‘"'
h&:‘:..-é..'.-'-"-hr | .hp- Pr— I.:1 ) !. i, ] .1- E.r-_ .I .
TN . TR = A i = e
Tur_m | EL i L L) 11 I { '. THAT i
e PR = My ! 1 d Lild ;| [ i
“# _; :i’?g], ﬁ ';! R e kT i =
g Vi i ,m g TR
.H-d‘-"":!‘l—:"“ e -r- i—::; "btl' Tm. ' b} TF‘ - -1 =Ny
! T _ 1 A ETHE T
e Mg L BN "'l ﬂ] Lo gl il
|i] ! '.z:l:";: '”’ E '! .il"‘- yrw e
T it L :...-L.- z LIV ELLL o - =Rt
N . w Ly ™2
P11 =; I-I—-I‘-r !
CRE pags
B LT LR
(a] (b

Fig. 3.13. Layout of {a) Proposed comparator 3 (PC3) and (b) Proposed comparator 4
(PC4)

Post-layout transient evaluations were performed o evaluate the dynamic performance of
the proposed comparator architectures by applying a ramp input signal (-1 V) to one
input while keeping the other input fixed at a 500 mV reference. The comparator switches
when the ramp crosses the reference, enabling exiraction of key metrics such as delay.
power and encrgy. The transient responscs of PC3 and PC4, shown in Figs. 3.14(a) and
3.04(h), ilustrate their switching and regeneration behavior under identical conditions .

It is observed that PC3 achieves a delay of 1462 ps, power consumption of 107.1 gW,
and energy of 110.2 tlconversion. Further improvement is observed in PC4, where the
addition of auxiliary inverter pairs reduces the delay w 1233 ps, while power and energy
increase slightly 1o 114.1 pW and 1152 fl/conversion, respectively. This indicates that
the auxiliary inverier-assisted regencration enhances latch  mransconductance  and
accelerates output transitions. Although PC4 shows a modest increase in power, the

significant reduction in delay making it appropriate for high speed applications.
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Figures 1,15 and 3.16 present the Monte Caro simulation analysis for the proposed
comparator architectures, showing the statistical varistion i power, delay and energy per
conversion over 200 samples for PC3 and PC4. respectively. These simuolations assess
robusimess against device mismarch and process varations encountered in Fabrication. The
results indicate that both designs exhibit tightly clustered distributions around their mean

values, demonsirating strong immunity to variability,

For PC3, the narrow spread in all performance metrics confirms that the shared-charge
dynamic latch provides stable and predictable operation under variations. Similarly, PC4
mainiaing a4 compect distribution despite the inclusion of puxiligry inverter-based
enhancement, indicating that improved regeneration does not compromise robustness. The
overdl] reduction in standard deviation across parameters suggests that the combination of
self-cascode preamplifier and optimized latch design improves tolerance to threshold

voltage shifts, mobility variations, and mismatch effects.
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The comparative performance analysis presented o Table 32 demonstraies the
effectiveness of the proposed comparator architectures, PC3 and PC4, relative 1o
previously reported dynamic comparator designs implemented across similar CMOS
technology nodes and operating conditions. It is evident thal many state-of-the-art
comparators reported in literature exhibit either higher propagation delay, increased power
dissipation.. or inferior encrgy efficicncy . thereby limiting their suitability for modern low-
voltage and high-speed ADC applications.

Table 3.2: Comparative analysis of Propesed Comparators with recent works
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g |8 |3
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In comparison, the proposed designs consistently achieve a superior balance among delay.
power and energy acrmoss multiple supply voltages and clock frequencies, Specifically,
PC3 demonstrates strong energy-etficient performance, achieving 57.1 [l/conversion al
1.2V and 0.5 GHz with a delay of 193.2 pe, while operating atonly 63 W, indicating the
effectiveness of the shared-charge dynamic latch in reducing switching energy and
improving overall efficiency. At higher operating conditions of 1 V and 1 GHz, PC3
maintains competitive performance with 1462 ps delay, 1071 pW power, and 1102
lieonversion, confirming robust scalability across different operating points.

Further performance enhancement is observed in PC4, where the incorporation of
auxtliary inverter-assisted regeneration sigmificantly improves speed. At 12 V and 0.5
GHez, PCA achieves a reduced delay of 136 ps, corresponding to nearly 20% improvement
over PC3 under comparable conditions, while maintaining stmilar power consumption of
665 pW and energy of 64.1 fl/conversion. Under more aggressive operating conditions
of 1.8 Vand 2 GHz. PC4 achieves its best performance with a minimum delay of 84,1 ps,
while dissipating 74 oW and consuming 744 [Ticonversion, demonstrating excellent high-
speed capability. Although PC3 incurs a modest increase in power and area relanive o
PC3 due to the inclusion of auxiliary inverter circuitry, the substantial delay reduction and

improved power-delay product justify this overhead for high-speed applications,

From the active area perspective. both proposed comparators maintam compact layouls
with silicon footprints below 160 pm?, which are competitive with or better than several
prior-art implementations. Owverall, the results validate that PC3 provides an optimized
solution for energy-constrined applications requiring low-power operation, whereas PC4
ofters superior speed and power-delay performance for high-spead ADC systems. The
comparative data thus confinms that the integration of shared-charge logic and avxiliary
inverter-assisted regeneration enables the proposed comparator  architectures o
outperform conventional and previously reporied designs in terms of delay, energy
efficiency and FoM., making them highly suitable for advanced low-voliage SAR ADC

implementations.
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34 DTMOS-Based Comparator Architectures (PCS and PCo)

This section presents Proposed Comparator 5 (PC3) and Proposed Comparator 6 (POS).
which utilize a DTMOS-based preamplifier to improve performance under ulira-low
supply voltage conditions. Unlike earlier self-casoode designs, these comparators replace
the conventional input transistors with DTMOS devices [147], where the gate and body
arc shorted. This configuration dynamically lowers the threshold voltage during
conduction, resulting in higher transconductance. reduced delay and reliable low-voliage

operation withowt additional static power,

In PCS, the DTMOS preamplifier is combinad with a static lawch, providing enhanced gain
and stable decision-making. In PCo, the static latch is replaced to dynamic latch, removing
static current paths and further reducing power and energy consumption while improving
regeneration speed. Analytical resulis show that the higher ransconductance of DTMOS

reduces preamplifier defay.

Simulation results verify the efficacy of the proposed designs and Monte Carlo analysis
demonstrates robust performance with low sensitivity to process variations, Comparative
analysis shows that the proposed DTMOS -based comparators achieve better delay, power
and energy performance than several existing designs, while operating a1 lower supply

voliage.
3.4.1 Circuit Design and Operation

The proposed methodology for PCS and PC6 is based on enhancing the front-cnd
ampiification capability of the comparator through the incorporation of a Dynamic
Threshold MOS (DTMOSbased preamplifier, followed by two aliemative latch-stage
implementations to optimize the speed-power tmade-off. As illustrated in Figs. 3.17 and
318, the conventional preamplifier input transistors are replaced by DTMOS devices in

which the gate and body termunals are electrically shormed. This dyvnamic body-biasing
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arrangement enables the threshold voliage o vary with the input signal, thereby reducing
the threshold voltage during conduction @nd increasing it during the OFF state. Such
dynamic threshold modulation enhances the etfective transconductance of the imput
transistors while maintaining low leakage current. making the architecture particularly

advantageous for ultra-low-voltage operation.
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Fig. 3.18 Proposed Comparator 6 (PO6) using DTMOS preamplifier with dynamic latch
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The gain of the DTMOS-based preamplifier is governed by the ransconductance of the

input devices and 18 expressed as;

Av{Preamp) = E-*-T B i D L ) {3.22)

&t fom

where g .26 1% the rans-conductance of transistor M 15 or M2s, Yoen = Vop — Vonl, is
the output level to enable cross coupled latch and lem is the current in common mode

configuration drawn from the capacitances it placed on nodes P and ().

Also, for MOSFET o work in saturation region, drain current is expressed as [9]:

Coy WiVee — VT {14+ Vg
er - Hp Lox I!T'\EE LI‘ 5. ‘313]

For DTMOS device, gmy. 2, can be expressed by differentiating Ip wr.t. Vs as [9]:

— Pip _ e Cox W Wes—Vpd{(1+ A Ving) | 1
A T L 1+

T {324

e
!'-J'ul'jﬂ"' Elr

Since the threshold voltage of a DTMOS device decreases dynamucally during conduction.
the actual transconductance of the input pair becomes higher than that of conventional
MOYS transistors. This occurs due to body-bias induced theeshold modulation. which
increases the sensstivity of drain current to gate voltage. As a result, the preamplitier
achieves higher voltage gain and produces a larger differential output {Vop—Yon) for a
given input signal, Addmionally, the enhanced mransconductance belps i reducing and
stabilizing the common-maode current, improving the robustness of the preamplifier under

low-voltage operation.
Delay analysis

To analyze the delay of two proposed comparators, in PCS, the DTMOS preamplifier is
followed by a static laich, where the delay is governed by the average propagation delays
of the complementary outputs which provides stable operation and reliable regeneration.

Further, in PCH, the static latch is replaced with a dynamic latch, whose delay depends on
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the regenerative (ransconductance and internal node capacitances, This latch offers
stronger positive feedback, faster regeneration and eliminates static current paths, thereby
reducing both delay and power consamption. The overall preamplifier delay is primarily
determined by the rate at which the load capacitances at Vop and Von are discharped

during the evaluation phase.

Therctore, the pre-amplifier delay can be written as:

I:‘p“ |'|"'|.|E‘|"1l1|| (3.25)

Lpra_demos ™
FTe- = AM g5 Ivip_u]nl

Higher gmco provides lesser defay.

For PCS, delay for second stage is expressed as :

_ tpiptrp
Fstoech — 2 (?‘.zﬁ]

where tpy and T are lowest © highest and highest o lowest propagation defays
associated with either output nodes Outp / Outn respectively,
Similarly, for PC6, delay for second stage 1s written as:

Exy | Oty -ty |
Orlgaa | Vop—Van |

Cataeen (3.27)
Analytical delay modeling shows that the preamplifier delay is mversely propostional o
the effective transconductance of the DTMOS devices and directly proportional to the load
capacitance. Due to the higher transconductance achieved through DTMOS operation, the
preamplifier can generate the required differential output voltage more rapidly, thereby
reducing the time neéeded to activate the latch scage. This resulis in an overall improvement

in compairator speed.

Thus, the proposed approach improves performance under low-voltage conditions by
combininig DTMOS-based gamn enhancement with optimized laich architectures. PCS

focuses on stable and energy -efficient operation wsing a static latch. while PO prioritizes
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high speed and low power through a dynamic laich. This approach effectively explones
the trade-offs between static and dynamic laich designs while leveraging DTMOS
advantages for ultra-low-voltage, high-speed comparator applications.

34.2 Performance Evaluation

The performance of the proposad DTMOS-based comparator architectures was validated
through extensive simulations in Cadence Viruoso using a 180 nm CMOS technology
operating at a reduced 006 WV supply and 1 GHz clock frequency, tarecting ultra-low-
voltage and high-speed applications. Both designs were evaluated in terms of preamplifier
gain, delay, total comparator delay. power consumption, power delay product (| PDP) and

CACFZY PCT CONVETSion,

To isolae the benefit of the DTMOS approach, the preamplifier was first analyzed
independently. AC analysis was performed by applying a (L6 Vpp difterential input while
keeping the other input at a fixed DC level, The results show that the DTMOS preamplificr
achieves nearly 25% higher voltage gain compared o a conventional design. confirming
improved transconductance due to dynamic threshold modulation {(as shown in Fig.
30%a)). In addition, transient analysis indicates around 50% reduction in preamplifier
delay (shown in Fig. 3.19 (b)), valhdating that the increased teansconductance effectively
reduces the charging and discharging time constants, These results confirm that the

DTMOS configuration significantly enbances both gain and speed under low-voltage
Operation.

150



35+
ﬂ]-
g
i
% 15
> 4=
54
0 T T T 1 T T T T T 1
L 16 1 1% e 160 18" " 16 i [=3 =
Frraquency [Hi)
{al
4
1.0 | .
- / | /
| |
= | L |
. 154 I| ||
E 5
.:E D= |
| I
uj- | |
| 0 |
— { E— II
0. T T T T ¥ T T T T T T T T T 1
B0 o1 B2 0¥ 04 05 OE 07 QA 02 1@ 11 12 1A Ll 1§
Tima {rez)
(b}

Comrima sl Preasgplfic e [FEXNS bl Frrampdier

Fig. 3.1%. Comparison of (a) Gain and (b) Delay of conventional and DTMOS based

Pre-amplifiers

151



Following the preamplifier charmcterization, the complete comparator architectures PCS
and PCH were evaluated through transient simulations by applying a 0.6 V ramp input 1o
one terminal while keeping the other input fixed st a 300 mV reference, representing
practical comparison conditions. The transient responses, presented in Fig. 3. 20(a) and
Fig. 3.2(4b). indicate that PC5 achieves a delay of | 10.4 ps, whereas PC6 further reduces
the delay to 90 ps, demonsirating the advantage of combining a DTMOS preamplifier with

adynamic latch for faster regeneration.

In terms of power consumption, PCS dissipates 37 pW ., while PC6 consumes only 30.6
W, showing that the dynamic latch in PCH reduces average power by eliminating static
current pathe. The comresponding PDP is improved from 4.1 1 in PC3 1o 2.8 1 in PCH,
indicating better energy-delay efficiency. Similarly, the energy per conversion decreases
from 342 flfconversion in PCS to 22 fliconversion im PCS, contirming that PO
provides the better overall performance in terms of speed, power and energy efficiency

from PC5.
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To further assess robustness, Monte Carlo simulations with 200 samples were performed
tor both comparator architectures, and the statistical distributions of delay, power, and
energy are shown in Figs. 321 and 3.22.
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Owverall, the simulation results demonstrate that the DTMOS preamplifier significantly
improves gain and speed at low supply voltage, while the dynamic laich in PC6 further
enhances delay, power and energy performance. Consequently, PO emerges as the most

efficient archiecture among the proposed DTMOS-based comparators.

The comparative anal ysis presented in Table 3.3 evaluates the execotion of the proposed
DTMOS-based comparator architectures (PCS and PC6) against recent state of the ar
designs implemented in similar CMOS technologies.

Tahle 3.3: Comparative Analysis of DTMOS based comparators with recent works
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The results demonstrate that the proposed comparators achieve highly competitive
performance while operating st minimized supply voltage of (0.6 V. making them well-
suited for ultra-low-voltage applications. Specifically, PCS achieves a delay of 11004 ps.
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power consumption of 37 pW, PDP of 4.1 ], and energy of 34.2 Thconversion, which is

analogues o or better than several existing designs operating at higher supply voliages,

Further improvement is observed in PC6, which reduces the delay to 90 ps, lowers power
consumption to 3.6 pW, and achieves a superior PDP of 2.8 1] with 29.2 fl/converniion
encrzy. This highlights the effectiveness of combimng a DTMOS preamplifier with a
dynamic latch, enabling better speed and encrey efficiency. Although some reported
designs achicve lower delay. they often operate at higher voltages or consume more

power, making them less efficient in terms of overall energy performance.

The sbility of PC3 and PCo 0 maintain strong performance at 0.6 V confirms the
effectiveness of the DTMOS technique in overcoming threshold voltage limitations in
low-voltage operation. Owerall. the proposed designs achieve an improved balance
between delay, power and energy efficiency, making them highly suitable for ultra-low-
power SAR ADCs and 1oT-based mixed-signal systems.

3.5 Comparison

This section presents the design, analysis, and performance evaluation of six proposed
comparator architectures, categorized into three groups based on the underlying circuit
enhancement techniques and latch topologies. The first group, comprising PC1 and PC2,
introduced the self-cascode preamplifier iechnigue combined with staric and dynamic
latch configurations, respectively. The second group, PC3 and PC4. further enhanced
dynamic comparator performance through shared-charge loge dynamic latch and
anxiliary inverter-assisted repeneration. along with self-cascode preamplitier technique.
The tinal group, PCS and PCE, employed a DTMOS-based preamplifier with static and

dynamic latch configurations to facilitate ultra-low-voltage operation.
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Table 3 4 Comparison of Performance of Proposed Comparators

""" FPurameser
i ; =
£ £ |23 |2: |z ; 2
Reference ril-:Il @ S Lol & IH &
Proposed | |RD 12 os | 130 |30 16 162
Comparator | | 1RO L 1 La7 ]| 138 162
(P
Proposed 182} I2 0.5 AL s 1 154
Compirater 2| TRG | 1 Ly 161 § 5] 154
(PFC2)
Proposed 18 i 05 ik 1952 L | 1404
Comparates 3 [ |80 I I 17 146.2 B LH) 205
(PC3)
Propused LHi) Iz 05 a5 156 G4l 156
Cormparated 4 | [RO IIE | 1141 123.3 1152 I 56
{FC4
Praposed | Hi LEE I 54 I0h5 347 |
Comparater 5
(PC3)
Praposed I LR 1 M gL 292 [ 56
Comparater &
(PChi

The comparative resulits summarized in Table 3.4 demonsirate a clear progression in
comparator performance across the proposed architectures. Among the self-cascode based
comparitors, PC2 outperforms PC 1 duee to the adoption of a d ynamic latch, redocing delay
from 304 ps 1o 220 ps and lowering power consumption from 130 W o 110 W at 1.2
V supply. In the second category, the intreduction of shared-charge logic and auxiliary
inverter-assisted latches in PC3 and PC4 provides further performance enhancement, with
PC4 aclueving the best delay of 156 ps at 12 V while mamtaining moderate power
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comsumption of 66.5 p'W, demonsirating the effectiveness of improved latch regeneration.
The final category based on DTMOS preamplifiers exhibits the most significant
enhancement in low-voltage performince, where PCS and PO sucoessfully operate at0.6
V osupply, substantially lower than the other architeciures. Among all six desiens, PCo
achieves the best overall energy efficiency, consuming only 292 flconversion while
maintaining the minimum delay of 90 ps and low power consumption of 30,6 pW | thereby
demonstrating the superiority of combining DTMOS gain enhancement with dynamic

latch regeneration.

In addition to speed and power improvements, the proposed comparator architectures
mainiain compact active area foorprinis, ranging from 14935 gm? 1o 168 pm?, indicaring
that the performance enhancements are achieved without sigmticant silicon area penalty.
A systematic performance trend can also be observed from the comparative data
enhancement of preamplifier gain consistently reduces delay, while the ransition from
static to dynamic latch structures lowers power and energy consumption. Furthermore,
latch=level optimizations such as shared-charge logic and auxiliary imverter-assisted
regeneration improve regeneration speed, whereas DTMOS implementation extends the

operating range toward ultra-low-voltage applications.

Overall, the results of this chapter confirm that the proposed comparator architectures
suecesstully address the limitations of conventional comparator designs  through
progressive circuit-level innovations. The self-cascode technigue offers an effective
means of improving gain and delay under nominal supply voltages. the shared -charge and
auxiliary inverter-based latch techniques provide enhanced dvnamic performance for
high-speed applications, and the DTMOS-based preamplifier enables robust operation at
aggressively scaled supply voltages. Depending on application requirements, PC3 and
PC4 are well suited for moderate-io-high-speed energy-efficient ADC systems, whereas
PC5 and PCh, particularly PCé6, emerge as the most promising candidates for ultra-low-
power, low-voltage SAR ADC implementations in loT, biomedical and portable electronic

applications.
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3.6 Summary

The analysis executed in this chapter demonstrate that the proposed comparator
architectures (PC1-PC6) achieve substantial improvements in speed, power consumption,
energy efficiency . and robustness compared o conventional designs. These improvements
arc primarily driven by systematic enhancements at both the preamplifier and latch stages,
where technigques such as sclf-cascode gain boosting, shared-charge logic, auxiliary
inverter-assisted regeneration and DTMOS-based operation have been effectively

integrated.

The vse of sell-cascode structures in PC1 and PC2 significant]y enhances the intrnsic gain
of the preamplifier by increasing output resistance, enabling faster development of the
input ditferential signal and reducing the burden on the fatch stage. This directly results in
reduced propagation delay and improved sensitivily. Furthermore, the transition from a
static latch in PCI w a dynamic latch in PC2 highlights an important design trade-off:
while static latches provide robustness and stable operation, dynamic latches eliminate

static current paths and achicve superior energy efficiency and speed.

In the case of PC3 and PC4, the incorporation of shared-charge logic and auxiliary
inverier-based laich eénhancement leads to notable performance improvements. The
shared-charge mechanism minimizes unnecessary voltage swings during repeneration.
thereby reducing both switching epergy and delay. In PC4. the addition of auxiliary
inverters strengthens the regenerstive feedback, sipnificantly accelerating the latch

operation and resulting in the lowest delay among the mid-voltage designs.

For ultra-low-voltage operation, PC5 and PCO utilize DTMOS based preamplifiers, which
dynamically adjust the threshold voltage to enhance transconductance and gain at reduced
supply levels. This enables reliable and high-speed operation even under low-wvoltage
conditions. Among these, PC6, which combines DTMOS with a dynamic latch, achieves

superior overall performance in terms of delay, power, and energy efficiency.
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Across all architectures . Monte Carlo analyses indicate improved robustness, with reduced
variability in delay and power consumption. This is largely sttributed to higher
preamplifier gain and faster latch regeneration, which reduce sensitivity to device
mismatch and process fluctuations. Additionally, the area overhead introduced by
advanced techniques remains minimal, ensuring practical feasibility for integrated circuit

implementation.

From a system-level perspective, the proposed comparators facilitate higher sampling
rates. reduced energy per conversion, and improved robustness, making them highly
suntable for modern SAR ADC applications, While PC and PC3 provide a balunced trade-
off with betmer stability and relishility, PC2 and PC4 achieve improved speed and energy
efficiency. Among all designs, PC6 delivers the best overall performance in terms of
delay. power, and energy. Overall, the results demonstrate that co-design of the
preamplifier and larch stages, along with targeted architectural enhancements., effectively
overcomes  the limitations of conventional comparators and cnables optimized

performance for low=voltage, high-speed, and energy-cfficient mixed-signal systems.
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Chapter 4
Low Power ADC

This chapter presents the design and implementation of a low-power SAR ADC
architecture incorporating multiple encrgy-cfficient circuit techniques, The proposcd
methodology focuses on reducing dynamic switching energy. minimizing capacitor area,
improving sampling lineanty and enhancing overall conversion efficiency. A split-
capacitor DAC structure is modified and adopted to reduce total capacitance and silicon
overhead while preserving conversion resolution. To further reduce power consumption.
a Vem-based switching approach and an optimized switching methodology are introduced
to minimize unnecessary capacitor transitions during charge redistribution, A detailed
explanation of the proposed ADC architecture, circuit implementation and operating
principles are provided. Simulation-based performance evaluation is presented through
transient analysis, switching energy comparison, static lineanty analysis and dynamic
performance characterization. The obtained results demonstrate the effectiveness of the
proposed low-power techniques in achieving improved encrgy efficiency while

maintaining acceptable conversion accuracy and system performance.
4.1 Introduction

The growing requirement for batterv-operated compact electronics, wircless sensor
networks, biomedical implanrs and loT devices has intensified the need for low power and
high respdution ADCs capable of operating under stringent energy constraints. Among the
various ADC architectures, SAE ADC has emerged a5 standout solutions for medium
resolution and moderate-speed applications due 1w its inherently low power consumprion,
scalable digital-friendly architecture, and compatibility with decp-submicron CMOS
technologics [36]. In a SAR ADC, the CDAC constitutes a dominant portion of the overall
power dissipation, primarily due to repetitive capacitor charging and discharging during

the bit-cvcling process. As converter resolution imcreases, the nomber and siwze of
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capacitors in the DAC armay grow exponentially, leading to higher switching energy, larger
zilicon area, increased settling time, and degraded overall energy efficiency.
Consequently, optimization of DAC switching energy has become a crtical design

objective in modem SAR ADC architectures.

Conventional charge-redistnibution DAC  switching  technigues require  substantial
awitching energy beocause the capacitor amay undergoes full-scale tramsitions during
successive approximation cyeles. Numerows switching algorithms have been put forward
in literature to mitigate this issue, including monotonic switching [21]. Vem-based
gswitching [ 104 ] and split-capacitor urrays |1 16]. Whale these approaches reduce switching
energy 1o varyving extents, many suffer from trade-offs such 88 incressed capacitor count,
larger digital control complexity or degraded linearity. Therefore, there remains a strong
need for an energy-efficient DAC switching methodology that simultaneously minimizes
switching power, capacitor array size, and circuil complexity while preserving high

lincarity and conversion accuracy,

To address these challenges, this chapter presents a low-power SAR ADC architecture
employing an optimized DAC switching methodology based on capacitor splitting.
monotonie switching and Vem-assisted reference switching technigues. The proposed
approach significantly reduces the effective DAC switching energy by minimizing high-
weight capacitor fransitions and lowering the total capacitance requirement of the DAC
array while maintaining a steady common-mode voltage during resolution. Furthermore,
the ADC integrates a high-speed dynamic comparator o complement the low-energy
DAC architecture and ensure rapid bit decisions during the successive approximation
process, By combining capacitor splitting with an encrgyv-optimized switching algorithm,
the proposed SAR ADC aims to achieve improved power efficiency., reduced switching
energy, enhanced linearity, and compact silicon area. The methodology and performance
evaluation presented in this chapter demonstrate the applicability of the proposed structure
for next-gencration low-power mixed-signal systems targeting 10T and portable sensing

applications.
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4.2 Proposed Methodology

4.2.1 Proposed SAR ADC Architecture

The proposed strecture is designed (o achieve low power absorption, reduced switching
energy, and improved conversion linearity by combining a fully differential split-capacitor
DAC siucture with Vem-based switching and bootstrap sampling echniques. The
generalized architecture is shown in Fig. 4.1, The converter mainly consists of bootstrap
switches, differential capacitive DAC arrays ((DACp and DACn ). a dynamic regencrative
comparaior. SAR logic and reference switching circnitry. The complete architecture
operates on the principle of successive approximation. where the input siznal in analog
form is convered into output in digital form through iterative comparison and charge

redistribution.
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Fig. 4.1 Generalized N bit SAR ADC architecture

The ADC employs a fully differential topology to improve immunity against supply noise
and common-made disturbances. Two alike capacitor arrays are employed for the positive
and negative signal paths, namely DACp and DACn. These arrays generate differential

DAC voltages that are applied to the comparator inputs during each conversion cycle.
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Compared 1w single-ended architectures, the differential mmplementation  provides
improved noise rejection, better linearity, and enhanced robustness under low-voltage

operaton.
4.2.2 Bootstrap Swiich

The analog input sampling stage utilizes the bomstrap switch circuit shown in Fig. 42 In
conventional MOS sampling swiiches, the ON resistance varies with the input signal
amplitude because the gate-to-source voltage changes dynamically during sampling [48].
This variation intreduces nonlinear distoetion and degrades ADC accuracy . To eliminate
this problem, the proposed bootstrap circuit dynanucally boosts the gate voltage of the
sampling transistor during the first phase. The bootstrap circuit consists of capacitors C1,
C2 and C3 along with clock-controlled transistors M1-M12. During the next phase, the
bootstrap capacitors are charged with supply voltage. When the ¢lock enters the sampling
phase, the stored charge raises the gate voltage of the sampling transistor above Vdd,
thereby mainiaining an approximately constant gate-to-source voltage (Vas). As a resull,
the ON resistance of the sampling switch remains nearly constant across the entire input
voltage range. This significantly improves sampling linearity and enables reliable

operation under low supply voltage conditions.
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Fig. 4.2 Bootstrap Switch
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4.2.3 Veme-based Switching Network

The proposed DAC also incorporates a Vom-based switching technique to further
minimize switching energy, In conventional switching methods, capacitor bottom plates
are switched directly between Vreetp and Vretn, resulting in large voltape transitions and
high dynamic power consumption. In the proposed approach, an additional commaon-mode
reference voltage Vem 1% introduced along with Vrefp and Vrefn. During the imitnalization
phase, mast capacitor bottom plates are connected to Vem, which establishes 3 balanced
commuon-mode condition across the differential DAC outputs. During bit cycling, only
selected capacitors are switched between the reference voliages according o the SAR
logic decisions. Since many switching transitions occur between Yem and Vrefp or Yrefn
instead of full-scale transitions berween the two reference voltapes. the wal switching

energy s substantially reduced.

to capacitor bottom plate

Sph—] sp snb—| |- sn
Vrefp Scmb _| I_ Sem Vrefn

Vem
Fig. 43 Vem-based switching network

The reference switching network used for capacitor bottom-plate switching is shown in
Fig. 4 3, Each capacitor bottom plate is connected to Vrefp, Vem and Yrefn through
CMOS transmission gates controlled by complementary SAR logic signals. Transmission
gates are used instead of single MOS switches o avoid threshold voliage loss and maintain

low OMN resistance over the entire signal range. During each conversion cycle, the SAR
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logic activates the appropriate ransmission gate, thereby connecting the capacitor o the
requited reference wvoltage. This switching structure ensures accurate charge

redistribution, improved switching linearity . and reduced signal-dependent errors,
4.2.4 Split-Capacitor DAC

To minimize the total capacitance and switching energy of the DAC. the proposed
converter utilizes a modified split capacitor DAC architecture (as shown in Fig. 44). In
conventional binary weighted capacitor armays. the capacitor size increases exponential by
with ADC resolution, resolting in large silicon area and increased seitling tme. To
overcome these limitations, the proposed design divides the DAC into multiple capacitor
branches consisting of high-capacitance, low-capacitance, and unit-capacitance sections,
Instead of using a bridge capacitor, & umt capecitance 15 emploved towards unit-
capacitance section and all the capacitors are arranged in binary-weighted form to preserve

accurate charge redistribution during suceessive approximation.
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By implementing this modified capacitor splitting scheme, the effective total DAC
capacitance is significant]y reduced without affecting the overall resolution of the ADC,
This reduction in capacitance directly decreases switching power, silicon anea and delay.

thereby improving both energy efficiency and conversion speed.
4.2 4 Proposed Energy-optimized Switching Methodology

The proposed DAC switching methadology, shown in Figs. 45, 4.6 and 4.7, operates
through an energyv-optimized multi-phase charge redistnbution process  specifical by
designed to mimmire switching activity and reduce overall DAC enerey consumption
during SAR conversion. The comparator used during the switching process is dynaimic
triggered with Clk. The conversion cycle begins with the acquisition and first-bit decision
phase (Fig. 4.5) during which the analog differential signal is send on the top plates of all
DAC capacitors through transmission-gate switches controlled by the sampling clock. In
this phase, the bottom plates of the high and low capacitor banks are ploced 1o the lowest
voltage Vreln (0}, while the unit capacitor branches are biased at the common-maode

voltage Wem (1/2).
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Fig. 4 5 Switching mechanism of the SAR ADC with 4-bat resolution for acquisition and

first bit resolution
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Since the initial companson is done immedintely after sampling without requiring any
DAC capacitor transition, the MSE is resolved minus incurring switching energy, This
zero-energy first-hit decision significantl y improves the energy efficiency of the proposed
SAR ADC assimilaed with conventional switching schemes where the DAC armay

undermoes o full-scale transition for MSB determination.

Following the MSE decision {Fig. 4.6}, the second {N—2)" bit decisions are executed using
a monotonic differential switching strategy. For each subsequent bit v, the switching
action is determined by the previously resolved bit D, . Based on this decision, one of
the capacitor arays (DACp or DACn) remains unchanged while the comesponding
capacitor in the opposite array transitions from Veefn (0) o Vreefp (1), All remaining
capacitors preserve their existing switching states. This one-sided differential switching
approvich minimizes unnecessary capacitor transitions and assures that the common mode
voltage of the DAC ootpuls remains nearly steady throughout the process. thereby
reducing comparator of fset sensitivity and improving lincarity, The dynamic switching
encrgy associated with each of these intermediate bit decisions is analytically represented

by

. ¥l s all—p-x=2 |} mppd

E, = {(1—2D,,) ¥, (2D, — 1) 27 ¥*2 | ciE, {4.1)
which depends on the previous comparator decisions and the binary weighting of the

switched capacitor. This formulation confirms that the proposed switching algorithm

aubstantially lowers switching energy relative to conventional binary-search DAC

switching methods.
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Fig. 4.6 Switching procedure for 2 to (N-2)th bit decisions

During the penoltimate (M=1)th bit decision, the proposad architecture exploits the unit
capacitor branch and the additional common-mede reference voltage Vom to achicve
higher effective resolution without increasing DAC array size. In this step, the first unit
capacitor in the lower-voltage DAC branch transitions from Vem w either Vrefp or Vietn,
estublished from former determined bit Dy 2. The introduction of Yem as an intermediate
reference voltage enables tri-level switching, effectively improving voltage resolution
while avoiding the need for larger binarv-weighted capacitor arrays, The associated

sawitching energy for this phase is described by
EI"-'-] = {1 o= E'D.\'—E E:_:ELEEDI = 1} EH_:-l }EF,.IFI"' 1.4_:]

which remains significantly lower than that of conventional switching due o the reduced

voltage swing of the unit capacitor beanch.
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Fig. 4.7 Switching procedure for (N-1)th and (N)th bit decision

In the final (Nth) bit decision (Fig, 4.7}, the last remaining unit capacitor is toggled
berween Vom and the appropriaie reference voltage o resolve LSB. The comparator then
performs the final comparison and generates the last decision bit Dw. Since only the
smallest capacitor in the DAC amay is switched during this phase. the corresponding

encrgy consumption is minimal, as expressed by

[ RS
El".l = 'DH—] [.Z {l_ﬂx} zl'l_l'—‘l].c[u'rrzrlr} {"I':'"]
L

¥ =
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By carefully controlling the sequence of unit-capacitor switching in the final two
conversion cycles, the proposed architecture achieves fine-resolution veltage quantization

with negligible incremental energy overhead.

Assuming a uniform distribution of input codes, the average DAC switching encrgy over

all possible conversion cycles is represented by

Eavg = {EH_L dapipu L ek § r!”] (4.4
y=2
which demonstrates that the proposed switching technique attains substantial energy
lessening by minimazing high-weight capacitor transitions and exploiting common-maode
assisted switching ., This optimized combinstion of split-capacitor architecturs, monotonic
differential switching, Vem-assisted tri-level reference generation :nd zero-energy MSB
decizion enables the proposed S AR ADC 1o achieve significantly lower switching energy.
reduced DAC capacitance, improved lincanty, and enhanced power efficiency compared

to conventional and previously reported DAC switching technigues.

The operation of the ADC begins with the first phase {(sampling). during which the
differential signals Vip and Vin are sampled on the top plates of capacitor arrays through
the bootstrap switches controlled by the sampling clock Clk. After completion of this
phase, the switches are tumed OFF, and the sampled charge i held on the capacitor arraye.
The SAR logic then initiates the conversion phase by performing o binary search operation
o determine each ourput bit sequentially from MSB 1w LSB. During each comparison
cycle, the SAR logic updates the swiching states of the DAC capaciors, thereby
generating the comesponding analog reference voltage. This DAC penemted voltaze is
equited with the sampled input voltage through the dynamic regencrative comparator,
where its output determines whether the selected DAC voltage is higher or lower than the
input, and SAR logic updates the comesponding bit accordingly. This process continues

itcratively until all 10 bits are resolved.
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4.3 Results

The implementation of the proposed low power SAR ADC architecture employing the
epergy-optimized DAC switching technique was thoroughly evaluated through cireuit-
level simulations on 180 nm CMOS technology. The ADC operates ata | V supply voltage
with a sampled frequency of 200 MS/s, targeting low-power and moderate -resolution
applications. The evaluation focuses on key performance metrics including switching
encray, power consumption, linearity (INL/DNL), spectral performance (SNDR, SFDR.
ENoB) and overall FoM.
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Fig. 4.8 Output waveform of proposed DAC circuit
4.3.1 DAC Transient Response and Switching Energy Comparison

The transicnt response of the DAC switching mechanism, illustrated in Fig. 4 8, confirms
correct operation of the proposed switching sequence and validates the etfectiveness of
the charge redistribution process. The blue waveform represents the sampled input voliage
Vig. while the red waveform represents the DAC output voltage Vi, genemated duning the
bit-by-bit conversion process. Initially, the DAC output starts from ground potential and
is subsequently adjusted according to the SAR logic decisions. During each comparison
cvele, the DAC output either increases or decreases toward the input signal level
depending on the comparator output. The digital sequence shown below the wavefirm
represents the corresponding bit decisions obtained dunng the conversion process. A

detailed comparison of switching energy across different DAC switching technigues (e.g.
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conventional, Vem- based, monotonic and se1 and down), as shown in Fig. 4.9, indicates
that the proposed Vem-based, split-capacitor moenotonic switching scheme achieves a
significant reduction in energy consumption. The average switching energy is measured
o be approximately 65 CV., which corresponds o 1 74.5% reduction compared 1o
conventional switching technigues. This substannial improvement highlights  the

effectivencss of minimizing high-weight capacitor transitions and utilizing intcrmediaic

reference levels o reduce overall energy dissipation.
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Fig. 49 Companson of switching energy in various DAC switching methods
4.3.2 Static Linearity and Power Consumption Analyvsis

The static performance of the ADC was evaluated through lincanty analysis, with
simulations conducted ata 1 V supply, 20 MHz sampling frequency and 1.56 MHz input
signal rate, The INL and DML characteristics are presented in Fig. 4.10{a} and Fig. 4.1k},
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respectively. The measured INL ranges between -0.43 LSB and +0.34 L5B, while the
DNL varies between -0 20 LSE and +.15 LSB, both remaining well within the acceptable
limit of £1 L3B. These results confirm that the proposed ADC maintiins good static
linearity and satisfies accuracy reguirements for high-resolution applications, as compared

in the state of an works,
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In terms of power performance, the overall power dissipation of the ADC 15 calculated w
be 53.20 pW, demonsirating the low-power nature of the proposed architecture. The
energy efficiency is further quantified wsing FoM. defined as the ratio of power
comsumption to the product of sampling rate and effective resolution. The proposed ADC
accomplishes FoM of approximately 3.11 conversion-step, indicating supenor energy

efficicncy in contrast to prevailing SAR. ADC designs.
4.3.3 Dynamic Performance Analysis

The dynamic performance of the proposed ADC was analyzed using FFT of the output
spectum, as shown in Fig. 4.1 1. The ADC achieves SNDR of 6085 dB and SFDR of 76
dB. comparable to ENoB of 9.74 bits. These results prove thal the proposed design

maintains high spectral punty and resolution under nominal operating conditions.

h-
1, =1.56 MHz
20 fo= 20 MHz
SNOR = 60,85 8
SFOR = 76 dB
40 ENoB = 0.74

Frequeney (MHz)

Fig. 4.11 FFT of SAR ADC

The comparative performance analysis presented in Table 4.1 evaluates the proposed SAR

ADC against scveral state-of-the-ant designs implemented in similar 180 nm CMOS
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technology, highlighting its effectivenass in achieving a superior balance between power,
energy etficiency and resolution, It is evident that prior works either operate at higher
supply voltages or incur significantly higher power consumption to achieve comparable
resolution and dynamic performance. For instance, designs reported in [39] and [26]
comsume substantially higher power of 5760 pW and 589 pW, respectively, while
achicving lower or comparable ENoB values. Simifarly. although some designs such as
[122] achieve slightly higher ENoB of 297 hits, they operate at much lower sampling
rates (0.2 MS/s), which limits their applicability in moderate-speed systems.

In contrast, the proposed SAR ADC operates at a sampling rate of 20 MS/S witha 1 V
supply . achieving an ENoB of 9 74 bns, which is highl y compentive amon g the compared
designs, The dynamic performance metrics, including SNDR of 6085 dB and SFDR of

JhdB, demonsirate that the proposed architecture maintains high spectral purity and signal
fidelity. Furthermore, the static linearity performance, with INL and DNL confined within

+1 L5B. confirms accurate conversion characteristics comparable to or better than existing

techniques.

Table 4.1: Performance comparison of SAR ADC with recent works

Parameter &
= 2 = E
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[24] IR0 | & 30 | 12 | 4816 | 5241 | 77 | 32 e 380 | 665
[39] IR0 | 10 | 70 | 1.8 | 5826 | 6487 | %39 | 187 | 19 | 5760 | 1799
B0 B0 | 10 | 1 | 57E1 | 6RB3 | 931 | 16 15 | 1528 | M4
122 160 | 10 | 032 I | 6177 | 7806 | 997 | 26 33 | 445 | 222
Proposed 180 | 10 | 20 1 | 6ORS | 76 | 974 | 34 15 | 5320 | 3.1
Wrk
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A key highlight of the proposed work is its considerably improved energy efficiency., as
reflected by FoM of 3,11 flconversion-step. which is substantially lower than all
referencex] works. This improvement i5 primanly atributed to the optimized DAC
switching methodology that reduces switching energy by minimizing capacitor [ransitions
and leveraging Vem-based switching . Additionally, the total power consumption of 33 20
uW is considerably lower tham most high-speed counterparts, demonstrating  the
effectivencss of the proposed design in achieving low-power operation without

compromising performance.

Owerall, the comparison clearly establishes that the proposed SAR ADC achieves an
opiimal rade-off among spead, resolution, power, and energy efficiency. outperforming
existing designs particularly in terms of FoM. This makes the proposad architecture highly
suitable for energy-constrained, mwderate-speed applications such = loT devices,
wearable systems. and portable sensing platforms, where bath power efficiency and

Conversion accuracy are critical design requirements.
4.4 Summary

The results obtained trom the proposed SAR ADC architecture ¢learly demonstrate that
the integration of an energy-optimized DAC switching technigque with a fully differential
charge redistribution framework leads 1o subsiantial imperovements in power efficiency.
linearity, and overall converter perfonmance. The primary contributor to  these
enhancements 15 the decrease in switching energy in CDAC, which maditionally dominates
the overall power dissipation in SAR ADCs. By employing a combination of Vem-based
switching, capacitor splitting and monotonic charge redistribution operation, the proposed
methodology effectively minimizes the number of high-weight capacitor transitions
during the conversion process. This directly reduces the dynamic power consumption
linked with repeated charging and discharging of large capacitive nodes, which 1s reflected

in the significant reduction in average switching encrey.
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Ome of the key observations from the results is the elimination of swiching energy during
the MSB decision phase, achieved through the top-plate sampling technigque, Since no
capacitor mansition occurs during this initial comparison, a considerable portion of energy
comnsumption is avoided ar the ouser of the conversion cycle. Furthermore, during
subsequent bit decisions, the use of one-sided monotonic switching ensures that only one
branch of the differential DAC undergoes voltage transition while the other remains
unchanged. This not only reduces switching activity but also upholds a neady constant
common-mode voltage at the comparator input, thereby improving comparator stability
and reducing offset-related errors. The introduction of Vom as an intermediate reference
level i later conversion stages further enhances energy efficiency by reducing vollage

swing during capacitor switching, particularly for lower-weight capacitors,

The capacitor splitting technique plays a crucial mole in reducing the overall DAC
capacitance without degrading resolution. By dividing the capacitor array into high, low,
and unit capacitor branches, the design achieves a reduction in total capacitance and hence
switching energy, while still maintaining accurate charge redistribution, This approach
also contributes w reduced silicon area and improved settling behavior of the DAC. which
is essential for high-speed operation. Importantly, the vse of split capacitors does not
introduce significant mismatch errors, as evidenced by the measured INL and DNL values,
which remain well within 0.5 L5B. This confirms that the proposed architecture

maintans high static accuracy despite aggressive energy oplimization,

From a dynamic performance perspective, the achieved SNDR of 6085 dB and SFDE of
76 dB indicate that the proposed ADC preserve pood spectral performance and low
distortion levels, The corresponding ENoB of 974 bits demonstrates that the energy-
efficient switching scheme does not compromise effective resolution. Additiomally, the
low power consumption of 3320 W combined with FoM of 3.11 fl/conversion-siep
highlights the supenor ¢nergy efficiency of the proposed design compared to existing
techniques. This improvement in FoM is particularly significant, as it reflects the
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combined benefits of reduced switching energy, efficient comparaor operation and

optimized DAC architecture,

Another important feature of the proposed design is its suitability for low voltage and
moderate-speed applications. Operating at a | ¥ supply and 20 MS/s sampling rate. the
ADC achieves a favorable trade-off between speed and energy consumption, making it
ideal for applications such as [oT nodes, wearnble electronics, and biomedical sensing
systems. Unlike some prior works that achieve higher resolution or lower energy at the
cost of reduced sampling rate or increased circust complexity, the proposed architecture

mainiaing a practical trade-off across all performance metrics.

However, certain design trade-offs must also be acknowledged. The implementation of
tri-level switching and multiple reference voltages (Vrefp, Vrefn, and Vem) introduces
additional complexity in reference genemtion and switching control circwitry. Careful
design of reference buffers and switching networks is required o ensure accurate voltage
levels amd avesd additional power overhead. Therefore, the proposed SAR ADC
architecture successfully addresses the key limitations of conventional designs by
reducing DAC switching energy. minimizing capacitance, and maintaining high linearity
and dynamic performance. The combination of advanced switching technigues and
optimized circuit design results in a highly energy-efficient ADC with competitive
resolution and spead. These charcteristics make the proposed ADC a strong candidate for
next-generation low-power mixed-signal systems, particularly in applications where

Ticiency is of paramount i ance.
energy elfliciency is of paramount importance
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Chapter 5
Hybrid Flash-SAR ADC

This chapter presents the design and implementation of a low-power and high-speed
Hybrid Flash-SAR ADC architecture intended to improve conversion efficiency while
minimizing encrgy consumption. The proposed architecture employs a 4-bit flash ADC
front-end and a 6-hit SAR ADC back-end 1o realize overall 10-bit conversion resolution.
To improve overall energy cfficiency, the proposed architecture incorporates a segmented
split-capacitor DAC combined with an optimized Vem-based switching methodology, A
detaled description of the proposed methodology, circuit implementalion, operating
sequence and performance evaluation of the Hybnd Flash-SAR ADC are provided.
Comprehensive simulation resalts are provided and comparative analysis demonstrates
that the proposed Hybrid Flash-SAR architecture soccessfully achieves improved
comversion speed with reduced switching energy and lower overall power consumption

compared with conventional SAR ADC implemeniations.
5.1 Introduction

The growing demand for high speed data acquisition in modern techniques such as
wirgless communication systems, imaging sensors and high-performance data converters
has driven the need for ADC architectures that ssimultaneously achieve high sampling
rates, low power consumption, and moderate-to-high resolution. Conventional ADC
architectures, including tlash |9] and SAR converters | 203], present inherent trade-offs in
this regard. Flash ADCs offer extremely high conversion speed dug to their parallel
comparison mechanism: however, their exponential growth in comparator count with
increasing resolution effects in excessive power being consumed and vast silicon area. In
contrast, SAR ADCs are widely recognized for their excellent energy efficiency and
compact implementation. but their sequential bit-by-bit conversion process inherently

limits achicvable sampling speed., especially for higher resolution designs.
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To overcome these limitations, hybrid Flash-SAR ADC architecures have emerged as an
effective solution by combining the advantages of both architectures [29]. In such systems,
a low-resolution flash front-end is employed to mapidly resolve the MSBs. thereby
significantly reducing conversion latency, while a SAR-based back-end performs fine
quantization of the leftover LSBs with efficient energy. This partitioning enables a
substantial improvement in overall conversion speed withowt incurring the full power and
area pemalties associated with high-resolution flash ADCs. However, existing hybeid
approaches often face challenges related w switching energy in the DAC, synchroni zation
complexity between flash and SAR stages. and inefficient timing controd due to global
clock dependency. which limit their scalability and efficiency at higher operating

frequencies.

Recemt alvancements in ADC design have focused on optimizing individeal building
blocks such as comparators, DAC switching schemes and SAR logic. While echniques
such as YVem-based switching [168], capacitor splitting [169] and non-binary DAC
architectures [40] have demwonstrated reduced switching energy, they often introduce
increased design complexity or additional circuil overhead. Similarly, conventional
synchronows SAR logic relies on a fixed clock period, which must accommaodate worst-
casc delay conditions, thereby limiting speed and energy efficiency. To address this,
asynchronous SAR control techmgues have been explored. where each conversion step is
iitiated dynamically based on finishing of the previous operation, enabling faster but

cycling and reduced unnecessary power consumption.,

Muotivated by these challenges, here the work presents a 10-bit hybrid Flash-SAR ADC
architecture that integrates multiple design optimizations to achieve high speed and energy
efficient operation. The intended architecture employs a 4-bit flash stage for coarse
resolution and a 6-bit SAR stage for fine resolution, along with a non-binary segmented
DAC to reduce switching energy and capacitor size. Additionally, an asynchronouws multi-
phase SAR logic climinates the need for a global clock, therehy improving conversion

speed and reducing control overhead. A dynamic comparator 18 further incorporated o
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enhance low-voltage operation and reduce delay. Through this co-optimization of
architecture, DAC switching, and control logie, the proposed hybnd ADC 2ims to achieve
an optimal balance between speed, power and accuracy, making it appropriate for next-

peneration high speed and energy efficient mixed-sigmal sysiems.

5.2 Proposed Methodology

Figure 5.1 illustrates the conventional full y differential SAR ADC architecture. The ADC
comprises of bootstrap switches. differential CDAC arrays {DACp and DACH), a dynamic
comparator, SAR logic and an encoder Mock. Throughout sampling phase controlled by
Clk, the differential inputs Vpi and Vni are tested onto the capacitor arrays through
bootstrap switches, which provide improved linearity by maintaining nearly constant
switch resistance. The DAC amays generate ditferential reference voltages through charge

redistribution based on the swiching decisions provided by the SAR logic.

¥ o
il L"
i, t e CIK,
"-rrl'l:l—"r?: — DA, Ok {1kllt
| T i

Blansslrag P LT (T
ebarimia, N— L T

|
W ||Iﬂ—"-.‘:‘; —J Dz,
L | _,T’

Cul

1'?#‘. Cik,
W

ik el s e

cmﬁ ik ik
Clka LJuul JuLJuyL
L | ] L—l

Fig 5.1 Conventional SAR architecture
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The comparator, activated by clock Clk,, compares the differential DAC ourputs and
prodluces the decision bit for each conversion cycle, The SAR logic performs the binary
search operation sequentially from M5B towards LSB using clock Clk., and updates the
DAC switching states accordingly. Finally, the encoder block assembles the penerated bits
1o produce the final 10-bit digital output Outpee. The timing wavelorms shown below the
architecture illustrate the synchronization between the sampling clock, SAR clock and

comparator clock during the conversion process.

5.2.1 Proposed Hybrid Flash-SAR ADC Architecture

The proposed hybrid Flash-5AR ADC structure combines the high speed operation of
Flash ADCs with encrgy efficiency and better resolution capability of SAR ADCs 1o
realize a low-power and high-performance 10-bit converter. The suggested hybrid Hash-
SAR ADC are shown in Fig, 5.2, while the detailed transistor-level implementation of the
complete 10-bit ADC is instantiated in Fig. 5.3, The proposed architecture mainly comsists
of bootstrap switches, & segmented CDAC structure, flash logic, a dynamic comparator,
SAR legic and an output encoder, By partitioning the conversion operation between Flash
and SAR stages, the architecture significantly improves conversion speed while
maintaining reduced switching energy and low power consumption. The converter
employs a fully differential structure to improve immuonity against supply noise and
common-mode disturbances. Differential input signals Vpi and Vi are sampled through

bootstrap switches controlled by the sampling clock Clk..
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Fig.5.2 Proposed Hybrid flash SAR ADC

The bootstrap switch asserts a nearly constant gate to source voltage throughout the
sampling wransistor during sampling phase, thereby reducing ON-resistance variation and
improving sampling lincarity. This enables accurate signal acguisition even under low-

voltage operation and high sampling frequencics.
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5.2.2 Flash ADC and Vem-based Switching Technigue

The proposed hybrid structure {as shown in Fig. 5.2) divides the conversion process info
two stapes, in contrast to a conventional SAR ADC, where all 10 bits are resolved
sequentially. The upper 4 bats are resolved employing a Flash ADC stage, while the
leftover & bits are resolved using SAR conversion. This noticeably minimizes the todal
number of SAR comparison cyeles and therefore improves averall conversion speed. The
DAC architecture employed in the proposed converter is based on a segmented split-
capacitor structure combined with Vem-based switching. As shown in Fig. 5.3, the DAC
is divided into two sections corresponding to Flash and SAR operations. The M5B section
associated with the Flash ADC wses larger capacitors to perform coarse guantization,
while the SAR section employs smaller capacitors for fine-resolution conversion of the
lower & bits. The capacitors are arcanged in binary-weighted fashion 1o maintain accorate
charge redistnbution during  successive  approximation, Capacitor scgmentation
significantly reduces total DAC capacitance., switching enerzy and silicon arca in contrast

to conventional binary-weighted amays.
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The Flash ADC section comprises of 15 parallel comparators, as shown in Fig. 5.4, which
simultaneously compare the sampled imput signal against multiple reference levels
generated by a local capacitive DAC network [9]. Each comparator produces a decision
corresponding o one guantization threshold. The outpuls of the Flash comparators
collectively configure a thermometer oode, which is subsequently altered into a 4-bit
binary output using a thermometer-to-binary encoder. Though a single ended version is

shown for minimalism, a differential architecture 15 executed.
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Fig. 5.4 Implementation of 4 bit Flash ADC (a single ended variant is shown for

minimalism)

In addition to improve energy efficiency, the proposed DAC uses Yom-based switching
methodology. In convemtional DAC switching schemes, capacitors switch directly

between Vretp and Vieefn. resulting in large voltage ransitions and higher d ynamic power
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comsumption. In the proposed structure, an additional common-maode source voltage Vem
is added, During initialization, most eapacitor botiom plates are connected o Vem,
thereby establishing balanced common-mode conditions across the differential DAC
outpuls. During conversion, only selected capacitoes are switched among Vrefp, Viem and
Vrefn according to the SAR logic decisions. Since many switching operations occur
between Vom and one reference level rather than full-scale transitions, the total switching

energy 15 substantially reduced.

The conversion process begins with the sampling phase when Clk, is enabled. During this
interval, the differential mput 1= sampled on top of capacitor arrays through the bootstrap
awitches . Afier sampling is completed, the Flash ADC stage i85 sctivated using clock Clky
The Flash comparators immediately resolve the 4 MSBs through parallel comparison,
thereby providing coarse quantization of the input signal. These 4-bit outputs are
simultaneously applied w the segmented DAC structure o generale an imitial

approximation voltage for the S AR stage.

Following Flash conversion, the SAR logic controlled by Clk.: resolves the remaining 6
LsBsusing successive approximation. During each AR cycle.the DAC generates a new
voltage based on the comparator decision. The regenerative comparator assimilate the
sampled ignal with the DAC genersted voltage and produces the corresponding decigion
hit. This process proceads iterativel v till all lower & bits are determined, Because the Flash
stage already resolves the coarse quantization levels, the SAR stage requires fewer
conversion cycles than a conventional 10-bit SAR ADC, thereby improving conversion

specd significantly,

A dynamic comparator is used in the proposed structure which operates dvnamically, The
advantage of using this comparator is that it boosts the overall performance by providing
higher transconductance and faster regeneration under low supply voltage conditions. The
comparator evaluates the differential voluge between DAC outputs and rapidly

regenerales the decizion through positive feedback. Dynomic operation eliminates siatic
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current paths during idle conditions, thereby reducing overall power consumption. The
timing sequence shown in Fig. 5.2 demonstrates the synchronization among sampling
clock Clks, Flash clock Clky, comparator ¢lock Clk: and SAR clock Clks., ensuring proper
coordination between Flash and SAR conversion stages. To operate the comparator at 3
lower supply voltage of 0.6V, a reconfigurable switched-capacitor (3C) voltage scaling
circuit, as shown in Fig. 5.5, is employed to step down the available 1 'V supply [171]. The
circult wtilizes flying capacitors and clock-controlled switches 1o ransfer and redisiribute
charge between capacitors during alternate clock phases, thereby zenerating a lower
output voltage without using indoctors. By configuring the capacitive charge-sharing
network appropriately, an output voltage of (06 Y 15 obtamed from the 1V supply. The
generated low-voliage supply is then applied o the comparator, enabling low-power

operation while mamntaining adequate gain and regenerative performance.,
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Fig. 5.5 Reconfigurable Switched-Capacitor (5C)

5.2.3 Hybrid Conversion using Encoder and SAR Logic

Figure 5.6 illustrates the output encoder and bit concatenation architecture cmployed in

the hybrid Flash-SAR ADC, The design combines the outputs generated by the flash ADC
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and SAR ADC siages 1o prodoce the final 10-bit digital owtput word. The flash ADC
generates a thermometer-coded output (CO-C15), which is converted into a 4-bit binary
representation (F3-H1) using a thermometer-to-binary encoder. These four bits represent
M3 Bs of the final digital output. Simultaneously, the SAR ADC generates the remaining

six L5Bs, denoted as 55-80, through successive approximation conversion,

For reliable concumrence between the coarse flash resolution stage and fime SAR
conversion stage, I flip-flops are employed at the outputs of both the encoder and SAR
logic blocks. The D flip-tlops act as temporary storage and timing synchronization
elements, capturing the digital outputs at the active edge of the comesponding clock signals
Clkr and Clky,. This prevents timing mismatches, reduces the possibility of metastability
and ensures stable transfer of data to the cutput assembly stage. The use of clocked 13 flip-
fops also improves overall timing reliability by aligning the outputs of both conversion

stages before final bit concarenation.

The synchronized outputs are then applied o the output assembler block, which performs
bit concatenation by combining the 4-bit flash owtput with the 6-bit SAR output to generate
the complete 10-bit digital word Outpey. In the final assembled output, bits D9-D6
correspond to the flash ADC output, while bits D5-D0 are obtained from the SAR ADC
stage, This architecture enables efficient integration of coarse flash conversion and fine
SAR conversion, thereby achieving high-speed operation while mamtaining low power

consumption and reduced hardware complexity.

Owerall, the proposed methodology intcgrates high-speed Flash conversion, energy-
efficient SAR operation, segmented split-capacitor DAC architecture, Vcem-based
awitching, bootstrap sampling, dynamic comparison and efficient output encoding inte a
unified hybrid ADC framework, The combined architecture significantly improves
comversion speed while reducing switching energy. power dissipation and DAC area.

Consequently, the proposed hybrid Flash-SAR ADC provides an effectuve balance
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batween speed, resolution, and energy efficiency, making it highly suitable for modem

mixed-signal, portable, wireless and high-speed data acquisition applications,
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The total switching energy in a CDAC of a SAR ADC is fundamentally resolved by the
voliage swing and the effective eapacitance swilched duning conversion. For a N-bit SAR

AL, the total energy 15 expressed as | 1]
Etoral = E?:‘_I C; + 2 (5.1)

where € represents the copacitance swilched a1 bit 1 and V is the effectve voliage

transition.

[n the hybnd ADC, the conversion process is divided mto a 4 bit flash stage and a 6 hit
SAR stage. The flash ADC resolves the 4 M5Bs: therefore. the flash DAC accuracy
requirement comesponds only to the coarse quantization level rather than the full L10-bit

resolution. This relaxes matching and settling constramnts and reduces swilching energy.

The flash ADC resolving MSBs contributes a small additional energy given by
Ef"lﬁ]‘l = (2% = l}l"r-l-i_fpﬂr (521

where Vi 15 the reference source voltapge, € the etfective switched capacitance per
comparalor. Becavse the flash fron-end performs coarse guantization with limited
resolution, the effective switched capacitance is considerably smaller than that of the SAR
capacitive DAC array, The flash comparators consume energy primarily through single-
event dynamic charging of internal nodes, whereas the S AR stage repeatedly redistributes
charge across the capacitor array during multiple bit decisions. As a result, the
accumulated switching energy of the SAR DAC dominates the total conversion energy,

while the flash-stage energy contribution remains comparatively small.

The SAR CDAC implements Nsap = 6 useful bits, Let the non-binary capacitor weights
b

CN.B.[-[I:.:IE. - {E:m-'ft-sncarca-fznfll {(53)

The total switched capacitance of the SAR array is calculated as [24]
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Ceoter = E?ﬂl G 54

Using Vem -based. monotonic . modified split capacitor DAC scheme, the mean switching

encrgy of the SAR amay can be approximated as

Esan = @ { Kiai E.'-.Im!i'"rifp {3.5)

where o= 0.3¥, an empirical reduction factor capturing Vem —based, monotonic, modified
split-capacitor switching technique and is calculated by running transient analysis
simulation of one full conversion cycle and recording the capacitor switching events
[1.4%]. Therefore, the total switching energy for the complete hybrid DAC armay is given

ik

Etotar = Efrasn + Egan (5.6)
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The proposed hybrid Flash-SAR ADC further incorporates an asynchronous multi-phase
SAR logic, as illustrated in Fig. 5.7, to enhance conversion speed and energy efficiency
by eliminating the dependence on a global clock. Thearchitecture operates based on event-
driven sipnal propagation, where each bit decision cycle is completed through three
sequential phases: pre-amplification, regeneration and asynchronous handshake. This
approach enables adaptive timing, ensuring that cach transformation step procecds
instantaneously after finishing the former one, therehy avoiding unnecessary idle clock

periods and improving overall throughput.

Duwring the pre-smplification phase, the assertion of the SAMPLE signal activates the
transmussion gates and wrns on the il wansistor M1, which establishes the il current
I_tzil through the differential inputs of the comparator. The differential input voltage (V pi
=Vmi). created by the DAC, 1= implemented 10 the comparator inputs, producing a
corresponding differential current that develops a small voltage difference between
internal nodes node_x and node_v. This stage provides imitial voltage gain while isolating
the input from disturbances cansed by latch regeneration, The preamplifier gain
determines the magnitude of the developed differential voltage. which can be expressed

5

'ﬂunudc = ﬂp,prn' e {l"rpj 1 Fni.j (3.7)

WheTe Aw pe 15 the intrinsic gain of preampliticr.

Imporntantly, the tail curmment is only active during this phase and is subsequently turned off

to reduce static power consumption, thereby improving energy efficiency.

Following a controdled sampling interval, the cireuit transitions to the regeneration phase,
where the SAMPLE signal 12 de-asserted. disabling the rail current and effectively freezing
the developed differential voltages at the preamplifier output nodes. At this point, isolation
awitches connect these nodes to a cross-coupled regencrative latch composed of NMOS

and PMOS vansistors. The lateh introduces strong positive feedback . exponentially
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amplifying the small differential input voltage to full rail-to-ral logic levels at the internal
outputs, The regenerative speed is govemned by the latch time constant, which cames
inverse relation with the effective transconductance of the latch devices and direct relation
with the parasitic capacitance at the internal nodes, expressed as
Lnade

A 5%
FE Pt { ]
where Cue is the effective capacitance al each latch node and g, . is the equivalent
transconductance of the cross-coupled NMOS/PMOS devices. This regenerative

mechanism ensures rapid and reliable bit resolution even for small input differcnees.

Onee the latch outputs scttie, the system enters the asynchronous handshake phase. which
replaces conventional clock-driven control with a self-timed signaling mechanism. The
resolved latch outputs are buffered to generate request signals REQp and REQn, which
are processed by an edge-detection circuil to produce an scknow ledgment signal ack. This
acknowledgment indicates the completion of the current comparison cycle and triggers
the SAR logic to update the DAC configuration for the next bit decision. Simultaneously,
the acknowledgment signal resets the internal nodes and prepares the comparator for the
subsequent conversion step. The total delay associated with each bit decision is therefore

composcd of sampling, regencration, and scknowledgment delavs, given by
baie = bsampre F brag ¥ bock {39)
where 1, represents acknowledgment propagation delay.

This eveni-driven asynchronous operation ensures that each bit cycle consumes power
only when active, thereby significantly reducing dynamic power consumption compared
to synchronous designs that rely on a continuously running clock . Moreover, the absence
of a global clock allows the system to operate ab a speed determined by actual circuit
conditions rather than worst-case timing assumptions, leading to improved ¢fficiency and

faster conversion rates, The coordinated interaction between the SAMPLE signal,
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regenerative latch outputs, and handshake signals (REQp. REQn, and ack) forms a robust
local control loop that enables deterministic, high-speed, and energy-efficient SAR
conversion, Consequently. the integration of asynchronous SAR logic with the hybrid
Flash-SAR swructure plavs an imporinat role in achieving the entire performance

improvements in the proposed ADC design,

5.3 Results

The performance of the proposed 10-bit hybrid Flash-SAR ADC was validated through
detailed post-layout simulations implemented in a 180 nm CMOS technology operating at
a | ¥ supply voliage, targeting high-speed and eneray-efficient conversion. The ADC was
excited using a fully differential sinusoidal input with a peak w peak amplitude of 1 Vpp
centered around 3 common mode veltage of 0.5 V, ensuring proper utilization of the
available signal swing under low-voltage operation. Dynamic performance melrics were
extracted using FFT analysis at input frequencies of 1| MHz and 102 MHz, with a high
sampling rate of 200 M5/s, thereby validating the suitability of the proposed architecture
for high speed applications.

All constituent building blocks of the ADC. including the flash freat-end, segmented
DAC, asynchronows SAR logic, and dynamic comparator, were designed at the transistor
level and verified through posi-layour extracted simulations in the Cadence Virmuoso
environment. The inclusion of parasitic e ffects in post-layout simulations ensures sccurate
estimation of real silicon performance, particularly in terms of delay, power consumption,
and linearity. In addition, behavioral verification wsing Spectre and MATLAB co-
simulation was performed o validate the functional comectness of the SAR alporithm,

DAC switching sequence, and digital output generation under various input conditions,
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Fig, 5.8 Layout of proposed 10-hit hvbrid Flash SAR ADC

The layout of the proposed ADC is shown in Fig. 5 8_ with an overall active core area of
approgimately 0.045 mm?, excluding VO pads, The area is primarily dominated by the
capacitive DAC ammay, which is expecicd duc to its role as the main charge storage and
redistribution element i SAR-based architectures. The application of a segmented and
non-binary DAC structure significantly decreases the capacitor count comparcd o
conventional binary-weighted implementations, therehy contributing to area efficiency

while maintaming high resolution.
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53.1 Dynamic Performance Analysis

The dynamic behavior of the proposed hybrnid Flash-5AR ADC s further validated
through FFT analysis, where the output spectra for frequencies of 1 MHz and 102 MHz
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at input (as depicted in Fig. 3.9%a) and (b)) exhibit minimal harmonic distortion and
negligible spuricus tones, The ADC achieves SNDR of 534 dBR and SFDR of 71 dB,
corresponding to ENoB of % 4 bits, These results demonstrate that the proposed structure
maintams high spectral purity and consisient dynamic performance even at high sampling
rates, confirming the effectiveness of the hybrid conversion scheme and asynchronous

timing in minimizing distortion and noise coupling,
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3.J1.2 Static Linearity Analysis

In terms of static behavior, the linearity charactenstics of the ADC were evaluated by the
results as shown in Fig. 5.10(a) and (b). The DNL is observed to lie within -0.55 to +) 66
LSB. while the INL ranges from -0.85 to +0.93 LSB across the entire output code range.

These values remain within acceptable limits of £]1 LSB and confirm that the proposed

ADC mamains good statne linearty and sansfies accumcy requiremnents for high-

resolution applications, as compared to the state of art works. The improved lineanity can

be anributed o the combination of thermometer-coded MSB DAC and optimized non-

binary LSB DAC, which together reduce large capacitor switching errors and enhance

matching tolerance.
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533 Switching Energy and Power Consumption Analysis

Figure 5.11 presents the switching energy varation with output code for different DAC
switching techniques used in SAR ADC architectures. Apart from the proposed switching
methodology, the graph compares the energy characteristics of the conventional.
monctonie, YVem-based snd split capacitor switching schemes. The conventional
switching technigue exhibits the highest switching energy across almost the entire oupul
eode range, This is because large capacitor transitions occur repeatedly hetween Vrefp and
Viefn during successive approximation, résulting in substantial charge redistbution and
dynamic power consumption. The Vem-based switching technique significantly reduces
switching encrgy compared to the conventional approach by introducing a common-mode
reference voltage Vem. Instead of full-scale voliage wansitions berween the reference
voltages, many capacitor switching operations occur between Vem and either Vreefp or
Vrefn. This reduction in voltage swing lowers dvnamic switching energy and improves
common-mode stability. However, despite the improvement, the energy consumption
remains relatively high due to the larger number of capacitor transitions nvolved during
the conversion process. The monotonic switching scheme proposed further improves
energy cfficiency by optimizing the capacitor switching sequence and reducing
unnecessary switching activity during bit cycling. Compared to the Vem-based method,
this approach achieves lower average switching energy because fewer capacitors undergo
large vollage ransitions during successive approximation. Nevertheless . the energy still
increases near mid-scale output codes due 1o increased capacitor activity associated with
MSB mansitions, The split capacitor switching method demonsirates lower switching
energy than conventional switching techniques by reducing some redundamt capacitor
transitions and partially optimizing DAC charge redistribution. However, abrupt energy
variations and spikes can be observed in certain owtput code regions due 10 non-uniform

switching behavior and vregular capacitor ransitions,

The switching energy versus output code plot of the proposed scheme confirms a

significant average energy reduction of approximately 37.3% compared o conventional
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binary-weighted switching schemes. This improvement 1s primarily achieved through the
nse of non-binary segmented DAC architecture, which minimizes effective capacitance
switching, along with Yem-based switching, which reduces voltage swing across the
capacitors. Additionally, the asynchronous S AR logic eliminates redundant clock-driven
switching events, further contributing to redoced energy consumption. Overall, the
comparative analysis clearly shows that existing switching methods attempt o reduce
DAC switching energy through different charge redisiribution strategies, voltage

inttialization schemes and switching optimizations.

Power Distribution of ADC
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Fig. 5.12 Power Distribution of proposed 10-hit hybrid flash SAR ADC

The power distnibution analysis, depicted 1n Fig. 512, reveals that the DAC and
comparator together account for nearly 66% of the total power consumption. highlizhting
their dominant rele in determining overall ADC efficiency. The remaining power is
consumed by the tlash front-end and asynchronous SAR logie, which operate efficiently
due to event-driven activation and reduced switching overhead. This balanced power
dismburion demonsirates that the proposed design effectively oplimizes the most power-

critical blocks while maintaming high-speed operation.
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Table 5.1: Performance comparison of hybrid flash SAR ADC with recent works

Parameter

= = ]
Referend _E g = 512 E"E o o @ g = EE = =
- = o EE &7 | 2 e 4 |& Z 25 | B 2
[143] Fah- | &5 | 0| 0 | 13 FREI | B84 | 01 | 163 | H3 =
Ak
[150] Flash- | 28 | 6 | 1000 | 08 | 3556 | 4081 | 561 | 075 | D38 | 233 | 477
SAR / |
+1.40 | +#0.47
[167) Flash- | 130 | 10 | 32 | 1 | 67 | &892 | 913 | - : 30 | 227 | 02
SAR
B GAR | 110 | 4 | 5 | 12 [ 1016 | 124 | D52 | D30 | 1054 | 141
f f
+103 | #0350
48] GAR | 180 | 10 | B0 | 18 | %2 | 70s | - : : 161 181
T SAR | 180 | 10 | DIZ | 1 | 5826 | 674 | 939 | 06 | 077 | 008 | %89 | 013
[79] SAR | 180 | 10 | | 1 | 5781 | 6863 G31 | D161 | 0,052 | 1525 | 2406 | 0.057
193 SAR | 180 | 100 | TO 18 | 5826 | 6467 | 939 | 053 | 06/ | 58 | 1235
i | <0
.63
[11R] BAR | 180 | 10 | 10 | 1 | 585 | 700 | 04 | 063 | wAS | 35 | 311
Propmcd | Flsh- | 180 | 10 | 200 | 1 | 584 | 71 | 94 | D&5 | 055 | 23 | 209 | 0043
Waik SAR ! !
005 | 4066

The comparison Table 5.1 presents a performance evaluation of the proposed Hybed
Flash-8AR ADC against previously reported ADC architectures i terms of technology
nixde, resolution, sampling frequency, operating voltage, dynamic performance, linearity,
power consumption, FoM and silicon area. From the comparison, it can be observed that
the proposed architecture achieves a balanced improvement across multiple performance

parameters while mainmaining low implementation complexity and energy consumption.
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The proposed work is implemented in 180 nm CMOS wechnology and achieves 10-bit
resolution at a sampling frequency of 200 MS/s, which is higher than most of the reported
180k nm SAR ADC implementations Listed in the Table . Compared with conventional SAR
architectures operating at lower sampling frequencies such as 0,12 M8/, 1 M8/s, 70 MS/x,
and 100 M55, the proposed converter demonstrates a substantial increase in conversion
spectd while preserving conversion accuracy. From a dynamic performance perspective,
the proposed ADC achieves an SNDR of 58.4 dB and SFDR of 71 dB. indicating effective
suppression of distortion and good specteal purity. The achieved ENoB of 94 bits
confinms that the converter maintains performance close to ideal 10-hit operation.
Compared with previous]y reported works, the proposed architecture proyvides competitive
SNDR and SFDR values despite operating at a significantly higher sampling frequency.
The proposed converer achieves INL within —085+0.93 L5B and DNL within
—(.55/ .66 LSEB , both remaning within the acceptable £1 LSB limit for monotonic ADC
operation. These results indicate that the proposed segmented DAC architecture and
switching methodology maimntain accurate code transitions and minimize conversion
errors, Power consumption analysis also shows that the proposed architecture dissipates
only 2.3 mW, which is considerably lower than several earlier implementations despite
achieving higher conversion speed. The FolM further confirms the energy etficiency of the
proposed design achieved is 2009 {eonversion-step and is lower than several existing
architectures reporting FoM values of 47.7 fl/conversion-step, 36,89 fl/conversion-step,
il1.1 fliconversion-step. and 123.5 fliconversion-step. demonstrating improved energy

utilization per conversion operation.

Overall, the combined dynamic, static, and energy performance results confirm that the
proposed hvbrid Flash-SAR ADC achieves an excellent trade-off among high sampling
speed, low power consumption, reduced switching energy, and high linearity, making it a
highly efficient solution for next-generation high-speed and encrgy-constrained mixed-
signal applications.
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54 Summary

The complete evaluation of the proposed hybrid Flash-5AR ADC cleary demonstrates
that the co-optimization of architecture, DAC switching strategy, comparator design, and
control logic leads to a significant improvement in speed—power—accuracy (rade-offs
compared to conventional ADC implementations, The hybnd partitioning of the
conversion process intoe a flash-based coarse stage (4 MSBs) and a SAR-based fine stage
{6 LSBs) effectively addresses the fundamental Umitation of sequential SAR conversion,
By resolving the most significant bits in a single cycle using the flash front-end, the overall
conversion latency is substantially reduced. while the SAR stage ensures energy-cfficient
tine quantization. This architectural synergy enables high sampling rates without incurring

the exponential power and area penalty typically associated with full flash ADCs,

A key contributor tothe improved energy efficiency is the implementation of a non-binary
segmented DAC combined with Veom-based switching, Unlike conventional binary-
weighted DACs, which requine large capacitor arrays and result in significant switching
encray, the proposcd scgmentation strategy reduces the effective capacitance and relaxes
matching constraints. The use of thermometer coding for MSBs minimizes ghiich energy
and mismatch-induced errors, while the non-binary LSB DAC reduces switching activity
and improves tolerance 10 parasitic capacitances, The observed reduction of
approximately 57.53% in switching energy confurms the effectiveness of this approach.
Addstionally, mitializing DAC operation around the common-mode voltage reduces
voltage swing, which aol only lowers dynamic power consumplion bul also improves

settling behavior and reduces comparator kickback noise,

The incorporation of asynchronous SAR logic represents another significant ad vancement
in the proposed design. Unlike conventional synchronous SAR architectures that rely on
 fined clock period determined by worst-case delay, the asynchronous approach enables
event-driven conversion. where cach bit decision is triggered immediately upon

completion of the previous operation. This ehiminates unnecessary wuting time, reduces
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idle power consumption and allows the ADC o operate ar a speed determined by actual
circuit conditions, The handshake-based control mechanism ensures reliable operation
while maintaining deterministic timing, therehy improving both speed and energy
efficiency. However, this approach inroduces additional design complexity in terms of
handshake signal generation and synchromzation, which must be carefully managed w

avoid timing hazards and metastability issues.

The dynamic comparator further enhances the overall performance by providing higher
transconductance and faster regeneration under low supply voltage conditions. The
improved comparator speed directly contributes o reduced decision time per bit, which is
critical in achieving the high campling rate of 200 MS/s, Moreover, the reduced Kickback
noise and improved sensitivity of the comparator support better accuracy and linesrity, as
reflected in the measured INL and DNL values. The fact that linearity metrics remain
within +£1 LSB despite aggressive optimization of speed and energy indicates that the
proposcd  architecture  successfully  balances  performance  without compromising

precision.

From a svstem-level perspective. the power distribution analysis indicates that the DAC
and comparator dominate total power consumption, accounting for approximately 66% of
the overall power. This highlights that further improvements in ADC efficiency would
primarily depend on optimizing these two blocks. The flash front-end, although
comtribeting additional power due to parallel comparators, remains efficient because it
operates only for coarse quantization. Similardy, the asynchronous SAR lopic contribures
relatively less power due to its event-drven operation, validating its applicability for

encroy ¢fficiemt and high speed designs,

The robustness of the proposed ADC across temperature vanations further confirms its
practical viability. Minimal degradation in 5NDR and ENoB mdicates that the combined
effects of non-binary DAC, asynchronous control, and comparutor provide stable

operarion under PVT varsations. This robusiness is particulardy important for real-world
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applications such a5 wireless communication and sensor interfaces, where environmental

conditions can vary s gnificantly.

Despite the demonstrated advantages, certain trade-offs must be acknowledgzed, The
integration of multiple advanced techniques—suoch as hyvbrid architecture, non-binary
segmentation. and asynchronous control—mtroduces increased design complexsty and
venfication effort. Careful layout design is required to manage parasitic effects in the
DAC, and precise timing coordination is essential in asynchronous logic to ensure cormect
operation. Additionally, the flash front-end. while improving speed. introduces
comparaior offset considerations that may require calibration in  higher-resolution

implementanons.

In conclusion, the proposed hybrid Flash-SAR ADC successfully overcomes the
[imitations of conventional architectures by combining parallel coarse conversion, energy-
efficient fine quantization, and adaptive tming control. The achieved performance

charactenzed by high sampling rate. low energy consumption. good linearity, and strong
robustness—demonstrates that the proposed design provides an effective solution for next-
generation high-speed, low-power mixed-signal systems, specitically in applications such
as wireless transceivers, imaging systems and high-performance data acquisition

platforms.
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Chapter 6
Conclusions, Future Directions and Social Impact

This chapter presents the overall conclusions drawn from the research work carried out in
this thesis and discusses possible fumre extensions and broader societal impact of the
proposed techniques. The research focused on improving the perdformance of SAR ADCs
through innovations at both circuit and architeciural levels. The primary objective was o
achieve low power consumption. improved conversion speed, cnhanced energy efficiency
and reliable operation under modern CMOS technology constraimts while maintaining
acceplable conversion accuracy. A major contribution of this thesis 15 the development
and evaleation of multiple comparater architectures aimed at improving specd and cnergy
efficiency. Another important contribution of this work is the development of a low-power
SAR ADC architecture incorporating energyv-efficient DAC design technigues. To further
overcome speed limimnons associated with raditional SAR conversion, a Hybrid Flash-
SAR ADC architecture was proposed and implemented . Comprehensive simulation-based
validation was performed to evaluate the effectiveness of the proposed architectures, The
results confirmed that the proposed techniques collectively contribute toward improving
speed. reducing switching losses. lowering energy consumption and enbancing overall

COMYerter mﬁﬂrﬂ'\ﬂ'ﬂﬂﬂ .
6.1 Conclusions

This thesis presents a comprehensive investipation into the design and optimization of
energy efficient, high-speed SAR and hybrid ADC archiectures, with a particular focus
on comparator innovation, DAC switching techmgues, SAR logie and system-level
enhancements. The work systematically addresses key limitations of conventional ADC
designs through circuit-level amd architectural advancements, resulting in improved
performance across multiple metrics including  delay, power consumption, energy

efficiency. linearity, and robustness.

108



In Chapter 2, prior work on advanced mixed-signal circuit techniques relevant w SAR
ADC design is systematically reviewed to establish the foundation for the proposed
architectures. The chapter examines key gain enhancement methods such as self-cascode
and DTMOS technigues, highlighting their role in improving transconductance and
enabling low-voltage operation. Various latch structures, including  cross-coupled
regenerative latches, shared-charge resct mechanisms. and auxiliary inverter-bascd
designs, were analyzed in terms of regeneration speed, energy efficiency, and stability.
along with the Timitations of conventional comparator architectures. The study further
explores capacitive DAC techniques, incleding binary-weighted amays, monotonic
awitching, Vem-basad switching and split-capacitor structures, emphasizing their impact
on swiiching energy, area, and complexity. Additsonally, SAR logic and control strategies.
such as sequential logic, binary search algonithms, and asynchronous control technigues,
are discussed with respect to speed and power optimization. The chapter concludes with a
comparative analysis of these approaches in terms of power, delay, area, and design
complexity, leading 1o key observations and identification of research gaps that motivale

the proposed innovations in subsequent chapters.

In Chapter 3, # set of six novel comparator architectures {(PC1-PC6H) were developed using
progressive desizn techniques sech as self-cascode technigue which increascs gain.
shared-charge logic, auxibary inverter-assisted regeneration and DTMOS-based
operation. In particular, the DTMOS approach plays a crucial role in enabling ultra-low-
voltage operation. The results demonstrate that incressing preamplifier gam  and
improving latch regeneration significantly reduces comparator delay while enhancing
sensitivity. Among the proposed designs, dynamic latch-based comparators, particularly
PCZ, PC4 and PCH, achieved superior performance in terms of energy-delay trade-off.
while static latch configurations offered better robustness and simpler timing. Overall. the
DTMOS-based comparators effectively overcome threshold voltage limitations in scaled
CMOS technologies, enabling religble, high-speed, and energy-efficient operation at
reduced supply voltages.
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Chapier 4 introduced a low-power SAR ADC architecture employving an optimized DAC
switching strategy based on Vem-assisted switching . monotonic charge redistnibution, and
capacitor spliting technigques. The proposed approach significantly reduced DAC
switching energy while maintaining high linearity and accuracy. The ADC achieved
excellemt performance metncs, including low power consumption, FoM and accepiable
INL/DNL characteristics, demonstrating its  suitability for emergy-constrained

applications.

In Chapter 5, a hybrd Flash-SAR ADC architecture was proposed to overcome the speed
limitaons of conventional SAR ADCs, By integrating a flash front-énd for coarse
conversion with o SAR-based fing converaion stage, along with a non-binary segmenied
DAC and asynchronous SAR logic, the proposed design schieved high sampling rates
while maintzining energy efficiency. The uwse of asynchronous control eliminated
unnecessary clock overhead, while the comparator and optimized DAC switching further
enhanced performance. The results confirmed that the hybnd architecture achicves a
favorable balance among speed, power and resolution, making it suitable for high-

performance data conversion systems.

Overall, the thesis establishe s that co-design of comparator, DAC SAR logic is crucial for
getting an optimized ADC performance. The proposed technigques successfully address
the trade-ofts inherent in conventional designs and provide scalable solutions for low.

voltage, high-speed and energy-efficient mixed-signal systems.

6.2 Future Directions

The proposed comparator architectures and low-power ADC systems establish a
foundation for further advancements in energy-efficient mixed-signal integrated circuit
design. Although the developed architectures demonstrate improvements in Conversion

speed, switching energy and power etficiency, several opportunities remain for extending
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their performance and applicability in future electronic systems, The following research

directions can be explored;

. Migration to advanced CMOS technology nodes

Future work can focus on implementing the proposed comparator and ADC architectures
in advanced CMOS echnologies such as 65 nm. 45 nm, 28 nm, snd FinFET-based
processes, Technology scaling can provide improvements in speed, area efficiency, and
dynamic power reduciion, However, challenges associated with lower supply voltages,
leakage currents, process variation and device mismatch must be addressed through

adaptive analog design technigues.
2. Ultra low power ADC design for energy constrained systems

Further optimization can target sub-threshold and near-threshold circuit operation o
enable ADC functionality under extremely limited encrgy budgets. Such architecturcs
may support battery-less devices. energy harvesting systems, wireless sensor nodes, and
long-lifetime loT platforms, where minimizing energy per conversion becomes a primary

ohjective.
3. Intelli gent calibration and digital sssisiance technigqoes

Future research can imtegrate digital back ground calibration, adaptive offset cormrection and
self-calibration algonthms to compensate for comparator offset, capacitor mismatch and
process vanations, The use of digital assistance can improve lincarity. increase robustness

and maintain converter accuracy under varying operating conditions,

4. Al-assisted mixed signal design optimizstion

Artificial mielligence and machine learming technigues can be incorporated 0 automalte
transistor sizing, comparator optimization. switching sequence selection and power-
performance trade-off analysis. Al-driven optimization may signiticantly reduce design

complexity and pocelerate development of high-performance ADC architeciures.

211



5. High speed tme-imterleaved hybrid ADC archiectures

The proposed Hybrid Flash-SAR structure can be extended mto time-interleaved
conversion systems to achieve multi-channel operation and significantly higher effective
sampling rates, Future studies may investigate timing synchronization, channel mismatch

calibration and digital correction methods for ultra-high speed applications.

6. Advanced DAC switching and capacitor reduction technigues

Additional improvements can be achieved by developing adaptive switching al gonthms.
capacitor compression methods, and charge-recveling architectures to further minimize
DAC switching energy and silicon area. These techniqoes can improve overall ADC Fol

while PrCSCOVINE CONVErsion Qoo acy,

7. Fully asynchronows and event-driven ADC architeciures

Future implementations may explore clock-independent conversion mechanisms that
activate circuit blocks only when required. Such asynchronous architectures can reduce
unnacessary switching activity and improve energy efliciency For variable-mae sensing

applications,

8. Hardware fabrication and experimental validation

The proposed srchitectures can be extended beyond simulation through posi-lavout
veritication, fabrication and silicon measurement. Experimental validation will provide
insight into parasitic effects, process vanation, reliability and real-world performance

under practical operating environments.

9. Integration with smarnt sensing and edge computing systems

Future ADC systems can be co-designed with edge processing units, embedded
intelligence and adaptive sensing platforms to support real-time data acquisition with

reduced communication overbead and improved energy utilization.
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10, Susninable and green electronics design

Future research may investigate energy-aware circuit methodologies, adaptive power
management, and envirommentally sustainable semiconductor design approaches 1o

support long-term development of low-power electronic systems,

Owverall, these future directions provide opportunities to extend the proposed work toward
next-generation ADC systemns that offer higher speed, lower power consumption,
improved scalability and enhanced compatibility with emerging imelligent and sustainable

electronic applications,
6.3 Social Impact

The proposed research on low-power comparator architectures and energy-eificient ADC
systems supports multiple Sustainable Development Goals {SDGs) through advancements
in susisinable elecronic design and intelligent data conversion. By reducing power
comsumption and improving energy utilization, the proposed architectures contribute to
SDG T iAffordable and Clean Energy) through the development of energy-efficient
electronic systems. Their applicanon in wearable devices, biomedical monitoring, and
healthcare instrumentation supports SDG 3 (Good Health and Well-beingh by enabling
reliable and long-duration operation of medical sensing platforms. The proposed Hybrid
Flash-S8AR ADC and optimized mixed-signal architectures also align with SDG 9
{Industry, Innovation and Infrastreciure) by promoting advanced  semiconductor
technologies and efficient digital mfrastnectare. Furthermore, the deployment of low-
power sensing systems in smart monitonng applications contnbutes 10 SDG 11
{Sustainable Cities and Communities ), while reduced energy demand and improved circuit
efficicncy indirectly support SDG 12 (Responsible Consumption and Production) and
SDG 13 (Climate Action) by lowering resource utilization and envirenmental impact.
Overall, the proposed work contributes toward the development of sustainable. encrgy-

aware and scalable electronic sysiems for fumre technodogical applications.
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