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CHAPTER 1

INTRODUCTION

1.1 Background and Importance of Temperature Sensing

Temperature sensing is a fundamental requirement in modern integrated systems. As tech-

nology nodes scale and transistor densities increase, thermal gradients, leakage power, and

self-heating become more pronounced. Reliable on-chip thermal monitoring enables dy-

namic voltage and frequency scaling, reliability management, power budgeting, and cali-

bration of sensitive analog and mixed-signal blocks. Applications span high-performance

processors, memory systems, RF front-ends, biomedical implants, image sensors, and au-

tomotive electronics, where stable and accurate temperature sensing is essential to maintain

performance and prevent damage caused by excessive heat. The increasing complexity of

System-on-Chip (SoC) has therefore ampli�ed the need for compact and low-power ther-

mal sensors that can be distributed across the die.

Traditional temperature sensors rely heavily on bipolar junction transistors or precision

resistors. While these structures provide predictable temperature dependence and high ac-

curacy, they incur large device geometries, require substantial supply headroom, and do not

scale well in advanced Complementary Metal-Oxide-Semiconductor (CMOS) nodes. As

supply voltages decrease, these requirements con�ict with the constraints of modern pro-

cesses designed primarily for dense digital integration. These limitations have motivated

the exploration of purely CMOS-based alternatives that offer compactness, scalability, and

compatibility with standard digital �ows.
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1.2 Limitations of Conventional Temperature Sensing Approaches

BJT-based sensors exploit the well-de�ned temperature dependence of the base–emitter

voltage, but their operation requires headroom close to one diode drop, making them in-

compatible with deeply scaled CMOS processes operating near or below 1 V. They also

require large device dimensions to maintain matching and accuracy, increasing area over-

head, and many modern process �ows do not include high-quality bipolar devices.

Resistor-based sensors provide structural simplicity, but achieving a suf�ciently strong

temperature coef�cient often demands large resistor values and substantial silicon area.

These structures are also sensitive to process variations and mismatch.

CMOS subthreshold devices offer strong temperature sensitivity and excellent area ef-

�ciency, but they introduce design challenges such as body-bias sensitivity, increased vari-

ability, and deviations in subthreshold slope. These issues must be addressed at both archi-

tectural and circuit levels. Nevertheless, subthreshold operation remains attractive because

it scales naturally with technology and offers orders-of-magnitude power reduction.

1.3 Motivation for a Fully CMOS Temperature Sensor

This work aims to design a temperature sensor that operates reliably at low supply volt-

ages, avoids large passive components or BJTs, achieves compact area, and maintains ro-

bustness under supply noise. A compact CMOS sensor can be replicated easily across an

SoC to provide spatially distributed thermal monitoring with minimal area and power over-

head. Because such sensors rely on standard transistor behaviour, they integrate naturally

into mixed-signal design �ows and scale favorably across technology generations. Their

compatibility with digital subsystems also reduces the need for special analog domains or

isolation structures.

Additionally, the substantial switching activity present in modern leads to signi�cant

power-supply ripple arising from clock trees, memory operations, and digital logic transi-
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tions. As a result, there is a strong need for temperature sensors that remain stable under

noisy supply conditions without relying on heavy analog �ltering.

1.3.1 LiteratureSurvey

Temperature sensing has evolved signi�cantly over several decades. Early designs were

dominated by BJT-based sensors due to their strong Proportional To Absolute Temperature

(PTAT) characteristics and excellent linearity [1, 2]. Seminal surveys by Makinwa [3, 4]

and foundational texts such as [5, 6] document how these structures established the basis

for accurate thermal monitoring in precision analog systems.

As CMOS technologies scaled and supply voltages fell, design trends shifted toward

MOSFET-based techniques. The predictable temperature dependence of MOS threshold

voltage and mobility [7] inspired the development of subthreshold-based voltage and cur-

rent references [8, 9]. Weak-inversion PTAT generators enabled ultra-low-power temperature-

to-frequency converters suitable for compact sensor nodes.

Resistor-based sensors also advanced considerably. Silicided resistors enabled high-

resolution phase-domain architectures [10], while complementary-TC resistor structures

demonstrated strong supply-noise immunity [11]. Industrial studies, such as Intel's multi-

generation analysis [12], revealed how practical constraints—including area, supply scal-

ing, and hotspot distribution—shape sensor topologies used in real-world .

The need for digital compatibility motivated increasing adoption of time-domain sens-

ing. Delay-line-based sensors [13], fully digital -based designs [14], and curvature-compensated

time-domain approaches [15] offered strong scalability and ease of integration. Thermal-

diffusivity-based structures [16] provided excellent absolute accuracy but required long

measurement windows.

Ultra-low-power techniques emerged to support and wearable devices. Designs such

as the sub-nW converters in [17] and MOSFET-only sensors in [18] demonstrated that

extremely low energy consumption is achievable while maintaining meaningful resolution.
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Additional innovations include ��-based readout for resistive sensors [19] and nanoamp-

level CMOS thermal sensors [20, 21].

Finally, compact data-conversion strategies such as Successive Approximation Reg-

ister (SAR) Analog-to-Digital Converter (ADC)s provide a natural interface to current-

and voltage-mode sensors due to their ef�ciency and scalability. Work such as [22] of-

fers guidance on comparator design and capacitor scaling for low-power readout. Broader

system-level analyses emphasized in [23] underscore the importance of low-energy sensing

in deeply integrated platforms.

Together, these developments illustrate a clear progression toward CMOS-only, digi-

tally compatible, energy-ef�cient thermal sensors—motivating the architecture explored in

this thesis.

1.4 Objectives of This Work

The objective of this thesis is to design and validate a fully CMOS temperature sensor that

achieves low area and low power while maintaining robustness across Process, Voltage,

and Temperature (PVT) variations and noisy supply conditions. The focus is on develop-

ing a compact subthreshold sensing core that generates PTAT and signals with controlled

linearity, and designing a current-domain SAR ADC for direct digitization. Further objec-

tives include evaluating supply-noise resilience, analyzing process-corner behaviour, and

validating feasibility through post-layout simulations. The design targets a resolution of

approximately 5–6� C per Least Signi�cant Bit (LSB), which is adequate for many on-chip

thermal management tasks.

1.5 Contributions

This thesis introduces a fully CMOS temperature-sensing architecture that exploits comple-

mentary PTAT and behaviours in subthreshold MOS devices. It presents a compact 5-bit

current-domain SAR ADC enabling ef�cient and supply-noise-resilient digitization of tem-
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perature information. A systematic analysis of process variation is performed, leading to

a practical single-point calibration method. The work demonstrates strong resilience to

supply ripple up to 2 GHz with minimal code disturbance and provides detailed post-layout

evaluation under mixed-signal operating conditions. Key bottlenecks—including compara-

tor limitations—are identi�ed, along with strategies for improving next-generation designs.

1.6 Organization of This Thesis

Chapter 2 describes the design of the temperature sensor, beginning with a resistor-based

prototype and progressing to the �nal CMOS implementation. Chapter 3 presents the simu-

lation results, including static behaviour, supply-noise analysis, process-corner evaluation,

and post-layout performance. Chapter 4 concludes the thesis with a summary of �ndings,

limitations, and future extensions.
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CHAPTER 2

DESIGN OF A CMOS-BASED, LOW-AREA AND NOISE-RESILIENT

TEMPERATURE SENSOR

2.1 Overview of the Architecture

The proposed temperature sensor is implemented entirely in standard CMOS devices and is

optimized for low area, low power, and strong robustness to PVT variations. At a high level,

the architecture comprises two major functional blocks: (1) a subthreshold MOSFET-based

front-end that generates temperature-dependent sensing signals and includes the necessary

biasing and reference circuits for stable operation and reliable start-up; and (2) a compact

5-bit current-domain SAR ADC that digitizes the resulting current to produce a stable tem-

perature code. A high-level block diagram of the complete system is shown in Figure 2.1.

The design philosophy is shaped by the evolution of CMOS temperature-sensing tech-

niques over the past two decades. Early thermal sensors predominantly relied on BJT-

based PTAT principles due to their excellent linearity [5, 6, 3, 1, 2]. As supply volt-

ages scaled down, the required analog headroom became incompatible with dense SoC

implementations, motivating a transition toward MOSFET-based sensing. Subthreshold

MOS operation offers predictable temperature dependence of VGS and drain current [7],

enabling low-power current references as demonstrated in [24, 8, 25]. Complementary

work explored resistor-based sensors, where silicide and temperature-compensated resis-

tors achieved strong �gures-of-merit [11, 10]. Industrial analyses such as [12] highlight

how area, supply interference, and die-level gradients drive architectural considerations in

real SoCs.

Time-domain sensing also gained traction due to its digital compatibility. Delay-line

sensors [13], TDC-based implementations [14], and curvature-compensated time-domain
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Figure 2.1: High-level block diagram of the proposed CMOS temperature sensor.

converters [15] demonstrate excellent scalability and energy ef�ciency. Ultra-low-power

implementations such as the picojoule TDC in [17] represent the limits of aggressive energy

optimization, while MOSFET-only sensors [18] further simplify analog design.

The architecture described in this work uses a subthreshold MOS front-end paired with

a current-mode SAR ADC, offering strong supply-noise resilience, compact area, and pre-

dictable scaling with advanced CMOS nodes. The �nal design occupies approximately

2000 µm2 and exhibits wide temperature-range coverage from �25� C to 100� C with good

linearity.

2.2 Resistor-Based Prototype: Baseline Concept

To validate coarse temperature quantization, an initial resistor-based prototype was de-

signed. One resistor ladder generated a PTAT voltage using complementary TC resistors,

while a second ladder produced a Constant With Temperature (CWT) reference. A �ash

ADC compared the PTAT node against the CWT taps, producing a 2–3 bit temperature bin.

Although the prototype produced monotonic output transitions, several limitations emerged:

— large area due to resistor geometries, — strict matching requirements, and — noticeable

supply sensitivity.

These observations motivated the shift toward a fully CMOS-based subthreshold sens-

ing approach.
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Figure 2.2: Simulated NMOS VGS under constant-current subthreshold bias, showing
CTAT behaviour.

2.3 CMOS Subthreshold Temperature Sensing Core

2.3.1 SubthresholdNMOSBehaviourandTemperatureSensitivity

The �nal design exploits the exponential dependence of subthreshold drain current on VGS .

Under constant-current bias, MOSFETs exhibit a strong Complementary To Absolute Tem-

perature (CTAT) dependence due to temperature-driven changes in mobility and threshold

voltage. This behaviour forms the basis of low-power voltage and current references [24,

8]. The simulated temperature dependence is shown in Figure 2.2, demonstrating near-

linear operation from -25� C to 100� C.

2.3.2 PTAT, CTAT, andCWT CurrentGeneration

The full biasing network used to generate PTAT, CTAT, and CWT currents is shown in Fig-

ure 2.3. The PTAT branch operates by biasing two subthreshold MOSFETs at different cur-

rent densities, which produces a difference in their gate–source voltages, �VGS . This volt-

age difference increases with temperature and therefore serves as a PTAT voltage. When

this �V GS is applied across a resistor, it is naturally converted into a PTAT current. This

current forms the primary temperature-sensing bias and provides a stable, monotonic ref-

8



Figure 2.3: Biasing network generating PTAT, CTAT, and CWT currents.

erence for downstream blocks.

The CTAT branch instead uses the temperature dependence of a single device's VGS .

Since VGS decreases with temperature in the subthreshold regime, this voltage forms a

reliable CTAT reference. Passing this voltage through a resistor yields a CTAT current that

decreases predictably as temperature rises.

By appropriately sizing devices and selecting the relative weighting of the PTAT and

CTAT branches, the circuit generates a CWT voltage whose temperature dependencies can-

cel out. This voltage, when applied to a resistor, produces a CWT current that remains

nearly constant across the full operating range. In this design, the resulting CWT current

varies by less than �0:2% , providing a highly stable bias for the current mode DAC.

Overall, these biasing modules create well-de�ned temperature-dependent and temperature-

independent bias currents that underpin the behaviour of the sensing core and ensure robust

performance across temperature and supply variations.

The resulting voltage characteristics are shown in Figure 2.4, illustrating complemen-

tary slopes and the stable CWT behaviour.

2.3.3 ProcessVariationandIts Impact

Corner simulations (Typical-Typical (TT), Slow-Slow (SS), Fast-Fast (FF)) show the ex-

pected shifts in absolute PTAT and CTAT levels due to device variation, while the temper-
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Figure 2.4: Simulated PTAT, CTAT, and CWT voltage characteristics across temperature.

ature slopes remain consistent across corners. These deviations manifest primarily as �xed

offsets rather than changes in linearity, making them straightforward to correct. A simple

one-point calibration at a known reference temperature effectively removes these offsets

and ensures consistent behaviour across process variations without requiring any analog

trimming.

2.3.4 Start-UpCircuit

Subthreshold current loops may fail to initialize without injected current. The built-in start-

up circuit in Figure 2.3 provides a brief kick-start pulse and then disables itself once bias

nodes reach equilibrium.

2.4 5-bit Current-Domain SAR ADC

2.4.1 Motivation for Current-DomainDigitization

Since the sensing core produces currents, a current-domain SAR ADC avoids intermediate

voltage staging and offers strong supply noise immunity. A 5-bit resolution provides a

balance between area, noise margin, and quantization granularity (5–6� C per LSB).
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Figure 2.5: Schematic of the 5-bit current-domain SAR ADC.

2.4.2 ADC Architecture

The full SAR ADC architecture is shown in Figure 2.5. A binary-weighted current DAC

(W–16W) is selectively enabled based on the SAR logic, which performs sequential sub-

traction from the input PTAT current.

2.4.3 ComparatorBehaviourandLimitations

Comparator operation during conversion is visualized in Figure 2.6. The design uses cas-

caded CMOS inverters providing suf�cient gain for binary decisions. Mid-scale distortion

due to inverter threshold variation is minor and acceptable for coarse sensing.

2.5 Summary

The �nal temperature sensor integrates PTAT/CTAT/CWT current generators, a robust

start-up network, and a compact current-domain 5-bit SAR ADC. Compared to the resistor-

based prototype, the CMOS implementation achieves reduction in area, good linearity, and

signi�cantly improved supply-noise tolerance. The design scales naturally with advanced

CMOS technologies and offers robust, calibration-light operation suitable for distributed

thermal monitoring in dense SoC environments.
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Figure 2.6: Simulated comparator behaviour during SAR conversion.
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CHAPTER 3

RESULTS AND EXPERIMENTAL ANALYSIS

3.1 Overview of Evaluation Methodology

The proposed temperature sensor was evaluated through extensive pre-layout and post-

layout simulations across temperature, supply voltage, and process conditions. The anal-

ysis focuses on four key aspects: temperature-to-code linearity, supply-noise resilience,

process-variation tolerance, and post-layout behaviour including comparator-induced non-

linearities. All simulations were performed using the TSMC 28 nm CMOS technology.

The evaluation procedure consists of: (1) static temperature sweeps to characterise lin-

earity; (2) PVT corner analysis; (3) supply-noise stress testing from low frequencies to the

multi-GHz range; (4) post-layout evaluation of the Output Code linearity versus tempera-

ture.

3.2 Temperature Sweep and Linearity

3.2.1 StaticTemperatureCharacteristics

A complete temperature sweep from -25� C to 100� C was performed to evaluate the output

behaviour. The staircase response is shown in Figure 3.1. The PTAT current increases with

temperature while the CTAT branch decreases, producing a stable differential input for the

ADC.

The output codes remain strictly monotonic with no missing transitions. Each step

corresponds to approximately 5–6� C, matching the expected 5-bit resolution.

13



Figure 3.1: ADC output code under static temperature sweep.

3.3 Process Corner Analysis

3.3.1 CornerBehaviour

Sensor behaviour across TT, SS, FF, Slow-Fast (SF), and Fast-Slow (FS) corners is shown

in Figure 3.2. Device variations shift the PTAT and CTAT branches, resulting in vertical

offsets in output code.

Despite these offsets, all corner responses remain strictly monotonic.

3.3.2 CalibrationImpact

A single-point calibration at 27� C aligns the corner curves by removing static offsets. Af-

ter calibration, the curves converge near the reference point and maintain reduced spread

across the entire range.

14



Figure 3.2: Cross-corner comparison of output code across temperature.

3.4 Power-Supply Noise Resilience

3.4.1 High-FrequencyNoisePerformance

Supply ripple from 10 MHz to 2 GHz was injected to evaluate noise resilience. The extreme

case at 2 GHz is shown in Figure 3.3. Even with 200 mV peak-to-peak ripple, the output

code remains stable except for small ±1 LSB boundary shifts.

The current-domain SAR ADC and on-chip decoupling signi�cantly improve noise

immunity.

3.4.2 Mid- andLow-FrequencyNoiseEffects

Ripple at 5 MHz and 100 MHz ( Figure 3.4, Figure 3.5) produces negligible distortion.

At lower frequencies—5 kHz and 100 kHz ( Figure 3.6, Figure 3.7)—the bias network

15



Figure 3.3: Effect of 2 GHz supply ripple on sensor output.

partially tracks the ripple, causing ±1 LSB variations near comparator thresholds.

Across all frequencies, the sensor maintains monotonic and predictable behaviour.

3.5 ADC Performance and Limitations

3.5.1 Pre-LayoutBehaviour

Pre-layout simulations of the SAR ADC verify uniform step spacing, robust comparator

decisions, and correct MSB-to-LSB convergence.

3.5.2 Post-LayoutComparator-InducedErrors

Post-layout results, shown in Figure 3.8, reveal one slightly compressed mid-range code

(around code 15).

Despite this minor non-ideality, the output remains monotonic and within speci�ca-

tions.
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Figure 3.4: Impact of 5 MHz supply ripple.

3.6 Dynamic Behaviour and Mixed-Signal Validation

3.6.1 TemperatureStepResponse

Dynamic simulations con�rm that the sensor cleanly transitions between codes following

abrupt temperature changes. After the PTAT/CTAT currents settle, the SAR engine resolves

the output within a few microseconds.

3.6.2 Mixed-SignalIntegration

Top-level simulations verify correct operation of the SAR logic, current DACs, comparator,

and readout circuitry. Control signals such as ADCREADY and OUTWORD behave

consistently across corners and noise conditions.

3.7 Test Infrastructure and Digital Readout Integration

A Serial Peripheral Interface (SPI)-based readout system was implemented for automated

measurement. As shown in Figure 3.9, a 6-bit counter cycles through sensors, a 4-bit

counter selects the corresponding Multiplexer (MUX) branch, and a 16-to-1 MUX aggre-

17



Figure 3.5: Impact of 100 MHz supply ripple.

gates the currents for external capture.

This setup simpli�es corner sweeps, noise testing, and full-chip debugging.

3.8 Summary of Results

The sensor exhibits stable, monotonic temperature characteristics; strong PVT robustness;

resilience to supply ripple across frequencies from kHz to GHz; and reliable post-layout

performance. The PTAT/CTAT front-end and current-domain SAR ADC integrate ef�-

ciently within a SoC environment and achieve the intended design goals.
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200 mV

Figure 3.6: Impact of 5 kHz supply ripple.

200 mV

Figure 3.7: Impact of 100 kHz supply ripple.
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Figure 3.8: Post-layout ADC output across temperature showing mid-range compression.

Figure 3.9: Design For Test (DFT) and SPI-based readout architecture for sensor evalua-
tion.
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