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Abstract

In analog and radio frequency (RF) circuit design, innovation is a cornerstone driv-
ing progress amid escalating demands for energy efficiency, reliability, and performance
optimization. This thesis, titled ”Innovative Design Approaches with Self-Adaptive Meth-
ods for Analog and RF Circuits,” presents a comprehensive exploration of cutting-edge
methodologies to revolutionize circuit design paradigms. Divided into two distinct yet in-
terconnected sections, the thesis embarks on a journey through the intricate landscape of
analog and RF circuitry.

The first section delves into the intricate art of low-power analog and RF design, driven
by the relentless pursuit of energy efficiency. Here, novel architectures, circuit topologies,
and optimization techniques have been explored to minimize power consumption while
preserving signal integrity and performance metrics. The journey begins with a meticu-
lous investigation into two low-supply 0.5V current/voltage reference designs tailored for
ultra-low power IoT and biomedical applications. The first one, designed in CMOS 90nm
technology, proposes a current and voltage reference that achieves a typical accuracy of
34.6ppm/°C' (29.68ppm/°C) over a wide temperature range of -55°C to 75°C with typical
value 63.32pA (0.35V). We observe excellent line sensitivities of 0.0318%/V and 0.0576%/V
for voltage and current references in a supply range of 0.5V - 2.3V. The second reference
focuses on reducing the power to half compared to the previous one. The design gener-
ates reference values of 90.7pA and 288mV, giving an excellent temperature coefficient of
15.2ppm/°C and 36.8ppm/°C for compensated current and voltage values, respectively, at
a nominal supply of 0.5V for a wide temperature range of -55°C to 100°C. The circuit
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works for a wide voltage range of 0.5V - 2.6V with a supply sensitivity of 0.028%/V and
0.154%/V for current and voltage reference, respectively.

The thesis then introduces a new nW range gate-leakage-based Sub-Bandgap Voltage
Reference (SUB-BGR) for low-power, high-temperature IoT applications. Designed in
TSMC 65nm technology, the proposed architecture achieves an accuracy of 94ppm/°C. It
achieves an excellent line sensitivity of 0.0066%/V for a supply range of 0.7V to 4V and
PSRR of 89dB at DC 1V supply.

As the spectrum broadens, the focus shifts to the high-frequency domain, where the
work explores the intricacies of on-chip Vector Network Analyzers (VNAs). It introduces
a fully integrated low-power, low-area on-chip single-port CMOS VNA, designed explicitly
for bio-molecule detection, operating in a tunable frequency range of 0.5GHz to 2.5GHz.
This design incorporates innovative features such as an IDC sensor and a high-linearity
Low Noise Amplifier (LNA), demonstrating superior performance metrics within a compact
footprint.

The process, voltage, and temperature (PVT) variations immensely affect the circuit
performance of the Analog and RF circuits. The second section of the thesis delves into
self-adaptive methodologies tailored to mitigate variations across PVT, addressing the
challenge of ensuring consistent circuit performance. Leveraging adaptive control and
feedback mechanisms, self-adaptive loops are developed and implemented in simulation,
dynamically adjusting circuit parameters in real-time. For efficient self-adaptation, the
information of P, V, and T is necessary to provide accurate real-time feedback, enabling
dynamic parameter adjustments in analog and RF circuits.

This thesis significantly contributes to the advancement of analog and RF circuit design
methodologies through a synthesis of theoretical analyses, simulation studies, and practi-
cal implementations. By embracing innovation and harnessing the power of self-adaptive
methods, this research paves the way for a new era of agile, efficient, and resilient analog

and RF circuits.
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Chapter 1

Introduction

The history of semiconductors is a fascinating tale that has changed our everyday lives
and ushered in a period of unheard technological progress. A semiconductor is funda-
mentally a substance whose electrical conductivity is between that of an insulator and a
conductor. Years of creativity have allowed for the manipulation and harnessing of this
seemingly simple notion to create the complex microchips and integrated circuits that

power the everyday electronics we depend on. (Fig 1.1)

The birth history of semiconductors can be traced back to the invention of the rectifier
(AC-DC converter) in 1874. Many years later, in 1947 Shockley invented the junction
transistor and in 1948 Bardeen and Brattain at Bell Laboratories in the US created the
point-contact transistor. This announced the beginning of the era of transistors. Vacuum
tubes were used in the 1946 computer created by the University of Pennsylvania in the
United States. The computer was so big that its vacuum tubes took up the whole building,
and it generated a lot of heat and used a lot of electricity. Subsequently, after the invention
of the transistor, the ground-breaking transistor calculator (the computer) was created,
and even then, computers have advanced exponentially. Shockley, Bardeen, and Brattain
shared the 1956 Nobel Prize in Physics in recognition of their contributions to the study

of semiconductors and the invention of the transistor.
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Figure 1.1: Journey of semiconductor][!]

Since the transistor’s development, the semiconductor industry has experienced fast
expansion. It had already surpassed the 100 million mark in 1957. Kilby of Texas Instru-
ments (US) and Noyce of Fairchild Semiconductor devised the bipolar integrated circuit
(IC) in 1959. This innovation signalled the beginning of the IC era and had a significant
impact on the history of semiconductors. Due to its tiny size and lightweight, the inte-
grated circuit (IC) was widely utilized in numerous electric products. Texas Instruments
used integrated circuits (IC) to create the electronic desktop calculator, or calculator, in
1967. Up to the end of the 1970s, there were intense ”calculator wars” amongst electronic
equipment makers in Japan as they released calculators one after another. The devel-
opment of the large-scale integrated circuit (LSI) marked a further advancement in IC
integration. The 1980s saw the development of the VLSI (between 100,000 and 10 million

electronic components per chip), while the 1990s saw the development of the ULSI (over
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10 million electronic components per chip). System LSIs, or multi-function LSIs having
several functions integrated into a single chip, were mass-produced in the 2000s. With
IC moving towards high performance and multi-functionality, its range of applications is
growing. Nowadays, semiconductors are a need for daily living and are employed in every

aspect of our civilization.

1.1 Importance of IC Designing

Integrated Circuit (IC) design stands at the forefront of technological innovation, serv-
ing as the cornerstone of modern electronic systems across a myriad of applications. As
the fundamental building blocks of electronic devices, ICs play a pivotal role in shaping
the functionality, performance, and efficiency of everything from consumer electronics to

industrial automation and beyond.



Semiconductor designing

|

Analog | RF  Digital | Mixed : 'ASIC | DSP i Memory: Electronic

R H , H . : i Power A A b i :
design : design : design : signal gmanagementédes'gn i design idesign :Design
: : - design édesign : ! ’EAutomation
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The importance of integrated circuit (IC) designing cannot be overstated in today’s
interconnected world. At the heart of virtually every electronic device, ICs serve as the
foundation upon which innovation thrives. From smartphones and computers to medical
devices and automotive systems, ICs enable the seamless integration of complex function-
alities into compact, efficient, and reliable chips. IC designing not only drives technological
progress but also enhances the efficiency, functionality, and connectivity of electronic de-
vices, shaping the way we communicate, work, and interact with the world around us.
Moreover, IC design fuels economic growth by stimulating innovation, creating job oppor-
tunities, and fostering entrepreneurship in the semiconductor industry. With its pervasive
influence across diverse sectors, IC designing stands as a cornerstone of modern civiliza-
tion, empowering society with the tools and technologies to tackle complex challenges and
propel humanity forward into a future of endless possibilities. The major applications of
IC design are shown in Fig 1.2.

IC design encompasses a wide range of specialized areas, each focusing on different

aspects of electronic circuits and systems. Some of the key areas include(Fig 1.3):

1. Analog Design:
Description: Involves designing circuits, including amplifiers, filters, and analog-to-

digital converters, that process continuous signals.



Applications: Analog circuits are essential for many tasks, such as sensors, commu-

nication interfaces, and audio processing.

. Digital Design:

Description: focuses on the design of digital circuits, including logic gates, digital
processors, and memory circuits, that process discrete binary signals. Applications:
Micro-controllers, digital signal processors, and computing systems all depend on

digital design.

. RF (Radio Frequency) Design:

Description: Specialized area dealing with the design of circuits operating at radio
frequencies, commonly used in wireless communication systems.

Applications: RF design is critical for wireless communication devices, such as mobile

phones, Wi-Fi, Bluetooth, and radar systems.

. Mized-Signal Design:

Description: Involves the integration of both analog and digital components on the
same chip to handle both continuous and discrete signals.

Applications: Common in applications like data converters, analog-to-digital /digital-

to-analog converters, and sensor interfaces.

. Power Management Design:

Description: Focuses on the efficient management and distribution of power within
electronic systems.

Applications: Crucial for mobile devices, battery-powered devices, and energy-efficient

electronic systems.

. ASIC (Application-Specific Integrated Circuit) Design:
Description: Involves designing custom integrated circuits tailored for specific appli-

cations or tasks.



Applications: Used in various industries for specialized tasks, such as image process-

ing, automotive control systems, and networking.

7. Memory Design:
Description: Focuses on the design of memory circuits, including RAM (Random
Access Memory) and non-volatile memory.
Applications: Essential for storing and retrieving data in electronic systems, ranging

from computer memory to flash storage.

8. Digital Signal Processing (DSP):
Description: Involves the manipulation of digital signals to extract meaningful infor-
mation or enhance the quality of the signal.
Applications: Widely used in audio processing, image processing, telecommunica-

tions, and control systems.

9. EDA (Electronic Design Automation):
Description: Encompasses the use of software tools and methodologies to automate
the design and verification of electronic systems.
Applications: EDA tools are used throughout the semiconductor design process,

aiding in simulation, synthesis, and layout.

These areas often overlap, and semiconductor designers may specialize in one or more
of these domains depending on the specific requirements of their projects. Advances in
semiconductor design continue to drive innovation and the development of increasingly

complex and sophisticated electronic systems.

1.2 Analog and RF Designing

Analog and RF (Radio Frequency) design stand as pillars of modern electronics, each

representing a specialized domain within integrated circuit (IC) design with unique char-



acteristics and applications.[(] Analog design revolves around the processing of continuous
signals, such as voltage or current, to perform functions ranging from amplification and
filtering to signal conditioning and conversion. In contrast, RF design encompasses circuits
operating at high frequencies, enabling wireless communication systems, radar systems, and
RF identification (RFID) devices. Together, analog and RF design form the backbone of
countless electronic devices, facilitating seamless communication, precise signal processing,
and efficient power management. As technology continues to advance, the importance of
analog and RF designing only grows, driving innovation and shaping the future of wireless

connectivity, sensing, and automation.

The key differences between analog and RF designing:

1. Frequency Range:

Analog Design: Analog circuits typically operate at frequencies ranging from DC
(Direct Current) to a few megahertz (MHz). These circuits are primarily used for
processing continuous signals, such as voltage or current, in various applications,
including amplification, filtering, and signal conditioning.

RF Design: RF circuits operate at much higher frequencies, typically ranging from
a few megahertz to several gigahertz (GHz). These circuits are specifically designed
for wireless communication systems, radar systems, and RF identification (RFID)

devices, where high-frequency signal processing is required.

2. Signal Characteristics:

Analog Design: Analog circuits process continuous signals and are characterized by
their linearity, dynamic range, and signal-to-noise ratio (SNR). These circuits focus
on preserving the integrity of the analog signal throughout various processing stages.
RF Design: RF circuits deal with modulated signals and are characterized by their

bandwidth, frequency response, and modulation schemes. These circuits are designed



to transmit, receive, and process high-frequency electromagnetic waves efficiently,

often using techniques such as impedance matching and frequency conversion.

3. Applications:

Analog Design: Analog circuits find applications in a wide range of systems, in-
cluding audio amplifiers, sensor interfaces, power management circuits, and data
acquisition systems. These circuits are essential for processing real-world signals and
interfacing with the external environment.

RF Design: RF circuits are primarily used in wireless communication systems, such
as cellular networks, Wi-Fi, Bluetooth, and satellite communication. These circuits
enable the transmission, reception, and processing of RF signals for voice, data, and

multimedia communication over the airwaves.

4. Design Challenges:

Analog Design: Analog circuits face challenges related to noise, distortion, and
nonlinearity, which can degrade signal quality and affect circuit performance. De-
signers must carefully consider factors such as component matching, thermal stability,
and power consumption to achieve desired specifications.

RF Design: RF circuits face additional challenges due to the high frequencies in-
volved, including signal attenuation, impedance matching, and electromagnetic in-
terference (EMI). Designers must address these challenges while maintaining signal

integrity, maximizing efficiency, and complying with regulatory standards.

1.3 Motivation of Self Adaptive Strategy for Designs

The motivation behind developing self-adaptive circuits that are capable of tackling
variations in IC design stems from the increasing complexity and variability inherent in

modern semiconductor manufacturing processes. These variations can lead to deviations in
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circuit performance, power consumption, and reliability, ultimately affecting yield, time-

to-market, and overall product quality. After fabrication, integrated circuits (ICs) can

experience several variations(Fig 1.4), including:

1. Process Variations: These variations arise from manufacturing processes and

result in differences in dimensions, doping concentrations, and material properties

across individual devices and circuits.

Process variations can lead to deviations in

transistor characteristics, such as threshold voltage, mobility, and capacitance, im-

pacting circuit performance, power consumption, and yield.

2. Voltage Variations: Voltage variations, also known as supply voltage variations,

occur due to fluctuations in the power supply voltage delivered to the IC. These varia-

tions can stem from power delivery network impedance, load fluctuations, or transient

events, leading to changes in transistor operating conditions, timing constraints, and

power consumption.



3. Temperature Variations: Temperature variations refer to changes in ambient or
junction temperatures experienced by the IC during operation. Temperature fluctu-
ations can affect device characteristics, such as carrier mobility, threshold voltage,
and leakage current, leading to shifts in circuit performance, timing behaviour, and

reliability.

4. Device Mismatch: Device mismatch refers to inherent variations in device pa-
rameters, such as threshold voltage, transconductance, and channel length, due to
manufacturing tolerances and statistical fluctuations. Device mismatch can intro-
duce uncertainties in circuit behaviour, affecting performance metrics such as gain,

linearity, and noise.

5. Interconnect Variations: Interconnect variations arise from variations in metal
layer thickness, width, and spacing, as well as parasitic capacitance and resistance
in the metal interconnects. These variations can impact signal propagation delay,

crosstalk, and power dissipation in high-speed and high-density ICs.

6. Environmental Variations: Environmental variations encompass changes in oper-
ating conditions, such as humidity, electromagnetic interference (EMI), and radiation
exposure, which can affect circuit reliability, noise immunity, and performance degra-

dation over time.

7. Aging and Degradation: Aging and degradation effects, such as hot carrier in-
jection (HCI), bias temperature instability (BTI), and electromigration (EM), can
lead to long-term changes in device characteristics and reliability. These effects can
degrade circuit performance, increase leakage currents, and reduce the operational

lifespan of the IC.

The article ”Design Challenges in Single Digit Technology Nodes” [3] delves into the

escalating significance of process variations and other variations as semiconductor
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Figure 1.5: Increase in process variation in lower nodes|3]

technology nodes shrink towards single-digit nanometer scales.(Fig 1.5) It under-
scores the profound impact of advancements in semiconductor manufacturing, partic-
ularly in nodes as small as 7Tnm and beyond, which introduce a myriad of complexities
and hurdles in IC design. The article emphasizes the heightened importance of ad-
dressing process variability, layout-dependent effects, power consumption constraints,
and design rule limitations as technology nodes continue to decrease. It stresses
the critical role of innovative design methodologies, such as Design-Technology Co-
Optimization (DTCO) and Machine Learning (ML)-driven design, in not only mit-
igating the adverse effects of variations but also in achieving optimal performance,

power efficiency, and yield in next-generation integrated circuits.
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1.4 Thesis Organisation

The following manuscript presents the design-level works justifying its title. The thesis
consists of two parts. Part 1, "Novel Design Approaches”, starts with designing basic
reference circuits for advanced applications in Chapter 2 and expands to high-frequency RF
design (Chapter 3). Part 2, ”Self Adaptive Methodology for PVT variations”, embraces
the fusion of Machine learning in self-adapting the circuits for tackling post-fabrication
variation (Chapter 4) and the novel design of the PVT sensor for the above (Chapter 5).
Chapter 6 provides the conclusion and gives the Future scope.

In Chapter 2, we propose three Low-power Analog reference designs. The first de-
sign is a 0.5V supply, gate leakage-based current/voltage reference for ultra-low power
IoT and biomedical applications implemented in CMOS 90nm technology. The first cur-
rent (voltage) reference achieves a typical accuracy of 34.6ppm/°C (29.68ppm/°C) over
a temperature range of -55°C to 75°C with typical value 63.32pA(0.35V). Excellent line
sensitivity of 0.0318%/V and 0.0576%/V are observed for voltage and current reference in a
supply range of 0.5V - 2.3V. The second design gives reference values of 90.7pA and 288V.
It works for a wide voltage range of 0.5V - 2.6V with a supply sensitivity of 0.028%/V and
0.154%/V for current and voltage reference, respectively. The entire circuit takes a power
of 275.36pW at nominal conditions. The design gives an excellent temperature coefficient
of 15.2ppm/°C and 36.8ppm/°C for compensated current and voltage values, respectively,
at a nominal supply of 0.5V for a wide temperature range of -55°C to 100°C.

In our final design, we introduce a Sub-Bandgap Voltage Reference (SUB-BGR) utilizing
gate-leakage characteristics within an nW range. This reference voltage source, designed for
high-temperature IoT applications with low power consumption, delivers a stable 336mV
output without the need for high-value resistors. Operating efficiently across a wide tem-
perature span from -40°C to 150°C, our circuit exhibits only a modest 9.2-fold increase
in power consumption within the upper-temperature range, a notable improvement com-

pared to conventional SUB-BGRs. Fabricated using TSMC 65nm technology, our design
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boasts a temperature coefficient accuracy of 94ppm/°C. It also demonstrates exceptional
line sensitivity of 0.0066%/V over a supply range of 0.7V to 4V, accompanied by a high
power supply rejection ratio (PSRR) of 89dB at DC and a 1V supply. Our proposed
approach offers robustness against process variations, with a +3¢ inaccuracy of 4.305%
without requiring any trimming. Occupying a mere 0.008mm? area, the circuit operates
at an ultra-low power consumption level, drawing only 2.36nW at 27°C and 21.74nW at
150°C with a 0.7V supply.

Chapter 3 presents a fully integrated low-power area on-chip single port CMOS VNA
(Vector Network Analyser) designed in 65nm CMOS technology to detect the biomolecule.
The proposed design works in a tunable frequency range of 0.5GHz to 2.5GHz, ensuring
much higher precision than the VNA working at a higher frequency range. An IDC sensor
has introduced a fully integrated architecture for detecting Si1 of the bio-molecules. A
resistive bridge coupler is used for wideband operation with a directivity of 14.89dB up
to 2.5GHz. Also, a high-linearity LNA (low noise amplifier) is designed with a linearity
of -13dB and a gain of 14 dB. The LNA has a low NF of 3.21dB. The design occupies an
active area of 0.01767mm? and consumes power of 41lmW from a 1 V supply.

Chapter 4 presents a complete self-adaptive technique using Machine learning, showing
the entire loop using Python and skill scripting. The technique is demonstrated in three
designs: High-frequency low-noise Amplifier, Transmitter block and VCO.

Finally, in Chapter 5, we conclude the works with an insight into future improvements

and scope.
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Part- 1

Nowvel Designs Approaches



Chapter 2

Low Power Analog Reference Circuits

2.1 Introduction

Low-power reference circuits are indispensable elements in modern integrated circuit
(IC) design, playing a pivotal role across a spectrum of applications. Their significance lies
in their ability to optimize energy consumption, particularly in today’s energy-conscious en-
vironment, where reducing power usage is paramount for extending battery life, minimizing
operating costs, and reducing environmental impact. These circuits provide a foundational
framework for designing energy-efficient systems, serving as benchmarks for power con-
sumption optimization throughout the entire IC. With the prevalence of battery-powered
devices such as smartphones, wearables, and IoT gadgets, low-power reference circuits en-
able the development of energy-efficient electronics, ensuring prolonged battery life and
enhancing user experience by minimizing the need for frequent recharges. Moreover, in
the realm of high-density integration, as semiconductor technologies progress and IC in-
tegration density increases, low-power reference circuits become essential for maintaining
acceptable power budgets, preventing thermal issues, and ensuring reliable operation in
densely-packed semiconductor devices. Additionally, they play a critical role in enabling
the design of ultra-low-power electronics for IoT devices and wearables, where seamless

connectivity and prolonged device lifespans are paramount. Beyond consumer electron-
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Figure 2.1: Components of gate leakage transistor [/]

ics, low-power reference circuits contribute to green computing initiatives by facilitating
the design of energy-efficient processors, memory modules, and communication interfaces,
thus reducing energy consumption and environmental impact in data centres and cloud
computing infrastructure. Finally, these circuits meet regulatory compliance by providing
efficient power management solutions that adhere to industry-standard power consumption
specifications. Overall, the importance of low-power reference circuits continues to grow
as energy efficiency becomes increasingly critical in the design of electronic systems. The
paper [7] shows gate leakage current increases as we scale to lower technology nodes. This
gate leakage is properly mathematically characterised in [1]. Using gate leakage transis-
tors for low-power designing in low-technology nodes represents a strategic approach to
mitigating power consumption challenges inherent in advanced semiconductor processes.

There are many [8] circuits that take advantage of gate leakage to achieve low power.

The temperature variation of gate leakage current is a critical factor to consider
when designing current references, particularly as semiconductor technologies advance and

gate oxide thickness decreases. When the gate oxide thickness is reduced below 3nm,
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carrier direct tunnelling between the gate and the silicon beneath becomes significant,
leading to a leakage current flowing through the transistor’s gate. This leakage current,
which can range from picoamps to nanoamps, must be carefully analyzed, especially in
lower technology nodes such as 130nm, 90nm, 65nm, or 55nm.

Fig 2.1 illustrates the various components of gate leakage current, including gate-to-
substrate current (Igh), gate-to-channel current (Igc), which further partitions into Igcs
and Iged, and gate-to-source/drain currents (Igs and Igd).

The expressions for these components of gate leakage current vary depending on the
transistor’s operating region. In bulk technologies, the gate-to-substrate current is signifi-
cantly lower than gate-to-channel and gate-to-source/drain currents and is often neglected.
Similarly, the contribution of gate-to-source/drain currents (Igs and Igd) to total gate leak-
age is typically less than 3% and can also be neglected in most cases. The gate leakage
tunnelling current expressions for accumulation and inversion region are observed in [9, 10]

respectively. The gate leakage current in accumulation mode is approximated as below in

[]:

Igc =K x Ko * Vqs * (‘/gs - Vth) * (1 + avoxdepim)) (2'1)

The gate leakage current in inversion mode is approximated as below in [10]:

Ipe = K % Vyy % (Vs — K1) (2.2)

where K, K7, K> are temperature independent terms. V,zgepino is the voltage across the
gate oxide in the depletion/inversion region whose accurate prediction of characteristics is
difficult. So, using gate leakage in the accumulation region has some advantages as
its temperature nature only depends upon the characteristics of Vgs. This chapter explains

three novel low-power Reference analog designs using gate leakage transistors.
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2.2 A 0.5V, pico-watt, 0.06%/V / 0.03%/V Low Supply Sen-
sitive Current /Voltage Reference Without Using Ampli-

fiers and Resistors

2.2.1 Introduction

The increasing demand for IoT in various fields like biomedical, agriculture, wearable,
and automobile requires much more advanced electronic designs to meet the specifications.
Most of these applications use references to power them. For better power management
in this world of mos scaling, the necessity for Sub 1-V Ultra-low-power circuit designs is
escalating rapidly. Both Current and Voltage reference blocks at the pico ampere level play
a crucial role in ultra-low power IoT sensing applications. It is advantageous, concerning
the area and power to have both references in a single block.

Voltage references are commonly realized using BJTs and are termed bandgap references
(BGR) [11] [12] [13] [L4]. Although such reference voltage in BGRs is highly resilient to
process, supply, and temperature (PVT) variations, their power consumption is in the order
of pW and nW. Most of these designs use a supply voltage greater than 0.5V. For ensuring
low supply voltages, voltage references are designed by exploiting a basic 2T transistor
model that relies on Vth subtraction of different thickness MOSFETSs [15]. In the design
[16], a novel paralleled 2-transistor structure was used for reference voltage generation,
and an auxiliary amplifier was used to decrease the Line Sensitivity and PSRR. But usage
of resistors increased their power consumption to nW, and usage of amplifiers demands
capacitors for stability purposes that increase area. Although the design works at a min-
imum supply of 0.5V the line sensitivity of 0.3%/V is quite high for a voltage reference.
The reference [17][18][19][20], uses additional bulk voltage for Vth compensation that helps
in avoiding the usage of amplifiers and resistors. All these references work at a supply of
0.5V. Designs [17][15] require to access the internal body nodes of deep n-well MOSFETSs

which might not be feasible in all cases. Design [19][20] uses a current subtraction circuit
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for body bias which helped them to reduce line sensitivity but the power consumption
increased to nW.

Current references are conventionally variants of the beta multiplier or generated based
on the V/R principle using Op-amp and cancelling the temperature coefficients of voltage
and resistors [21][22][23]. Such resistor-based designs are unsuitable for pW applications
and consume a large area. Design [9] exploits beta multiplier architecture and Vth com-
pensation to achieve the specifications. Native oxide is used for Vth compensation and
to reduce the line sensitivity, but that has increased the supply voltage greater than 1V.
Another common approach is using a 2-T transistor and an Op-Amp as a buffer to obtain
a reference current[24]. Design [24] works at a supply of 0.5V but usage of sub-threshold
leakage limited the design to work at negative temperature and even the line sensitiv-
ity of 0.95%/V is huge for current reference. Op Amps can be designed at 0.5V supply
[25][26] but they raise stability issues demanding capacitors. Designs [27][28] don’t include
Native oxides, amplifiers, and resistors but their temperature range is limited because of
sub-threshold leakage and their Line sensitivities are high. References [29, 30, 31, 32, 10]
depicts designs of current and voltage reference in a single circuit. The designs [29]-[30)]
use amplifiers and resistors in their designs. Designs [31]-[32] avoid the usage of amplifiers
but their power consumption is nW and the supply voltage greater than 0.5V. Design[10]
is a pico-W design but uses native oxide and works for higher supply voltage.

This paper presents a pico-watt current/ voltage reference for a lower supply voltage of
0.5V and a wide voltage range of 0.5-2.3V. The design avoids the usage of amplifiers, resis-
tors, and Native devices. To the author’s knowledge, the line sensitivity(even in the worst
case) obtained is better than the corresponding designs working at 0.5V supply voltage
and works for a practical temperature range of -55°C' to 75°C.

The rest of the section is organized as follows. Section 2.2.2 deals with the design and anal-
ysis of the proposed circuit. Section 2.2.3 explains the trimming procedure used. Section

2.2.4 presents the results of the references, and section 2.2.5 concludes the paper.
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2.2.2 Design and Analysis of the Circuit

M Mi4

N Beta Multiplier 01 - Beta Multiplier 02 ‘ Current reference Voltage reference CTAT generator
Vss

Figure 2.2: Proposed Voltage/Current reference

The transistor-level schematic of the proposed circuit is shown in Fig 2.2. It has
been shown that gate leakage transistors can replace resistors for low-power pW cir-
cuits(reference), but we can see that the tunnelling currents show variations in temper-
ature, demanding a CTAT voltage at its gate for compensation. In [9], they used the Vth
compensation technique to generate a CTAT for which native oxide was used. Native ox-
ides cannot be used for low supply voltage designing as the Vth difference of native oxide
and corresponding thick oxide will be more than 0.5V. Therefore, we are exploiting the
body voltage for a compensated voltage at the gate terminal of the gate leakage transistor,
and the gate leakage is chosen such that its variation with temperature is extremely mini-
mal. Fig 2.3b shows the gate leakage characteristics. The temperature range is limited to
75°C because body leakage becomes unavoidable at higher temperatures, as shown in 2.3c.
To attain proper line sensitivity for the reference current, two temperature-compensated
currents are subtracted to cancel out their supply dependency. Hence, two beta multiplier
circuits are designed, each giving temperature-compensated current. A CTAT generator is

designed to generate a CTAT voltage at the body of NMOS in a Beta multiplier to obtain
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the compensated current. The following subsections give a detailed explanation of each

block.

2.2.2.1 Beta Multiplier

Beta multiplier circuits use gate leakage transistors whose characteristics are similar
to temperature-compensated resistors. Compensated current is obtained by generating a
compensated voltage Vcomp at the gate terminal of the leakage transistor by giving a

CTAT at the body of its NMOS. The equations of the compensated Voltage are given as

‘/comp = Vgsl - Vgs2 (23)

Vst — Vs
1y = Yoot — Vos2) glR as2) (2.4)

where R is the resistance offered by gate leakage which is constant with temperature(Fig

2.3b).
(Viny = Viny +mVipln(2002))

= ———— (2:5)
Vihe = Ving (2.6)
Vina = Ving + 7+ (V=205 + Vszl — /1205 ) (2.7)

by properly adjusting the ratio of w/l and by giving proper CTAT at the body of the
NMOS we can make the numerator of (2.5) temperature compensated. The second Beta
multiplier is also designed in the same manner except the lengths of NMOS are reduced
and a simple current mirror is used to increase its supply dependency. The reason for the

above is discussed in the current reference session.

2.2.2.2 CTAT Generator

The CTAT generator uses the concept that Vgs of diode connected NMOS is a CTAT
when a constant current flows across it. The equation of CTAT is

Io
UnCox(w/l)(m — 1)Vp?

Vys = Vino + mVpln( ) (2.8)
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The slope of such CTAT generated will be more than 1m. To reduce its CTAT nature,

another CTAT is given to its body. To avoid additional circuitry, the extra CTAT is taken

from the Beta multiplier. The beta multiplier circuits are designed in such a way that both

use the same CTAT generator for their compensation process. After the addition of CTAT

to the body the final Vgs equation will be

gs — - - o
Vs = Vino =1+ (V=285 + Vil — /207

Io
FmVrin( UnCox(w/l)(m — 1)VT2)

2.2.2.3 Current Reference

The reference current is generated by subtracting two temperature-compensated cur-

rents (I1, 12) obtained by two beta multipliers. Subtraction is done to omit the supply

22



150
———
OO
g 100
£ —_ 1
I-10e 75 12
L]
- = |ref
LG s
G Gl
0
0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25
'VSS Supply voltage(V)
a) Subtraction circuit b) Subtraction Concept
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dependency. The equation is shown
Iref:h—a*IQ (29)

Since the two currents are temperature-compensated, the resultant reference current will
also be temperature-compensated. The line sensitivity of the reference current is ensured
by properly selecting the coefficient of subtraction ’a’ of the currents. The variation of 12 is
designed to be more than I1 by reducing the lengths of NMOS and by changing the current
mirror architecture. More variation of 12 with supply is necessary to have ’a’ less than 1.
‘a’ greater than 1 will reduce our reference current to much smaller values. The coefficient
is chosen such that the effective variation of reference current is much less to supply. Fig
2.4 shows the variation of currents of beta multipliers for supply. We can approximate the

current equations as:

L =s51xV+c¢ (210)
12282*V+62 (2.11)
Lep=T —axIy=(s1 —axs2)«V + (c1 —axco) (2.12)
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’a’ is chosen such that sl - a*s2 becomes zero.

2.2.2.4 Voltage Reference

The reference voltage is obtained by sending the reference current through a gate leakage
transistor (selected in such a way that it acts almost as an ideal resistor with an extremely
small temperature variation). Using the leakages used are of the same type to avoid process

variation.

2.2.3 Trimming

Gate leakage-based current references are usually more sensitive to process variations.
Thus, a trimming circuit is essential to control the variation. The usage of 3 gate leakage
transistors increases the complexity and size of trimming circuits. It is observed that the
multiplier of the transistors should vary in a ratio to reduce the variation. To ensure
compact trimming and to reduce the trim bits we rely on simultaneous trimming of all
the gate leakage transistors using one set of trim bits. The multipliers of gate leakage
transistors of beta multipliers 1 and 2 are in a ratio of 2:3. By using a 5-bit trimming all

the gate leakages are simultaneously trimmed. The trimming circuitry is shown in Fig 2.5.

2.2.4 Results and Discussion

The proposed voltage/current reference is implemented in a 90nm technology. The
accuracies of the compensated current and voltage curves are shown in Fig 2.6a and the
values are observed to be 34.53ppm/°C and 29.6ppm/°C, respectively for a temperature
range of -55 to 75 °C.

From the above results, we can find the current and voltage nominal values as 63.3pA
and 0.35V, respectively. Fig 2.6b. shows the supply sensitivity of the reference curves
which are found to be 0.06%/V (0.031%/V) for current(voltage) curves. The worst corner
line sensitivity is 0.362%/V (0.173%/V) for current(voltage)(Fig 2.6d.) is much less than
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Figure 2.5: Gate leakage transistor trimming circuitry

the line sensitivities of corresponding current reference papers at 0.5V to the author’s best
knowledge. Fig 2.7 shows the variation for 1000 samples. From Fig 2.7a. and b. the
current reference value has a mean(u) of 66.2pA and variation(o) of 20pA without trimming
that can be effectively reduced to 2pA with trimming. In Fig 2.7c., the 3¢ variation of
voltage reference is 0.046V, and the mean is 0.354V having 13% of variation with worst
case temperature coefficient of 150ppm/°C at nominal conditions. The design consumes
415pW of power and has a voltage reference PSRR of -59.218dB@QDC.The start-up time
for the current (voltage) reference is 2.79ms(2.58ms). The layout of the proposed design is

shown in Fig 2.8 which occupies an area of 0.0096mm?.

Table 2.1 summarizes the circuit’s performance with the corresponding reference de-
signs. Most of the voltage/current reference circuits like [29, 33, 34], consume nW power
with a supply much greater than 0.5V and also use amplifiers. Although the reference
[10] consumes pW power, its supply voltage is 1V and uses native oxide devices. When

compared to the voltage reference designs [18, 19] that work on supply voltages less than
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Figure 2.6: Results of reference circuit

0.5V, design [18] has a much greater temperature coefficient of 832ppm/°C and doesn’t

work at negative temperatures. Although design [19] gives a promising temperature coef-
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Figure 2.7: Montecarlo variations of reference values

ficient and temperature range, it consumes nW power. The current references working at
0.5V supply [24, 28, 27] don’t work at a proper negative temperature range as they rely on
sub-threshold leakage. These designs have line sensitivities (2.6,0.78,2.5(%/V)) which are
much greater than the LS of the proposed design (0.057%/V).

2.2.5 Conclusion

This paper introduces a pioneering pico-watt current/voltage reference design tailored

to provide superior, supply-insensitive reference values even at a low supply voltage of
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Specifications This work [10] [29] [33] [34] [27] [28] [24] [18] [19]

Technology 90nm 90nm 180nm 180nm 180nm 40nm 65nm 65nm 180nm 180nm
Type Vref/Iref Vref/Tref Vref/Tref Vref/Tref Vref/Tref Tref Tref Tref Vref Vref
Vref(V) / Iref(pA) 0.354/63.33 0.53/43 1.238/6640 0.368/9970 0.5512/9400 -/2.4 -/1.2 -/5 0.046/- 0.118/-
Supply Voltage(V) 0.5 1 1.2 0.7 0.7 0.5 0.4 0.5 0.2 0.45
Temperature Range (°C) -55 to 75 -55 to 100 -0 to 110 -40 to 125 -25 to 75 0 to 85 -20 to 60 0 to 100 0 to 70 -40 to 85
TC(ppm/(°C)) 29.68/34.53 22/58 26/283 43/150 54/29 -/19 -/469 -/31 832/- 59.4/-
Power Consumption 415pW 156pW 9.3nW 28nW 5.32uW 8.2pW 3.4pW 14.5pW 3.2pW 15.6nW
Start up circuit Used Not Used Used Used Used NA NA NA NA NA
Calibration 1-point 1-point 1-point 1-point 1-point 1-point 2-point 1-point 1-point 1-point
Supply Range 0.5V-2.3V 1V-3V 1.3V-1.8V 0.7V-2V - 0.5V-2.5V  0.4V-1.2V 0.5V-1.8V  0.2V-1.8V  0.45V-1.8V
Line Sensitivity(%/V/%/V)  0.0318/0.057 0.029/0.059  0.08/1.16 0.027/0.6 -/2.6 -/0.78 -/2.5 -/0.95 0.14/- 0.033/-
PSRR -59.218dB@DC -77dB@DC  -46dB@100 -59dB@10 - - - - - -
Area(mm?) 0.0096 0.00157 0.055 0.055 0.02 0.00025 0.008 0.000176 0.019 0.0132

Usage of Native oxide/

Amplifiers/Resistors No Native oxide ~ Amplifier ~ Resistors,Amplifiers ~ Resistors No No Amplifiers No No

Table 2.1: Comparison Table

Figure 2.8: Layout

0.5V. Departing from conventional approaches, this design sidesteps the use of amplifiers
and resistors, resulting in a straightforward and stable circuit with minimal area footprint.
Central to this innovation is the utilization of multiple gate leakage transistors strategically

incorporated to harness their inherent characteristics.
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A key advancement lies in the implementation of a novel trimming technique that con-
currently adjusts all gate leakage transistors. This innovative method effectively mitigates
variations, ensuring consistent and reliable performance across diverse operating conditions.
By trimming all gate leakage transistors simultaneously, the design achieves enhanced sta-
bility and precision, surpassing traditional trimming methods’ limitations.

Overall, this novel design represents a significant advancement in current/voltage refer-
ence technology, offering unparalleled performance, efficiency, and reliability in low-voltage

applications while minimizing circuit complexity and area requirements.
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2.3 A 275pW, 0.5V Supply Insensitive Gate-leakage based
Voltage/Current Reference Circuit for a Wide Temper-
ature Range of -55 to 100°C Without Using Amplifiers

and Resistors

2.3.1 Introduction

The trend towards scaling in electronic systems has driven a growing demand for more
advanced voltage and current reference architectures in recent years. This trend, character-
ized by reduced size and increased integration of electronic devices, necessitates references

that offer greater accuracy, stability, and precision at lower voltages and currents.

To meet the demands of this trend, both voltage and current reference architectures have
had to evolve to provide more accurate, stable, and precise references at lower voltages
and currents. Traditional architectures such as low dropout (LDO) voltage references,
bandgap voltage references, Beta multiplier current references, trans-conductance-based
references, and current mirrors are refined and improved to enhance performance and
efficiency compared to earlier designs. The necessity of higher precision and accuracy
in electronic systems has further driven the development of more advanced voltage and
current reference architectures, ensuring their reliability and effectiveness across various

applications.

Voltage and current references provide a stable, precise reference voltage or current as a
reference point for measuring and controlling other voltage or current levels. Various appli-
cations, such as power supplies, data converters, and measurement equipment, use voltage
references. Other essential applications like current sensing, precision measurement, and
control systems demand current reference. The references play an essential role in ensuring
the accuracy and consistent operation of electronic systems. They are critical for many

telecommunications, automotive, industrial control, and medical equipment applications.
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The design of voltage references uses a variety of techniques and architectures. The
specific design will depend upon the desired performance characteristics and the application
for the reference. One common approach for designing on-chip voltage references is to use
a band-gap reference architecture[l 1, 12, 13, 141]. Although the architecture is widely used
in modern integrated circuits and offers good performance and stability over a wide range
of temperatures, they suffer from the massive demand for power(in pW and nW) and also
need supply greater than 1V, making them insufficient for low power applications. Designs
[35, 36, 37, 38] has modified the traditional BGR architecture to reduce the supply voltage.
In design [35], MOSFETS acting in weak inversion region replace BJTs, which lowered the
voltage drop from 0.6 to 0.2 V, hence opening up for a proper function at a much lower
supply voltage of 0.6V. Bulk current biasing is used for all the PMOS transistors to reduce
the threshold voltage and increase the voltage headroom. Design [30] uses a switched
capacitor technique to reduce the supply voltage where capacitors are used to hold the
PTAT and CTAT voltages and are appropriately weighted and added to generate the
desirable reference voltage. Designs [37, 38] works for low supply voltage using Schottky
diodes instead of BJTs working for supply voltages of 0.6V and 0.45V, respectively. The
turn-on voltage of the Schottky diode is between 0.2 and 0.3V, significantly lower than
the 0.6 to 0.7V typically needed to turn on a PN junction diode, making them a suitable
substitute for low supply designs. However, Schottky diodes require specialized fabrication
processes, which may not be compatible with the processes used for fabricating other
circuit components. All the above designs use resistors and Op-Amps, contributing heavily
to high power consumption. Another typical architecture for low supply voltage and low
power exploits a basic 2-transistor working model [15] that relies on threshold voltage (Vth)
subtraction of different thickness ZVT and NVT MOSFETSs. Design [16] uses design [17]
for reference voltage generation and an auxiliary amplifier to decrease the Line Sensitivity
and increase PSRR. Although the design works at a minimum supply of 0.5V, the line

sensitivity of 0.3%/V is relatively high for a voltage reference. The references [17, 18, 19, 20]
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use additional bulk voltage for Vth compensation, which helps avoid the usage of amplifiers
and resistors, significantly reducing the power and area. All these references work for a
supply of less than 0.5V. Designs [17, 18] require access to the internal body nodes of deep
n-well MOSFETs, which might not be feasible in all cases. Designs [19, 20] use a current
subtraction circuit for body bias, which helped them to reduce line sensitivity, but the

power consumption has increased to nW.

Current references are typical variants of beta multipliers in which the reference uses the
V/R principle where temperature variations of voltage and resistors are canceled[21, 22, 23].
Furthermore, these circuits become more sensitive to supply fluctuations and power supply
noise for a lower supply. Another approach is to generate reference voltage and use a
voltage-to-current converter circuit. The design [21] uses a 2-transistor voltage reference
and an Op-Amp as a buffer to obtain a reference current that works for a low supply of 0.5.
However, it suffers from a high supply sensitivity of 0.94%/V, and usage of sub-threshold
leakage limits the temperature range to 0 -100 °C. These designs use operational amplifiers
(Op-Amps) and resistors. Such resistor-based designs are not suitable for pW applications
and even consume a large area. Op Amps designed at 0.5V supply [25, 20] raise stability
issues demanding cautious placement of capacitors. The design [J] is a modified beta
multiplier architecture where the resistor is replaced with a gate leakage transistor for low
power (pW) but works for a supply voltage greater than 1V. The above designs also use
native devices to reduce supply sensitivity, but their usage has some limitations for low
supply voltages. Designs [27, 28] works for low power (pW) and low supply (Sub 0.5V) by
using gate leakage and sub-threshold leakage but have limitations concerning the supply
sensitivity and temperature range. Their supply sensitivities are 0.78%/V and 2.5%/V,

respectively, and they work for a temperature range of 0 -85 °C and -20 -60 °C, respectively.

References [29, 33, 30, 31, 34, 32, 39, 10, 40] depict the designs of current and voltage
references in a single circuit. There are multiple approaches to designing voltage and cur-

rent references for use in low-power systems, including the use of nano-power sub-bandgap
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voltage and current reference topology, all-in-one bandgap voltage and current reference
circuits, and low-voltage current and voltage reference designs based on the MOSFET ZTC
effect. CMOS technology and leakage compensation techniques further reduce power con-
sumption. The designs [29, 33, 30] use amplifiers and resistors in their designs. Design [29]
uses a subthreshold leakage-based PTAT generator and a PN diode as a CTAT voltage.
The above designs work for a supply greater than 1V. Although design [33] works for a
supply of 0.7V where voltage reference uses a simple 2T transistor model and current ref-
erence is obtained by passing this through a temperature-insensitive resistor, it has a high
supply-sensitive current(0.6%/V) and temperature-sensitive current(149.8ppm/°C). Design
[30] gives better temperature-compensated reference values of 6.6 and 34ppm/°C for volt-
age and current, respectively, but works for a supply voltage of 2.5V. Designs [31, 34, 32]
avoid the usage of amplifiers but have high power consumption and supply voltage. [31]
uses a simple three-branch self-biased structure using BJT to generate current reference
and voltage reference is derived by driving the current to a temperature-insensitive resistor.
Design [34] uses the principle of bandgap reference for generating reference voltage and a
current subtractor circuit that nullifies the PTAT nature to obtain current reference. The
design works for a supply of 0.7V, but due to the use of resistors, its power has increased
to uW. The design [32] uses a sub-bandgap model without using op-amps to achieve a
reference for a wide range of -40 to 120 °C. The design [39] works for a supply of 0.85V
where a difference generates the voltage reference Vi, of two different gate thickness MOS-
FETs and generates a current reference using a resistor. All the designs utilize power in
the range of nW, limiting their application to much lower power. Design [10, 10] works at
a low power of pico-W by using gate leakage transistor. The design [10] uses native oxides
that have limitations with respect to cost and have increased the supply to 1V. The design

[10] works for a lower supply of 0.5V with a power consumption of around 500pW.

The state-of-the-art architectures mentioned above exhibit limitations. Some designs

may operate effectively at lower supply voltages but at the expense of higher power con-
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Figure 2.9: Proposed Voltage/Current reference

sumption or higher line sensitivity. Additionally, integrating multiple MOSFET types to
improve functionality may escalate production costs. Furthermore, using components such
as resistors and amplifiers may introduce trade-offs concerning circuit area and cost ef-
ficiency. This paper presents a novel pico-watt current/voltage reference that works at
a lower supply voltage of 0.5V, operating for a wide voltage range of 0.5-2.3V and for a
practical temperature range of -55 to 100°avoiding usage of amplifiers, resistors, and Native

devices.

2.3.2 Proposed Circuit
As shown in Fig 2.9, the proposed circuit relies on the most generic beta multiplier
circuit. The beta multiplier circuit Fig 2.10a generates a reference current relying on the

principle of subtraction of Vs of two MOSFETSs

‘/comp = ‘/gsNMl - ‘/;(SNMQ

~ (Vgsnnmn — Vgsnarz)
I = 7 (2.13)

(Vinnarn — Vinnarz + mVTln(%%))

R

I =
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Gate leakage transistor replaces resistor(R), giving Giga-Ohms a high resistance without
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Figure 2.10: a) Traditional beta multiplier b) Modified beta multiplier for temperature

-

compensation c¢) Modifications for improved supply sensitivity

utilizing a high area.[1]]

The [12] explains the modelling of gate leakage transistors for practical temperature
range. The gate leakage transistor used in this design is employed in the accumulation
region and chosen such that temperature variations are minimal. Fig 2.11 shows the

temperature characteristics of the gate leakage transistor.

2.3.2.1 Temperature Compensation

Temperature-compensated current is obtained from properly setting CTAT curve Vipnpro—
Vinnai and PTAT curve mVﬂn(%) precisely with the nature of Resistance(R) in
(2.13). Analyzing the characteristics of the gate leakage transistor reveals its stable value
concerning temperature, allowing us to approximate its nature to a ZTC. So, to obtain

temperature-compensated current, we need to cancel the CTAT and PTAT nature of the

numerator of the equation. The general practice is to use two different MOSFETSs whose
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Figure 2.11: Gate leakage transistor characerstics

Vi difference gives sufficient CTAT to compensate for the PTAT, which depends on the
ratio of (w/1). Using native oxide as one of the MOSFETsS is a common practice, but it is
undesirable in this case because of the supply limitations as the value of Vipnaro — Vinnar
in case of native will be more than 500mV. Using two different MOSFETs whose Vy,

difference is less leads to high variations concerning the process.

We propose a new technique for temperature compensation, exploiting the concept of
Vin dependence on body voltage. The compensation is achieved by applying a CTAT to
the body of one of the MOSFETS, generating a difference in the Vi, even when using two
similar MOSFETs. Fig 2.10b. depicts the modified beta multiplier circuit for temperature

compensation.

The Vy, of two such MOSFETSs are

Viny M3 = Ving

(2.14)
Vinyva = Ving +7v - (\/\—QCI)F + Vsp| — \/\2‘1’F’>
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By properly adjusting the aspect ratios and by giving proper CTAT voltage at the body
of the MOSFETS, the numerator can be temperature compensated in (2.13).

The voltage reference uses the concept of gate voltage generation, which is when current
flows through the gate leakage transistor. Using the same gate leakage transistor of the
same characteristics as explained earlier, the reference current generated flows through the
gate leakage transistor. The above technique successfully provides temperature-compensated

current and voltage curves, as shown in Fig 2.12b.

V;nef = I’r'ef * R (2.15)

We designed the CTAT generator to address the issue., as shown in Fig 2.12a. The V,
of diode-connected MOSFET is a CTAT voltage when a constant current is allowed in it.
The CTAT voltage obtained will be

I,

Voo = Ving + mVipl
gs = Vtho TINVT n(,unCom(w/l)(m "DV

5) (2.16)
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It’s observed that on using a temperature-independent current source the slope of CTAT
is much higher than the practical range(greater than 1mV /°C) and the slope of CTAT has
a minimum variation with (w/1) of the MOSFET. For better control on the slope, another

CTAT is given to its body giving the final curve.

Vs = Vino — 7 - (\/|—2<1>F + Vsp| - \/|2‘1>F|)
. (2.17)

nCoz(w/1)(m — l)VTQ)

+mVpin(

To avoid external circuitry for CTAT giving at the body of the MOSFET, it’s taken from
the beta multiplier circuit itself as shown. The constant current source is obtained by

mirroring the reference current generated.

2.3.2.2 Improving Line-sensitivity

The line sensitivity of the conventional beta multiplier heavily depends upon the strength
of the current mirror load. The operation of current mirrors is affected by the supply volt-
age. As the supply voltage decreases, the transistors may exhibit more significant variabil-
ity in their characteristics, leading to a less precise output current. In addition, at lower
supply voltages, the voltage headroom across the current mirror is also reduced, limiting
the range of output currents that the current mirror can accurately produce. Moreover, at
lower supply voltages, the current mirror may also be more sensitive to noise and fluctua-
tions in the supply voltage, which can lead to variations in the output current and reduce
the stability of the circuit.

For better performance of the current mirror, the current mirror load can be cascoded.
However, the NMOS current mirror in our design cannot be cascoded because of the head-
room issues. To improve the mirroring action, we can increase the feedback strength of
diode-connected MOSFET by increasing the gain by Ay as shown in Fig 2.10c. [13, 44].

To increase the feedback gain and avoid change in the phase, we add two CS amplifiers, as
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shown in Fig 2.9. Current reference generator block. The excess gain added is

1
Ay = —(gmag * (gmaq x rdsi1 *x rdsio)||(——))
gmiz (2.18)

* — (gmg * (rdsg||gms * rdsg * rds7)))

The conventional beta multiplier as shown in Fig 2.10a. is in positive feedback with a

loop gain of less than 1, making it stable as in Fig 2.14a.

) 1
loopgalnwithout -
gmyms * R (2.19)
. Ay ’
loopgaingjy, = —————
gmnus * R

The effect of adding an amplifier can be seen in the loop gain graph, as shown in Fig
2.14b. For positive feedback, to ensure stability, we need to make the magnitude of loop
Gain less than 1 when the phase of loop Gain crosses zero degrees. So, to stabilize the
circuit, we need to add a miller capacitor between the first two dominant poles such that
pole splitting happens and the magnitude drops to less than 1 when the phase of loop Gain

crosses zero degrees.
Considering the main positive feedback loop formed by nodes X, Y, Z, and W, as seen in
Fig 2.9. the current reference generator block along with the amplifiers for line sensitivity.

The equivalent resistance and capacitance at node X can be calculated as follows:

Ryodex = T‘d89||(gm8 * Tdsg * ’I“ds7)

Chodex = Cgsa + ngZ(l - AQ) + 0981(1 — AOl)

(2.20)

1
+ Cgdi(1 — A1)+ Cgdy(1 — A—)
9

1
+ Cgdg(1 — Ig)
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The equivalent resistance and capacitance at node Y can be calculated as follows:
1
Riodey = —||(gm1 xrds; x R)
gms

Chodey = Cgss + Cgse + Cgds(1 — As) + Cgde(1 — Ag)

+ Cgss + Cgsy + Cgda(1 — Ay) + Cgsr+ (2.21)
Cgsg(1 — Agg) + Cgdr(1 — A7) + Cgds(1 — Ag)

1
+ Cgdi(1 — E)

The equivalent resistance and capacitance at node Z can be calculated as follows:

Ryodez = (gmy * rdsy x rdse)||rdse
Chodez = Cgsio + Cgs11(1 — Ap11) + Cgdio(1 — Aio) (2.22)

1 1
+ Cgdi1(1 — A1) + Cgdy(1 — —) + Cygda(1 — —)
Ay Aa

The equivalent resistance and capacitance at node W can be calculated as follows:

1

RnodeW = 7”(9”&11 * Tdsn * T’dslo)
gmai2
1
Chodew = Cgs12 + Cgsg + Cgdyr(1 — A—H) (2.23)
1
+ ngg(l — 7)

Ay
Where Cgs and Cgd are the gate-to-source and gate-to-drain capacitances of MOSFET,
A; is the gain across that MOSFET (i) from gate-to-drain, Ag; is the gain across that
MOSFET (i) from gate to source. We can observe that the resistance at node X will be

high and capacitance at node X will be high as Ay = —gma * (rdsa||gma * rdsy * rdsg) +

1

Jm=rk * (gme * (rdsa||gmya * rdsy * rdsg)), making node X a dominant pole. Although

node Y has a high capacitance with the addition of parasitic capacitance of MOSFETs
M5, Mg, My, M7, Mg, its resistance is low (9%5) The parasitic capacitance of these MOS-

FETs will be high because of the high area for proper mirroring, making node Y the next

dominant pole. The main miller cap C1 is added between nodes X and Y for proper pole
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Figure 2.13: Line Sensitivity

splitting. Another capacitance is added between nodes Z and W to compensate for the

excess zeros created by capacitance C1 and increase the phase margin.

As Fig 2.14a depicts the loop gain and phase of a simple beta multiplier in positive
feedback, its stability is ensured by having less than 0 dB for all the frequency ranges.
From Fig 2.14b, we can see that after adding the amplifiers, the loop gain became positive
and unstable. In Fig. 2.14c¢, we can see the effect of adding capacitors, which increases
phase. So, when the phase crosses 0°, i.e., when the feedback changes to positive, the
loop gain becomes negative, which makes the loop stable, and the circuit becomes stable
with a phase margin of 66°. The proposed architecture improves the line sensitivity of the

reference working from 0.5V to 2.5V, and the curves are shown in Fig 2.13.
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2.3.3 Trimming

Gate leakage-based current references are particularly sensitive to process variations,
necessitating the use of a trimming circuit to control this variation effectively. Trimming
the gate leakages of two transistors typically requires a higher number of trim bits. How-
ever, an innovative approach involves adjusting the widths of the trim circuit components
according to a specific ratio, such as 1:0.04. By selecting these widths appropriately, it
becomes possible to trim the two gate leakages simultaneously using just 6-bit trim bits,
as illustrated in Fig 2.15. This approach streamlines the trimming process and optimizes
resource utilization. Notably, the switches employed in this circuit are gate-boosted and
low-leakage switches, chosen for their ability to minimize leakage and enhance overall circuit

) ) ) ]

performance. |

2.3.4 Results and Discussion

The proposed Voltage/Current reference is designed and implemented in a 90nm CMOS
process. Fig 2.12b shows temperature-compensated current and voltage plots. It depicts
the temperature coefficient (TC) of 15.2 ppm/°C and 36.8 ppm/°C, respectively, for the
temperature range of -55 to 100°C. Fig 2.13 shows the proposed circuit works for the sup-
ply range of 0.5-2.6V, having supply sensitivity of 0.0284%/V and 0.154%/V for current
and voltage reference, respectively. The design consumes 275.26pW at nominal conditions,
and due to the usage of gate leakage-based resistance, the power consumption remains
almost constant ( 1.00294 times) over the temperature range of -55 to 100°C. Fig 2.16
shows the variation for 1000 samples. From Fig 2.16d. and 2.16e. the current reference
value has a mean(p) of 90.7pA and variation(o) of 20pA without trimming that can be
effectively reduced to 2pA with trimming. In Fig 2.16f. and 2.16g., the 30 variation of
voltage reference is 0.026V, and the mean is 0.288V having 9% of variation with worst case
temperature coefficient of 150ppm/°C at nominal conditions. This design uses the same

6-bit trim bits for both current reference and voltage reference trimming which degrades
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the 30 variation of voltage reference. The 3¢ variation of voltage reference can be im-
proved by using separate trim bits for voltage reference. The PSRR at DC for the voltage
reference at 0.5V, 1V, and 1.5V are -60dB, -87dB, and -88dB, respectively. The PSRR at
a higher frequency is around -38dB, which can be increased by increasing the size of the
gate leakage-based capacitor at the expense of increasing the area. As this architecture
contains multiple loops, a start-up circuit is added to avoid any degenerative conditions.
Fig 2.16b and 2.16¢ show the 99% settling times for the current and voltage reference to
be 18ms and 20ms, respectively. The layout of the proposed design is shown in Fig 2.17,

which occupies an area of 0.087 mm?.

Table 2.2: Performance summary and comparison with state-of-the-art Current/Voltage

references

This work [40] [10] [34] [29] [39] [33] [31]
Technology(nm) 90 90 90 180 180 180 180 180
Type Iref/Vref Tref/Vref Tref/Vref Tref/Vref Tref/Vref Tref/Vref Tref/Vref Tref/Vref
Vbp (Supply Range) 0.5V-2.6V 0.5V 1V-3V 0.7V 1.3V-1.8V 0.8V-2V 0.7-2 1.1v-2v
Power(nW) 0.275 0.415 0.156 7.6 9.3 12 28 51
Liet(A)/Viet(V) 90.7pA/0.288 | 63.33pA/0.354 | 43pA/0.534 | 940nA/0.512 | 6.64nA/1.238 | 7.5nA/0.346 | 9.97nA/0.368 | 6.7nA/0.180
Trimming used Yes Yes Yes Yes Yes No Yes Yes
Temperature Range(°C) -55 - 100 -55 - 75 -55 - 100 -25-75 0-110 -40 - 125 -40 - 125 -40 - 120
TC (ppm/°C) 15.2/36.8 34.53/29.68 22/58 54/29 283/26 59/21.98 149.8/43.1 40.33/32.76
Line Sensitivity (%/V) 0.0284/0.154 0.057/0.0318 | 0.029/0.059 0.058/1.76 1.16/0.08 0.31/- 0.6/0.027 0.03/0.031
PSRR (db@DC) -60 -59.21 =77 -80@100 -46@100 -60@10 -59@10 -59@10
Area (mm?) 0.087 0.0096 0.00157 0.063 0.055 0.063 0.04
Resistors/ Amplifiers/Native Not Used Not Used Used Used Used Used Used Used

Tables 2.2 and 2.3 summarize the circuit’s performance with the corresponding reference
designs. Most of the current/voltage reference circuits, like [29, 33, 30, 34, 39] consume
nW range power with a supply much greater than 0.5V and use amplifiers. Although
the references [10] and [?] consume pW power, [10] has a minimum supply voltage of 1V

and uses native oxide devices, while [?] has a lower temperature range and higher power
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Table 2.3: Performance summary and comparison with state-of-the-art low power refer-

ences

This work | [23] [9] [27] [28] [20] [17] [15]
Technology (nm) 90 180 55 40 65 130 180 180
Type Iref/Vref Tref Tref Tref Tref Vref Vref Vref
Vbp (Supply Range) 0.5V-2.6V 1.4V 1.2V-4V 0.5V 0.4V-1.2V 0.5V 0.25V 0.2V-1.8V
Power(nW) 0.275 300 0.144 0.008 0.003 0.002 0.005 0.003
Lief(A) /Viet(V) 90.7pA/0.288 50nA 60pA 2.4pA 1.2pA 0.175 0.091 0.042
Trimming used Yes Yes Yes Yes No No No No
Temperature Range(°C) -55 - 100 -55 - 125 | -55- 125 0-85 -20 - 60 -20 - 80 0-120 0-70
TC (ppm/°C) 15.24/36.8 11.6 19 18.6 469.3 19.4 24.86 832
Line Sensitivity (%/V) 0.0284/0.154 0.05 0.07 0.78 2.5 0.033 0.42 0.14
PSRR (db@DC) -60 -75@10 - -80@1 -238.4@1 | -70@100 - -
Area (mm?) 0.087 0.009 0.0003 0.00025 0.008 0.001 0.002 0.019
Resistors/ Amplifiers/Native Not Used Used Not Used Used Used Used Not Used | Not Used

consumption compared to our design. The proposed design works from a low supply voltage

of 0.5V for a wide temperature range from —55 to 100°C while consuming only 275.36pW.

2.3.5 Conclusion

Voltage and current references play a critical role in various electronic systems, providing
stable and accurate reference signals for other components to operate properly. A novel
pico-watt current/ voltage reference circuit that works for a low supply of 0.5V is proposed
in the paper. With proper mathematical support and justification, the design modifies
the basic beta-multiplier architecture to achieve the required specifications at a low supply
voltage. The design doesn’t include resistors or amplifiers, giving an easy and stable circuit
with a low area. It works for a wide temperature range of -55 to 100 °C and a wide voltage of
0.5 to 2.6V, giving an excellent temperature coefficient and line sensitivity for the reference

values. The design gives better line sensitivity for current reference working at 0.5V supply
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Figure 2.17: Layout

when compared to the state-of-art. Multiple gate leakage transistors are used, and a
different method of trimming that trims all the gate leakage transistors simultaneously,

effectively reducing the variation, is used.
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2.4 A 2.36nW Gate-Leakage Based Sub-Bandgap Voltage
Reference with 4.305% +3c-inaccuracy from -40°C to 150°C

for Low-Power IoT Systems

2.4.1 Introduction

The surge and swift evolution of the Internet of Things (IoT) have spawned numerous
applications, spanning from intelligent wearables and wireless sensors to medical devices,
smart home accessories, and remote sensing systems. Given the emphasis on compact form
factors, these devices are typically powered by miniaturized batteries or energy harvest-
ing units like photovoltaic cells and RF energy harvesters. However, power consumption
emerges as a critical bottleneck, necessitating aggressive reduction strategies to enable the
widespread adoption of this technology. While duty cycling is commonly employed to lower
average power consumption, traditional voltage references, which operate continuously, re-
quire innovative architectures to address power constraints effectively. In addition to power
efficiency, these references must function reliably across a wide temperature range with high
accuracy and line sensitivity, all while minimizing the need for extensive trimming circuits.
Leveraging the inherent stability and reduced process, supply, and temperature dependen-
cies of bandgap references, the design of BJT-based references presents a promising avenue
for meeting these demanding requirements.

Conventional voltage references, exemplified by works such as [11, 12, 13, 11], operate
within the pW range, posing significant limitations on system lifetime and hindering their
applicability in low-power scenarios. While voltage references using Silicon-On-Insulator
(SOI) technology have been proposed for high-temperature environments [19], they still
exhibit power consumption in the pW range. Addressing this challenge, [50, 32, 51, 52, 53]
introduce voltage references with nW power consumption; however, these solutions typi-
cally employ high-value resistances, leading to increased silicon area, and are limited to

specific temperature ranges. Similarly, approaches like the one presented in [54] utilize
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sample-and-hold techniques to achieve average power consumption in the nW range but
suffer from large silicon footprints and restricted operating temperatures. Furthermore,
efforts to develop pW voltage references [55, 56, 57, 58] for high-temperature applications
encounter challenges such as exponential power consumption growth with temperature
and limited functionality in negative temperatures, primarily due to dependency on sub-
threshold leakage phenomena and reliance on native oxide devices (NVT MOSFETS) not
universally available.

In contrast, this paper introduces a novel 2.3nW sub-bandgap voltage reference tailored
for high-temperature remote sensing applications. Unlike prior approaches, the proposed
sub-BGR architecture eliminates the need for high-value resistors, native devices, or com-
plex compensation techniques, thereby minimizing power consumption, silicon area, and
supply voltage requirements. By leveraging the gate leakage current properties of thin
oxide devices in weak inversion mode, the proposed solution achieves robust and efficient

generation of the reference voltage essential for reliable operation in harsh environments.
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2.4.2 Proposed Sub-Bandgap Voltage Reference

The proposed sub-BGR. architecture, depicted in Fig 2.18, features a design where all
transistors, except for MO, utilize standard thick oxide NMOS and PMOS devices. MO,
on the other hand, employs a thin oxide structure, enabling tunnelling current to flow
through its gate due to its remarkably low oxide thickness. This unique characteristic
allows MO to bias the circuit in a low current regime without necessitating large resistor
values. Operating in weak inversion mode, the gate leakage transistor MO exhibits specific

I-V characteristics and expressions, elaborated upon in the subsequent section.

The circuit primarily comprises a PTAT and CTAT generator, each compensating ac-
cordingly to produce the reference voltage. The core of the CTAT generator, constitut-
ing Bipolar Junction Transistors (BJTs) Q1 and Q2 and a two-stage NMOS Operational
Transconductance Amplifier (OTA), is biased by an accumulation mode gate leakage-based
PTAT current reference of 137pA, as depicted in Fig 2.19b. This current reference design

ensures the functionality of the OTA across all corners in the wide temperature range.

The PTAT generator incorporates a differential pair and current mirror to generate
PTAT voltage. To align the PTAT slope, a voltage divider is employed to adjust the slope
of the CTAT voltage, thereby generating the reference voltage accordingly. The symmetric
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placement of the voltage divider on both sides of the sub-BGR core ensures uniform loading
effects in both branches of the current mirror.

A capacitor (C¢q=2.8pF), implemented using a thick oxide device (Mpp), is connected
at the output to enhance power supply rejection ratio (PSRR) at higher frequencies. Ad-

ditionally, a start-up circuit [59] is integrated to prevent any degenerate conditions.

2.4.2.1 Derivation for Weak Inversion Mode Gate-leakage Current

As mentioned above, a gate-leakage transistor is used to bias the circuit in a low current
regime. As the gate-leakage transistor is operated in a weak inversion region, we have
three major current components, the gate-to-source/drain current(l,, and I,4) and gate-

to-channel current(Iy.). The gate to source current will be of the form [60]:
Ijs = K+ Vgs (Vs — Vibsa) (2.24)

Here K comprises the effective dimension of gate-leakage MOSFET and modelling con-
stants, which are constant for a given technology node and is independent of temperature.
Here Vipgq is the flat-band voltage between gate and S/D which has an approximate value
of 6.67mV as given in [60]. From the symmetry of the gate-leakage MOSFET, the gate-to-
source current will be equal to the gate-to-drain and hence Iyeq(= Iys + I5q) will be twice
of gate-to-source current(/gs).

The total gate leakage also consists of the gate-to-channel current (/,.), which is given

by [9]:

Igc = WeffLeff - A - Ty Ratio Vgse Vs eXp[_B -TOXE

(2.25)
(AIGC - BIGC"/oxdepinv) : (1 + CIGC - V;J;tdepim))]
_ Vgse - VTH
Vau:c =NIGC - Ut - In <]. + exp (]\m)> (226)
%Xdepinv = Koz Qbs + (‘/gs - V;fh) (227)
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Here Voxdepiny > Vaue, ¢s are defined in[61] and parameters A, Ty, Ratio » B, TOXE, AIGC,
BIGC, CIGC, NIGC in Eq.(2.25) and Eq.(2.26) are constants for a given technology and
are independent of temperature. Since the gate-leakage transistor is operated in weak
inversion(Vys-Vr g is negative), the exponential term is very small, therefore approximating

logarithmic function to the first order as log(1l + z) ~ = we get Vg, function as

Ves — V;
Vaue = NIGC - vy - exp (M) (2.28)
Applying further approximation as done in [9], the exponential term in Eq.(2.25) can

be approximated by a linear fit curve given by f (Voxdepinv ) = K2 (1 + Voxdepinv ), Where
« is a constant whose value is small. The gate-to-channel current can be written as

Ves — Vru

Igc:Kl*Kg*Vgsexp< 7

) (1 4+ aVozdepino) (2.29)

Where K/ = NIGC.vy, K1 = Wejss % Lepy % A x ToxRatio * K'. Here Weys, Less are the
effective dimensions of the MOSFET. The total gate leakage current can be written as

Vys — Vru

Ig:Kl*Kg*VgSexp< 7

) (1 + avoxdepinv )
(2.30)

+ K x Vys (Vys — Vipsa)

From Eq.(2.30), the temperature coefficient of gate current depends only on Vgs. PTAT
voltage across the gate leakage mosfet results in non-linear PTAT current, seen in Fig
2.19b. This non-linear PTAT current improves circuit operation at higher temperatures as
threshold voltage reduces. A PTAT current is needed for the PTAT and CTAT generator to
function correctly. Gate leakage transistor operation for wide temperature range measured

in [62].

2.4.2.2 Temperature Compensation

From Fig 2.18 V,, across MO is equal to Vgpi - Vgp2. As we know for a BJT
Veg=VrIn (é) Here, Q2 consists of n parallel units of Q1, so Igo = nlgi. Vs across MO
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is as follows,

I I
Vet —VEp2 = Vrln <> —Vrln ()
Isy

(2.31)
= Vrln(n)

This PTAT voltage across the gate leakage transistor generates the PTAT current shown
in Fig 2.19 and helps bias the PTAT generator at higher temperatures. It also generates
the CTAT voltage Vgp1, after the voltage divider, which works as an input to the PTAT
generator. In conventional sub-BGR circuits, PTAT voltage is generated using BJT and
resistors. Moreover, we need high resistance for ultra-low power IoT applications, which
takes a large silicon area. This paper incorporates a differential pair and a current mirror-

based structure to generate PTAT voltage [63]. As MOSFET operates in the subthreshold

region, Vg can be expressed as follows.

1
Vaa = Viet — gVEBl = Vsa,m7 — Vsa,m6

I Ine
- 1 _ _ ]
Vru + nVrln <KM7IO> Vra —nVrn (KMGIO> (2.32)
KMSKM6>
=nVprln | —/———
T <KM4KM7

Where, Iy(=uCox(n — l)V%) is a process dependent parameter. Ky, Kasr7, Kasa and
K5 are the aspect ratios of the PMOS differential pair and the NMOS current mirrors,

respectively.

1
Viet = Vaa + 5 VEBI

3
— Vpln (BaeRey 1y, 25
=nvr KuaE 3 EB1
Considering the TC of Vgp1 to be ki, the TC of V,..y can be given as:
OVyes k KysKe 1
=n—In| —"—-— —k 2.34
ar g n<KM4KM7 g (2:34)

Therefore, a temperature-compensated voltage can be obtained by appropriately sizing

the transistors M4-M7.
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2.4.3 Results and Discussion
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The 65nm CMOS process is used in the design and implementation of the suggested Sub-
Bandgap reference. The reference voltage’s temperature variation is displayed in Fig 2.19,

which indicates that the reference’s temperature coefficient (TC) is 94 ppm/°C. Monte-
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Carlo simulation is used to illustrate the statistical results for both process and mismatch
(1000 samples) for the Sub-Bandgap Reference. Concerning both process and mismatch,
the V. variation is displayed in Fig 2.20. The observed mean and standard deviation are
336.8 mV and 4.822 mV, respectively, and this leads to a &30 variation of 4.295%. The V,..f
variation with respect to temperature (ranging from -40 to 150°) at various process corners
is displayed in Fig 2.21a. One way to modify the variation of the TC and absolute value
is to apply 1-point trim to the thin oxide gate leakage transistor M0. In this case, gate-
boosted and low-leakage switches like [64, (5, (6] are used. Fig 2.21b provides post-trim
findings of V,.; w.r.t temperature, demonstrating the efficacy of trimming throughout a
broad temperature range and various process corners. The pre-trim result displays a mean
and standard deviation of 153 ppm/°C and 49.01 ppm/°C, respectively, whereas the 1-point
trim results in an improved mean and standard deviation of 117.7819 ppm/°C and 21.35
ppm/°C, respectively. Fig. 2.21b displays the accuracy results before and after trimming.
This demonstrates that there is little loss of accuracy when using the suggested circuit
even without trimming. As seen in Fig 2.22a, the PSRR at DC for the sub-Bandgap at
0.7V, 1V, and 3V are -57.17dB, -89.39dB, and -115.2dB, respectively.

By increasing the size of the gate-leakage-based capacitor at the expense of increased area,
the power supply rejection ratio at higher frequencies can be enhanced. The line sensitivity
at the SS, TT, and FF corners is seen to be 0.006623%/V, 0.0066%/V, and 0.00844%/V,
respectively, in the supply range of 0.7V—4V, as shown in Fig 2.22. The power consumption
only varies by 30x times in the temperature range of -40°C to 150°C at different supply
voltages (Fig 2.23a) and by a factor of 1.025x over the supply range of 0.7V-4V (Fig
2.23b), due to the non-exponential character of the current. Fig 2.24 shows that the
starter circuit’s observed settling time for 99% of the steady state value is 21.89 ms. As

shown in Fig 2.25, the proposed Sub-Bandgap reference configuration uses an active area
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Table 2.4: Comparison with State-of-the-Art Architectures

Specifications This Work [591 [631 [52] [671 (551 [55] [53] [6=] [691
Technology 65nm 180nm 180nm 180nm 65nm 1801mm 1801mm 180nm 180nm 65nm
Type Sub-BGR Sub-BGR Sub-BGR Sub-BGR Sub-BGR Vref Vref Sub-BGR CMOS Vref CMOS Vref
Vref (mV) 336 411.86 548 477 195 0.74(V) 1.048(V) 260 210 134

Te -40 to 150 -40 to 125  -40 to 120 -20 to 120  -40 to 120 0 to 170 -55 to 150 -50 to 85 -40 to 140 -40 to 125
94 33.7 114 51.2 a2 27 a5 95 82 18.1
2.3nW 85nW 52.5nW B7TnW 36nW 31.4pW 650pW 0.98nW 9.6nW 0.33nW
Pe 30x ~1.187x NA 1.017x 23584 16160 NA ~100x 2.16x
Used Used Used Used Used Not Used Not Used Not Used Not Used
21.89 NA 3 NA 5 1040 4.7 NA NA NA
Soefficient o/70(%) 1.435 0.39 1.05 0.89 1.027 None 0.187 1.4192 0.31 3
Supply Range 0.7V-4V 0.9V-1.8V  0.7V-1.8V  0.8V-1.6V  0.5V-1V 0.9V-3.3V 1L5V-2.5V  0.65V-1.8V  0.4V-1.8V 0.9V-1.6V
Line sensitivity (%/V) 0.0066 0.06 6.47 0.0451 0.64 0.27 0.016 0.023 0.027 1.29
PSRR -89dB @ DC  -61dB @10 -56dB @100 -58dB@50 -50dB@DC NA ~71.8dB@100 -59dB@10
Avea (rmim?) 0.0851 o.11 0.0246 0.034 0.0532 0.0076 0.0072 0.075 0.021 0.0046

of 0.0851 mm?. Lastly, Table 2.4 presents a performance comparison between the suggested

sub-bandgap reference and various cutting-edge voltage references.
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2.4.4 Conclusion

This work offers a brand-new high-temperature range Sub-bandgap reference that gen-
erates the reference voltage utilising a single-stage PTAT voltage source created with an

asymmetric differential pair and scaled CTAT voltage received from the BJT’s base-emitter
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voltage. Without the need for a native oxide transistor, the circuit has a state-of-the-art
line sensitivity of 0.0066%/V while consuming only 2.3nW of power and running at a min-
imum supply voltage of 0.7V. It is appropriate for low-power and wide-temperature range
applications due to its decreased power consumption range over temperature and supply

as well as other competitive specifications.
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Chapter 3

High-Frequency Cost-Effective On-chip CMOS VNA for

Bio-molecule Detection

3.1 Introduction

Over a few decades, it has been observed that the development in medicinal diagnosis
and detection of bio-samples, such as proteins, keratin, cellulose, etc., requires point-of-care
(POC) diagnostics and Lab-on-a-Chip devices. [70, 71, 72, 73, 74, 75, 76] RF /Microwave-
based sensors can be practical alternatives over biochemical sensors that offer several ad-
vantages like robustness, portability, accessibility, small sample volume requirement, and
rapid testing, even on a large-scale necessity during a public health crisis. [77, 78, 79].

RF-based Biosensor-on-Chip (BoC') could bridge the gap between diagnostics in
central laboratories and diagnostics at the patient bedside, bringing substantial advance-
ments in Point-of-Care (PoC) diagnostic applications [30]. Integrating a biosensor on a
single chip makes it possible to detect, analyze, and continuously monitor bio-samples in
real-time. Integration can also reduce the overall size and complexity of the system, mak-
ing it more portable and cost-effective. The system architecture of a BoC is shown in Fig
3.1.

A possible simple BoC solution for applications like bio-molecule detection is crucial to

ensure accessibility and ease of use, making it more practical and efficient for researchers
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Figure 3.1: System architecture of biosensor-on-chip

and practitioners in various fields such as healthcare, biotechnology, and environmental
monitoring. This can be achieved by exploiting the concept that when a bio-molecule
binds to the surface of a biosensor, it changes the properties of the biosensor. This change
can be measured and used to detect the presence of the bio-molecule. Various RF and
microwave sensors have been developed for bio-sample detection, broadly categorized into
resonant and non-resonant methods. Planar sensors, a subset of resonant RF sensing meth-
ods, particularly stand out due to their straightforward and compact design. [$1] Planar
resonant sensors such as inter-digitated capacitors (IDCs) are chosen for sensing and quan-
titative analysis of bio-liquids because of their high-quality factors and easy fabrication.
When a bio-sample is placed over the IDC, the molecules bind to the electrode’s surface,
changing its effective capacitance.[31, 82, 83, 84, 85] The various bio-molecules with their

permittivity are shown in Fig 3.2

The change in the capacitance of the IDC sensor is best measured using an on-chip

Vector Network Analyser (VINA) [36]. One of the promising attempts of the VNA
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Figure 3.2: Biomolecles with their relative permitivity

is the determination of the relative permittivity of bio-samples, human cancer cells, etc.
[ Y ? ) ]'

The paper aims to design an on-chip VNA for bio-molecule detection using IDC sensor.
A compact, cost-effective, and accurate design of VNA holds great utility in bio-molecule
detection due to the widespread application of bio-molecule analysis. Simplicity and ease

in the detection scheme are paramount, making such VNAs an ideal choice for this purpose.

A non-tunable millimetre wave fully integrated on-chip VNA for detecting tumour cells
working at 40 GHz has been proposed in [91, 92, 93, 91]. However, a tunable on-chip VNA
can detect a broader range of bio-molecules, from small proteins to large DNA molecules,
by adjusting its frequency range. This makes it more versatile, giving it higher sensitivity
and accuracy. They also use a co-planar-based detection window that has much lesser

sensitivity than the IDC sensor. The increased sensitivity can be advantageous when de-
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Figure 3.3: Detection principle and analysis of on-chip VNA

tecting subtle variations in capacitance. In [95], a micro-strip transmission line-based VNA
working at a millimetre wave range of 50-100 GHz has been reported. While the design
is tunable, it works at a high supply of 3.3V and uses a balun for single to differential
signal conversion increasing the area and power. The design works at a millimetre wave
range whose sensitivity is much less than micrometre-wave for bio-molecule detection. As
lower frequencies can penetrate biological samples effectively, they allow interactions with
molecules close to the sensor surface, making them more sensitive to capacitance-based sen-
sors. Authors in [96, 97, 98] have designed a tunable on-chip VNA at a microwave range.
[96, 97] used a co-planar waveguide for DUT, whereas [98] used an MSL-SIW detection
window. These detectors have some disadvantages compared to IDC detectors, such as
higher complexity, higher loss, lower sensitivity, limited frequency range, and limited scal-
ability. [96, 97] uses SiGe chips that can offer performance advantages at high frequency
but they come with higher cost, power consumption and complexity compared to CMOS

chips.

All the state-of-the-art designs have disadvantages for bio-molecule detection. This
work proposes a fully integrated tunable microwave range on-chip VNA working at 0.5

GHz to 2 GHz in a 65nm technology node. The detection principle and analysis of an
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on-chip VNA are demonstrated in Fig 3.3. The design uses no BJT, or transmission line-
based components giving us high measurement accuracy, dynamic range, power handling
capability, and lower chip area. The design works from a low supply of 1V and consumes
a total power of 4lmW. It occupies an active area of 0.01767mm?2. Chapter 3.2 briefly
describes the proposed architecture and details about each block, Chapter 3.3 gives the

results and discussion, and Chapter 3.4 concludes the topic.

3.2 Proposed Architecture

The proposed design is shown in Fig 3.4. comprises of the directional bridge for
reference and reflected wave separation, a controlled oscillator (VCO) for generating varying
frequency input signal, and an LNA for amplification of the signal. Fig 3.5 shows the RLC
equivalent of IDC sensor used for simulation.

The design exploits the concept that the interaction of various samples with electro-
magnetic waves at different frequencies heavily depends on their unique dielectric proper-
ties. When a variable frequency input signal(f;,) generated from VCO is applied to the
DUT (Design under test) containing the biosample, the phase and amplitude of the output
signal will vary depending on its dielectric property. Therefore, by measuring the changes
in the phase and amplitude of the output signal at different frequencies, the properties of
DUT are extracted. From the properties of DUT, the type of sample is detected.

The electrical model of the DUT(IDC sensor) is represented in Fig 3.5 The capacitance
of the IDC is varied depending on the biosample’s dielectric property. The dependency of

IDC’s capacitance on the dielectric property of biosample is given by

e *xe x A

C= ]

(3.1)

where €, is dielectric property of the bio sample. The change in capacitance of DUT

will change its resonant frequency. At the resonant frequency, the impedance of DUT
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Figure 3.4: Proposed block diagram

reduces to pure resistive which is made equal to the channel impedance. So, when the
frequency of the input wave matches with the resonant frequency of the DUT, it leads to
impedance matching resulting in the least reflections. Therefore at the resonant frequency,
the magnitude of the input voltage reflection coefficient of DUT (|S11]|) will be at its lowest.
The |S11| of the DUT can be expressed in simple terms as:

|Reflected|ZRe flected

|Reference|ZReference

|S11| = 20log

(3.2)

From observing the variation of the magnitude of |S11| the changed capacitance of the
DUT is detected, which is back-traced to the dielectric property of the biosample using
equation (3.2). In summary, the proposed design can identify the biosample using an IDC
sensor by analyzing the variation of the magnitude of |S11| of DUT to the input wave

frequency.
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Figure 3.5: RLC equivalent of IDC sensor

Two separate LNAs with high linearity are used for reference and reflected waves to
amplify and avoid further propagation of noise generated because of VCO. Analog-to-
digital conversion, digital filtering, and signal process are performed at the back end for

S-parameter measurements.

3.2.1 Directional Bridge

A directional bridge, or a directional coupler, is an electronic component that splits or
combines signals in a transmission line [99]. The primary function of a directional bridge is
to allow a portion of the power in a transmission line to be diverted to a secondary circuit
or device while maintaining signal integrity and minimizing reflections. Its frequency-
independent characteristic is the main advantage of using a directional bridge over a simple
coupler design. The block diagram of the directional bridge is shown in Fig 3.6, where the
reference and reflected wave are separated.

As in Fig 3.6 port 1 is the input port, port 2 is the transmitted port, and port 3 is
the coupled port. The bridge splits the waveform at port 1 between ports 2 and 3. The
black box connected between node A and port 1 is a subtractor circuit with high input
impedance to avoid any current flow in the subtractor. A directional bridge works on

the principle of the resistive divider. The directional feature of the bridge enables it to
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Figure 3.6: Schematic of a uni-directional bridge

differentiate between the forward and reflected waves in a transmission line, which allows
it to accurately measure the impedance even in the presence of reflections.

The working of the bridge is depicted in Fig 3.7. Considering input at port 1, and
assuming that the peak-to-peak voltage of the waveform is V at node B, the voltages at

the other nodes are as follows:

Vg =V (V)
Ve = ((R||11R) 4+ 0.1x R) «V =0.902 x V
10R (3.3)
Va (10R+R)*090 *xV =082V
Veorrs = (1 —0.82) xV
The coupling coefficient(C) of the directional bridge is
Va
C = —20log(—
o9(32)
= —20l0g(0.18) (3.4)

= 14.89dB
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Figure 3.7: Working of a directional bridge

When the input is from port 2 let the voltage at node C be V. Then voltages at the other

nodes are as follows:

Ve =V (V)
Vi *(L)*V*0909*V
B R+ 01R e a5
10R (3.5)
VA:(710R+R)*V:0.909*V
Veorrs =0

So the directional bridge completely isolates port 3 from port 2.

In the above discussion, we have considered the black box as a subtractor with a very
high input impedance configured to respond to a voltage difference between two nodes of
the bridge network. Various types of designs are used for achieving the operation of the
black box like a passive transformer, passive diode, power sensing device, a direct current
coupled (DC coupled) differential amplifier with a high common mode rejection ratio,
Gilbert Cell mixer with differential radio frequency input, other mixers or samplers with

differential RF inputs, or an integrated transformer or balun. Using a differential mixer
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Figure 3.8: Schematic of Differential amplifier

may lead to one potential disadvantage in terms of complexity, which can increase the
cost and power of the overall system. It can also introduce additional noise and distortion
compared to a single-ended mixer, reducing the overall signal quality and limiting the

system’s performance.

The challenge of interfacing differential RF circuits to single-ended ones has been with

the RF (and other) design community for many years.

The working of the bridge demands a differential to a single-end converter whose output
is the coupled port. Various inductive designs are used for achieving the operation like a

passive transformer, passive diode, integrated transformer or balun.

These device gives a disadvantage of high EMI, high area and low input impedance
leading to the degradation of the working of the bridge. The above issue can be solved by
using a differential amplifier with high ICMR Fig 3.8. The differential amplifier achieves
a DC gain of 80dB with a UGB of 2.5GHz and a phase margin of 60°. It works for a wide
ICMR of 0.2-0.65V.
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3.2.2 Low Noise Amplifier

An LNA (Low-Noise Amplifier) is an essential component for designing an on-chip
VNA (Vector Network Analyzer) because it amplifies the received signal with minimal
added noise. As the frequency range is in Giga Hertz, noise can have a noticeable impact
on the signal signifying the use of a low-noise amplifier instead of a general amplifier.
The design of an LNA involves achieving the desired gain, noise figure, and stability by
using various techniques. LNA achieves low noise amplification by using a combination of
circuit design techniques and component selection to minimize the amount of noise that
is added to the signal. These techniques include using a low-noise transistor, optimizing
the matching network, using negative feedback, and implementing a bias circuit. Multiple
LNA architectures are used depending on the application and its specifications. [100]

Most LNAs include inductors for their operation. While inductors have many advan-
tages in electronic circuits, such as storing energy and filtering signals, there are several
disadvantages to having inductors in on-chip circuits. Some of the disadvantages include
size and complexity, parasitic effects, limited frequency range, and sensitivity to process
variations. The LNA used in the design is shown in Fig 3.9. The LNA is a modified design
of [100] where a CS amplifier replaces the end buffer for a better gain and output matching

that is independent of MOSFET parameters.

The LNA is designed using a resistive feedback technique, which replaces the inductors
with resistors to achieve a smaller die area, better linearity, and higher gain. The pro-
posed design includes a low-pass filter to improve the linearity of the LNA and a cascade
configuration to increase the gain. The use of resistive feedback topology and cascade con-
figuration in the LNA design can help reduce noise. In a resistive feedback topology, the
input signal is divided into two paths: a forward path and a feedback path. The feedback
path includes a resistor connected between the output and input nodes of the amplifier,
creating a negative feedback loop. The two paths create noise in opposite phases and gain

in the same phase with the help of a CG amplifier. On adding the two the noise is reduced
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Figure 3.9: Schematic of LNA

significantly. In addition, the use of a cascade configuration in the LNA design can help

improve noise performance. The effective noise figure for cascaded blocks is given by

-1 F3-—-1
2 L8

Fr = F,
=Nt e e G

(3.6)

where F] is the noise power of stage 1 and G is it’s gain. It can be seen that the first
stage has a higher impact on noise which is reduced by using resistive feedback. The high
gains of subsequent stages reduce their effect on noise. The input and output impedance

of the block is

: RF +1/gms
Zin =

1+ (gm1/gms) (3.7)
Lout = Rl4”7’d$4
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Figure 3.10: The reference and reflected waveform for water molecule at a) 10GHz b)

25GHz showing that at 25GHz the reflections are the least

3.3 Results and Discussion

Fig 3.10 represents the reflected and reference waveform of water whose dielectric
constant is 80 as bio-molecule at two different frequencies. For proof of concept, water

is taken as a reference bio-molecule. The IDC sensor has been modelled as below and is
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represented with an LC circuit.

= 0.035¢cm
(3.8)

N~

=1nH

giving a capacitance of 25pF for water molecules. When the input reference waveform has
a frequency of 1GHz there will not be any reflections from the IDC as it reaches resonance
which can be seen in Fig 3.10. It is evident that the Si; for water molecule will be at least
at 1GHz when compared with any other frequency, giving us a peak as shown in Fig 3.11.

The above design works for a range of 0.5G-2.5GHz and detects bio-molecules whose
dielectric constants can be in the range of 12.8-320. Bio-molecules with dielectric constants
in the above range are also diverse in terms of their composition and function. This range
encompasses a wide variety of bio-molecules including proteins, nucleic acids (DNA and
RNA), carbohydrates and lipids among others. Some of which includes Acetonitride(42.3),
Methanol (36.3), Ethanol(29.4), Acetone(25.2), Formic Acid(58), Hexane(18.43), Chloro-
form(27.5), Cyanide(158), Blood(50) etc that are mostly used in daily labs.

Fig 3.11 depicts the S11 obtained for three different bio-molecules. Each bio-molecule
has a peak at a different frequency depending upon its dielectric constant. Taking this

frequency the dielectric constant can be calculated using the formula:

1
C=(——=)°
(2*7T*f*\/f) (3.9)
_ C+xd '
GT_E()*A

Where C is the capacitance of the bio-molecule, L is the inductance offered by the
IDC sensor, f is the resonant frequency, and d and A are the sensor parameters. So from
equations 3.8 and 3.9, the bio-molecules in Fig 3.11 give peaks at 1.59GHz, 1GHz and
0.71GHz whose IDC capacitance can be calculated as 10pF, 25pF and 50pF respectively.
The dielectric constants of each can be further calculated as 32, 80 and 160, and using the

values bio-samples can be detected as to be DNA, water and cyanide respectively.
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Figure 3.11: Sy1 vs frequency graph showing the variations of the peak with different

capacitance of IDC sensor that changes with the bio-molecule used

The layout of the design is shown in Fig 3.12. It occupies an area of 0.01767mm?
(188um x 98um). Table 3.1 shows the comparison of the proposed design with a general-
purpose VNA design and application-specific VNA design. [101] is used for the application
of tumour cell analysis that uses a co-planar-based detection window and [102] is a general
purpose on chip VNA designed. The design in [101] is not tunable and works for 40GHz
occupying an area of 4mm? which is much higher than the area of our proposed design
chip. The design in [102] uses SiGe chip that has higher costs and has increased the power

consumption to 640mW and also has a higher area of 1.8mm? than our proposed design.
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Table 3.1: Comparison with State-of-the-Art Architectures

Specifications This Work [101] [102]
Target Bio-molecule detection Tumor cell analysis General purpose
Technology CMOS 65nm CMOS 65nm SiGe chip
Frequency range 0.5-2.5GHz 40GHz 0.01-26GHz
Supply(V) 1 - 3.3
Power(mW) 41 24.8 640
Area(mm?) 0.01767 4 1.8

SRR R RARRRRR TRy

Figure 3.12: Layout of the design
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3.4 Conclusion

This work presents a fully integrated inductor-less on-chip CMOS VNA (Vector Network
Analyser) designed in 65nm CMOS technology to detect the bio-molecule. The proposed
design works in a tunable frequency range of 0.5GHz to 2.5GHz, thereby ensuring much
higher precision compared to the VNA working at a higher frequency range. The design
can sense bio-liquids whose dielectric constants are in the range of 12 to 320. The pro-
posed design provides a simple, low-area, compact and accurate solution for bio-molecule

detection that holds great utility due to its widespread application.
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Part - 11

Self Adaptive Methodology for PVT Variations



Chapter J

ML Driven Self-Adaptive Loop to Reduce Post Fabrication
PVT Variations

4.1 Introduction

Analog and RF circuits are hampered by Process, Voltage, and Temperature (PVT)
variations stemming from manufacturing inconsistencies, voltage fluctuations, and temper-
ature changes. These variations cause deviations in circuit parameters, leading to perfor-
mance degradation and reliability issues such as signal distortion and reduced dynamic
range. Furthermore, PVT variations accelerate ageing mechanisms like bias temperature
instability (BTI) and hot carrier injection (HCI), impacting long-term reliability.

To combat these challenges, techniques such as process-aware design, adaptive biasing,
and calibration circuits are employed. These methods compensate for variations in oper-
ating conditions and ensure consistent performance across different process corners. In the
realm of automated analog circuit design, various techniques have emerged, encompassing
circuit topology selection, circuit parameter optimization, and layout generation. Among
these approaches, circuit parameter optimization stands out as particularly appealing. This
method is favoured due to its well-defined nature as a constrained nonlinear optimization
problem, making it amenable to solutions by established optimization algorithms.[103] By

focusing on refining circuit parameters to meet specified constraints and objectives, this op-
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timization technique enables the generation of high-quality analog circuits with enhanced
performance and reliability. Machine learning (ML) is particularly effective when employed
for optimization tasks like developing optimised designs, which can be further extended,

especially in the calibration of variations.[104, 105]

ON-CHIP Tune knobs

g 1. KNOBS

SELF-HEALING
ALGORITHM
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i | Besttuning : VARIATIONS EXPERIENCED

i QUASI-

: i & STATIC N A~ DYNAMIC
' Conditions | ; STATIC

OPTIONAL

l"

Figure 4.1: Methodology of Self adaptation [5]

[0] has classified the variations into three categories as

1. Static Variations: These variations have a one-time impact on the circuit and

remain constant thereafter. They are typically caused by manufacturing discrepancies

or defects.

2. Quasi-Static Variations: Quasi-static variations slowly affect the circuit over

time. Examples include aging effects or stress-induced changes.
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3. Dynamic Variations: Dynamic variations exert rapidly changing influences on
the circuit. This category encompasses variations due to temperature fluctuations,

voltage changes, and shifting operating conditions.

and based upon the variations tackled by various techniques, the techniques are classified

as:

1. Self-calibration: These techniques are designed to compensate for static variations

exclusively, such as manufacturing discrepancies or defects.

2. Self-healing: Capable of addressing both static and quasi-static variations, self-

healing methods tackle challenges such as ageing or stress-induced variations.

3. Self-adaptation: These techniques offer the broadest scope, addressing static, quasi-
static, and dynamic variations. They are adept at handling dynamic operating con-
ditions and channel impairments, providing robust compensation across a wide range

of scenarios. Fig 4.1

The thesis will follow the above classification for referring to the state of the arts.

Although [5] gives a detailed idea about various advantages of self-adaption, the fact
that power consumption for on-chip self-adaptation is more than 100mW is very concern-
ing. As higher power dissipation generally incurs increased manufacturing costs due to
various factors. [106] propose an on-chip self-calibrating Die learning machine to reduce
costs. A Low-Noise Amplifier (LNA) was designed and fabricated in IBM’s 130nm RF
CMOS process, where the dataset for ML was generated after fabrication. They have gen-
erated a huge dataset of 444,528 samples, which consumes a huge time. [107] proposes
a one-shot off-chip self-calibration method using machine learning. In such a methodol-
ogy, the best combination of tuning knobs can be even found in a unique test iteration
using machine learning that includes both process and tuning variations. The technique
is demonstrated on a 65nm RF power Amplifier. Since the calibration is post-fabrication,

the test pattern generation would take more time. The calibration approach may fail in
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the presence of defects within the circuit as they use non-intrusive sensors. There are
other papers [108, 109] that don’t use Machine learning-based optimisation. [108] proposes
an analog/RF interference cancellation technique that can autonomously adapt itself to
time-varying interference channels using a Least-mean square (LMS) adaptive loop. The
above technique has been prototyped on a 0.5-t02.5-GHz full-duplex (FD) MIMO RX is
designed and fabricated in a 65-nm CMOS process. Although the above technique has an
edge over the ML optimisation technique over time and power, it is limited to the type
of architecture. [109] is a LUT-based calibration. It also has the disadvantage of memory

consumption and design architectural dependency.

All the above papers are limited to self-calibration, dealing only with process variation.
The papers [110, | present a self-adaptive technique for tacking PVT variations. [110]
introduces a simulation-based method for synthesizing analog circuits, aiming for minimal
user effort and topology independence. Instead of relying on a commercially available
simulator, the authors implement an accelerated simulator called SPASE, optimized for
analog circuit synthesis. [111] proposes a simulation-based optimization approach named
smart-multiple starting point that verifies the result for opamp, VCO and charge pump.

The above self-adaptive references are simulation-based.

In the below chapter, we are proposing a simulation-based ML-driven self-adapting loop
for the Cadence environment. The ML model predicts the trim bits for tuning the design
with an accuracy of 0.99, even with a small dataset of 2k samples. The architecture has
been verified on 2 LNA designs working at 1GHz and 25GHz each, respectively. Section 4.2
presents the architecture in detail and its implementation on two LNA circuits. Section 4.3

briefly discusses the ML technique, and Section 4.4 provides the results of the technique.
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4.2 Proposed Architecture of the Loop

The proposed architecture, depicted in Fig 4.2, is accessed and simulated using Cadence
schematic design tools, with the ADE-L window serving as the interface for simulation
control.

Within the schematic, a control circuitry constantly observes the PVT conditions to
adjust design parameters. This adjustment process relies on trim bits provided by the
machine learning (ML) model, utilizing constant inputs such as PMON frequency, supply
voltage, and temperature. A typical ADE-L window layout is shown in Fig 4.3, responsible

for assigning values to variables, specifying analysis types, and selecting output expressions.

Circuit vdd temperature pmon_cmos_res
. 9.82 120.0 2.1508756+0
Schematic
Cadence i
/ skilleode 1N
Stores the PWT conditions [ Python code
in PVT data from ADE-L | Read the PVT
1 values
skill function is| Run the pythonfile .
activated containing trained ML - Predict the
model process
:

Reads the trim values Predict the trim
1 codes

Change the trim control
variables by proper order

ADE with new \\"” ADE-L ,

automated trim bit | Trim codes are l
changed

Saves the trim
' bits

showing accurate
result

||3.32 120.0 2156087500.0 S5 |le6l

Figure 4.2: The proposed self-adaptation loop
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Figure 4.4: Skill code forming bridge between Analog design and ML model in CADENCE

environment

For simulation purposes, these trim bits are treated as variables within the schematic.
Thus, the schematic incorporates control circuitry that dynamically adjusts design variables

based on trim bits received from the ADE-L window. However, using nominal trim bits
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initially may yield suboptimal results. Therefore, the ADE-L window gathers process (P),
voltage (V), and temperature (T) data, utilizing Skill functions to extract this information.

A Skill function stores these conditions in a file and invokes a Python script housing the
pre-trained ML model. The Python script reads the conditions, executes the ML model,
and predicts the optimal trim code. The Skill function then adjusts the design variables
according to the newly predicted trim bits, facilitating accurate results under varying PVT
conditions.

As depicted in Fig 4.4, the Skill code serves as a crucial bridge between the analog
schematic and the ML model, enabling dynamic adaptation of the design parameters to
ensure robust performance across different environmental conditions. The below chapter

will discuss the circuits on which the loop has been tested.

4.2.1 Circuits Designing

In this study, we focus on low-noise amplifiers (LNAs) used in receivers, which can be
affected by temperature changes. We use machine learning (ML) to adjust the biasing
of LNAs based on temperature readings, ensuring they work well in different conditions.
The gain of LNAs is crucial for their performance in various tasks. It relies on MOSFET
characteristics and can vary due to different conditions, so we need to calibrate it carefully.
Our self-adaptive LNA keeps its low-noise features even in extreme temperatures, ensuring

it works reliably in tough environments.

4.2.1.1 Low Noise Amplifier Working at 1GHz

The resistive feedback topology in the Low-Noise Amplifier (LNA) design plays a key
role in reducing noise. This configuration, using resistors in the feedback loop, contributes
to minimizing unwanted noise in the amplifier. The resistive feedback technique helps
achieve a balance between signal amplification and noise figure, ensuring that the amplifier

adds as little noise as possible to the incoming signal. The second stage of the CS amplifier
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Figure 4.5: Resistive feedback LNA working at 1GHz

is added to increase the gain and maintain an output impedance of 50 Ohms. The LNA is
designed using a resistive feedback technique, which replaces the inductors with resistors to
achieve a smaller die area, better linearity, and higher gain. The proposed design includes
a low-pass filter to improve the linearity of the LNA and a cascade configuration to increase
the gain.

The designed LNA, as shown in Fig 4.5 achieves a gain greater than 14dB, an NF less than
3.21dB, and a linearity of -13dB for the required frequency of 1GHz in 60nm technology
node.

The PVT spread of gain has been from 7dB to 20dB, which is reduced by using ML. To
have the advantage of tuning the gain without having much effect on other parameters,

the MOSFET at CS amplifier stage has been self-adapted using ML. The control circuit
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comprises a 6-bit tuning to the multiplier of the MOSFET. The PVT spread of gain +/-
20% has been reduced to less than 1% using ML- self-adaptation.

4.2.1.2 Low Noise Amplifier Working at 25GHz
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Figure 4.6: CS with source degeneration LNA working at 25GHz

We have also verified the methodology on Common source with source degenerated LNA
as shown in Fig 4.6.

A common configuration for LNAs is the common source (CS) topology with source de-
generation. This configuration offers several advantages in RF circuit design. Firstly, the
addition of source degeneration helps improve the linearity and stability of the amplifier by
providing negative feedback. This helps mitigate variations in transistor parameters and
enhances the overall performance of the LNA, particularly in high-frequency applications.

Secondly, the source degeneration resistor helps in setting the gain of the amplifier, mak-
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ing it easier to control and optimize for specific design requirements. Additionally, this
configuration provides better matching and impedance transformation, which is beneficial
for interfacing with subsequent stages in the RF signal chain.

The characteristics of LNA are highly dependent upon the bias current flowing through
it, which is given by a beta-multiplier circuit. Hence, the resistor of the beta-multiplier
is tuned to achieve optimum results across various conditions. The ML model has been
pre-trained to optimise two major outputs: Gain and NF.

The LNA is designed in 28nm technology node, with a gain of 18dB, NF of 3dB and an
1IP3 of -15dB. The power dissipation of the design is 7.8mW. Both gain and NF are tuned
simultaneously, verifying that IIP3 is greater than -20dB.

Before adaptation, the variation of Gain is from 15.443dB to 19.542dB, NF is from
1.0154dB to 2.484dB, and IIP3 is from -19.23dB to -8.005 dB. The PVT conditions en-
compass a supply variation of +/-10% across SS, TT, and FF process corners, as well as

temperatures ranging from -40°C to 125°C.

4.3 Machine Learning Algorithm for Self Adapting

Both the LNAs above use the LGBM machine-learning algorithm [112]. "LGBM” stands
for Light Gradient Boosting Machine, which is a type of machine learning model. It belongs
to the family of gradient-boosting algorithms and is known for its efficiency and effectiveness
in handling large datasets and high-dimensional features. LGBM is particularly popular in
various machine-learning competitions and real-world applications because it trains quickly
and produces accurate predictions. It works by building an ensemble of weak learners
(typically decision trees) sequentially, with each subsequent learner focusing on the mistakes
made by the previous ones. This iterative process continues until the model achieves
optimal performance. LGBM incorporates several optimizations to enhance speed and
efficiency, making it a powerful tool for various tasks such as classification, regression, and

ranking.
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The training details include the utilization of the LGBM algorithm with Mean Squared
Error (MSE) serving as the cost function. The parameters for different components are

specified as follows:

1. LNA working at 1GHz:
Gain: Learning rate of 0.12, bagging fraction set to 0.05, with a total of 50 leaves,
R2Score of 0.99.
LNA Fingers: Learning rate of 0.1, bagging fraction set to 0.8, with a total of 5
leaves, R2Score of 0.99.

2. LNA working at 25GHz:
Gain: Learning rate of 0.12, bagging fraction set to 0.05, with a total of 50 leaves,
R2Score of 0.979.
NF: learning rate of 0.15, bagging fraction as 0.8, no. of leaves of 10, R2Score of
0.99.
LNA Fingers: Learning rate of 0.15, bagging fraction set to 1, with a total of 10
leaves, R2Score of 0.99.

Fig 4.7 shows the ML results for 1GHz LNA and Fig 4.8 results for 25GHz LNA.
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4.4 Results and Discussion

For 1Ghz LNA the variation of gain from 10dB to 14dB has reduced to 12.43-23.65dB,
making the variation less than 2%. The results are shown in Fig 4.9. For 25GHz LNA,

Corner Conditions Degraded Adapted

gain gain
1 FF, 1.1V, 100°C  9.168 12.53
2 FF,0.95V,90°C  9.31 12.47
3 TT, 1.1V, 120°C  10.82 12.04
4 FF, 0.9V, -40°%C  11.28 12.59
5 55, 1.1V, 120°C  11.65 12.21
1 2 3 4 5 & . 8 ., 6 TT, 0.99V, 60°C  11.98 12.53
Comer
7 55,0.97v, 35°C  13.37 12.57
—a—Degraded gain  —g— Adapted gain
8 TT, 0.9V, -40°C  13.56 12.7
9 55,0.9v,-40°%C  14.14 12.62

Figure 4.9: Resistive feedback LNA working at 1GHz gain results

the gain variation has been reduced to 17.48 - 18.97dB, while the NF has a range of 1.2-1.6
dB. These results have been achieved by maintaining an IIP3 of -20dB. The results of gain
and NF are shown in Fig ‘4.10 and Fig 4.11. The loop for 25GHz is shown in Fig 4.10.
The self-adaptation loop is shown in Fig 4.12
The concept has been verified on a Tx- Driver, VCO, Mixer and transmitter driver

whose results can be seen in Fig 4.13, 4.14, 4.15 respectively.
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Corner Condi

Degraded Adapted

gain gain
0 1 S8, 810mV, -40°C  15.84 17.63
2 TT, 810mV, 120°C  16.2 17.87

3 SS, 860mV, 0°C  16.81 18.33

a4 FF, 810mV, 45°C  17.09 17.96

5 §5,930mV, 80°C  17.3 18.54

6 FF, 870mV, 50°C  17.61 17.97

15 7 FF, 990mV, 120°C 17.82 18.19

1 2 3 4 5 6 7 8 9

—8—Degradedgain  —e— self adaptive gain 8 TT,970mV, -25%C  19.1 17.88

9 TT, 990mV, -40°C  19.38 18.13

Figure 4.10: LNA working at 25GHz Gain results

2 M Commer Conditions Degraded Adapted
NF NF

1 TT, 990mV ,-40°C  1.013 1.245
2 TT, 970mV, -25°C  1.092 1.334
3 FF, 870mV, 50°C  1.444 1.361
4 FF, 990mV, 120°C 1.521 1.43

5 FF, 810mV, 45°C  1.524 1.318
6 55, 860mV, 0°C 1.74 1.368
7 S, 810mV, -40°C  1.802 1.375

—a—Dograded NF  —— solf adaptive NF

8 55, 930mV, 80°C  1.854 1.516
9 TT, 810mV, 120°C  1.946 1.476

Figure 4.11: LNA working at 25GHz NF results
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Targeted specifications:
LNA 0.9 25.8 1.630154e+10

Gain : 18 dB, NF : 1.3dB at 25GHz 9.99 125.0 1.953021e+1l
schematic | vdd= 0.9v, Technology node= 28nm TSMC

skill code \ [
Stores the PVT conditions (" Python code

skill function | iNPVT dat.la from ADE-L " Read the PVT
is activated Run the python file . val;.les
containing trained ML Predict the
model gain
Reads the trim values Predi'ct the
| trim‘:ndes
Change the trim control "}, Saves the trim
variables by proper order e, bits
fij ez I in ADE-L
i EanB25G 18.18 4 (™= Trim codes
fi Nro2s6 4% |y O are changed
i Freq 19.53G v

F.?J 125.0 19526210000.0 17.44563273785093 1.6640075534474925 101.0] 1100161

Figure 4.12: 25GHz LNA self adaptation loop

Corner Conditions Degraded Adapted
Resistance Resistance
1 FF, -40°C, 810mV  42.62 50.21
2 FF,0°C, 850mV ~ 42.78 50.38
3 FF, 120°C, 990mV 45.21 50.18
4 TT, -40°C, 990mV  47.61 50.14
5 TT, 100°C, 970mV  51.42 50.18
[ TT, 70°C, 870mvV 5167 50.42
1 2 3 4 5 & 7 B 9

Corner ) 55, -40°C, 810mV  57.25 49.71
—g— Depradedresistance  —gp— Adapted Resistance 8 55, 120°C, 990mV 58.98 50.16
9 55, 60°C, 850mV  59.34 4937

Figure 4.13: TX- driver results
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4.5 Conclusion

In conclusion, the implementation of self-adaptive techniques in the design of low-
noise amplifiers (LNAs), voltage-controlled oscillators (VCOs), and transmitter circuits
has demonstrated significant benefits in terms of performance, robustness, and adaptabil-

ity. Through the utilization of self-adaptive algorithms, these circuits have exhibited the

Comer Conditions Degraded  Adapted
frequency frequency
1 55, -5°C, 940mV ~ 2.825 4.009
2 SS, 10°C, 890mV  2.933 3.744
3 S5, 80°C, 870mV  3.409 4.033
4 55, 125°C, 810mV  3.58 3.77
5 FF,-40°C, 810mV  4.088 3.801
6 TT, 125°C, 810mV  4.11 3.89
5 0,
1 2 3 4 5 & 7 8 8 i FF, -25°C, 850mV  4.23 3.927
—a— Degreaded frequency —a— Adaptive frequency 8 FF, -40°C, 990mV  4.296 3.982
9 TT, 125°C, 930mV  4.316 4.052

Figure 4.14: VCO results

capability to dynamically adjust their operating parameters in response to changing en-
vironmental conditions, variations in process, voltage, and temperature (PVT), and other
factors. The results from the two designs of LNAs, VCOs, and transmitter circuits showcase
improved efficiency, enhanced linearity, and superior reliability across a range of operating
conditions. Moreover, the self-adaptive approach has enabled these circuits to perform
optimally in challenging environments, such as temperature extremes and varying input
signals. Overall, the successful integration of self-adaptation techniques in the design of
these circuits underscores their potential to revolutionize RF front-end design, paving the

way for more resilient and adaptive wireless communication systems in the future.
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—e—Degraded IIP3  —e— Adapted IIP3 —e—Degraded IIP3  —e—Adapted IIP3.

Number Condition Degraded Adapted Number Condition Degraded Adapted
ne3 lip3 np3 lip3

1 1.7V ,50°C,SS -7.585 -4.268 10 1.84V,35°C, FF -4.065 -3.096

2 1.78v,40°C,SS  -6.897 -3.099 11 1.77V,40°C,FF -3.998 -3.315

3 1.82V,100°C,S§  -6.626 -3.228 12 1.74v,-35°C, TT  -3.844 -3.317

4 1.84V,60°C,SS  -6.353 -3.093 13 1.7V, -10°C, TT -3.755 -3.11

5 1.9v,110°C,SS  -5.946 -3.213 14 1.81V, 60°C, FF -3.711 -3.199

6 1.76V ,-25°C, FF -5.027 -2.909 15 1.75V,95°C, FF  -3.363 -3.335

7 1.63V,85°C, TT  -4.965 -3.057 16 1.88V,120°C, TT  -3.262 -3.267

8 1.95V,10°C, FF -4.449 -3.256 17 1.8V, 20°C, TT -3.247 -3.136

9 1.65V ,5°C, TT -4.407 -3.213 18 1.94V,105°C, TT  -2.51 -3.211

Number Condition Degraded Adapted Number  Condition Degraded Adapted
1dB 1dB 1dB 1dB
Compresion Compresion Compresion Compresion

1 1.7V ,50°C,SS -16.73 -12.95 10 1.84V ,35°C, FF  -13.74 -13.09

2 178V, 40°C,Ss  -15.89 -12.22 11 177v,40°C,FF -13.71 -12.32

3 1.82V,100°C,SS  -15.73 -11.83 12 1.74V,-35°C, 7T -13.66 -13.03

4 1.84V,60°C,SS  -15.27 -12.32 13 1.7V, -10°C, TT -13.66 -13.22

5 1.9v,110°C, 55 -14.70 -13.03 14 1.81V,60°C, FF -13.53 -11.88

6 1.76V,-25°C, FF -14.51 -11.98 15 1.75V,95°C, FF  -13.35 -13.24

7 1.63V,85°C,TT  -14.39 -12.63 16 1.88V,120°C, TT  -13.30 -13.21

8 1.95V,10°C, FF -13.97 -13.11 17 1.8V, 20°C, TT -12.96 -13.05

9 1.65V,5°C, TT -13.85 -13.17 18 1.94V, 105°C, TT  -12.77 -13.26

Figure 4.15: Mixer results
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Chapter 5

Conclusion & Future Work

In conclusion, the design and implementation of the circuits presented in this thesis
represent significant advancements in low-power and adaptive analog and RF circuitry.
The circuits and methodologies presented in this thesis represent significant advancements
in analog and RF circuit design, offering innovative solutions to address the challenges of
low-power operation, wide temperature ranges, and post-fabrication variations. These con-
tributions could drive the development of energy-efficient and adaptive electronic systems,

paving the way for future advancements in IoT, bioelectronics, and beyond.

Part 1 of the thesis focused on developing innovative voltage and current reference
circuits tailored for ultra-low-power applications across varying temperature ranges. The
circuits presented include a low-supply sensitive current/voltage reference without the use
of amplifiers and resistors, a supply-insensitive gate-leakage-based voltage/current reference
circuit, and a gate-leakage based sub-bandgap voltage reference explicitly designed for low-
power IoT systems. These circuits offer remarkable performance characteristics, such as
ultra-low power consumption, wide temperature operation, and high accuracy, making

them well-suited for various energy-efficient electronic applications.

Part 1 of the thesis also introduced a high-frequency, cost-effective, on-chip CMOS Vec-
tor Network Analyzer (VNA) tailored for bio-molecule detection. This VNA represents a

95



significant contribution to bioelectronics, offering a powerful and efficient tool for analyzing
susceptible and specific biological samples.

Part 2 of the thesis focused on developing machine learning-driven self-adaptive loops
for analog and RF circuits to mitigate post-fabrication Process, Voltage, and Tempera-
ture (PVT) variations. These self-adaptive loops harness the power of machine learning
algorithms to adjust circuit parameters and configurations in real-time, optimizing perfor-
mance, power efficiency, and reliability across varying operating conditions. Furthermore,
the thesis introduced a novel PVT sensor designed to interface with the self-adaptive loop,
providing accurate and real-time feedback on environmental conditions to ensure robust

and adaptive circuit operation.

Future work

The future work from the circuits and methodologies presented in this thesis holds
great promise for advancing the state-of-the-art in analog and RF circuit design, fostering
innovation, and addressing the evolving challenges and opportunities in diverse application

domains. These potential directions include:

1. Optimization for Specific Applications: Further optimization of the presented cir-
cuits and methodologies tailored for specific application domains could be explored.
For instance, in the case of ML-driven self-adaptive loops, fine-tuning the machine
learning algorithms to accommodate the unique requirements of different analog and

RF circuits or application scenarios could enhance performance and adaptability.

2. Integration into System-Level Designs: Investigating the integration of the developed
circuits and methodologies into larger system-level designs is another promising av-
enue. This could involve incorporating low-power references and self-adaptive loops
into integrated systems, such as IoT devices, wireless sensor networks, or biomedical

implants, to demonstrate their performance in real-world applications.
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3. Enhancement of Accuracy and Robustness: Further research could improve the pre-
sented circuits and methodologies’ accuracy, robustness, and reliability. This could
involve refining modelling techniques, implementing error-correction mechanisms, or
exploring novel circuit topologies to enhance performance under varying operating

conditions, environmental factors, and fabrication variations.

4. Exploration of Advanced Materials and Technologies: Investigating the application
of advanced materials and emerging semiconductor technologies could unlock new
possibilities for enhancing circuit performance and energy efficiency. For instance,
exploring novel materials with unique electrical properties or leveraging advancements
in nanotechnology and quantum computing could lead to developing next-generation

analog and RF circuits with unprecedented capabilities.

5. Validation through Prototyping and Experimentation: Conducting prototyping and
experimental validation of the presented circuits and methodologies in real-world en-
vironments is essential to assess their practical feasibility and performance. This
could involve fabricating prototype circuits, conducting comprehensive characteri-
zation experiments, and benchmarking against existing state-of-the-art solutions to

validate their effectiveness and potential for commercialization.

6. Exploration of Novel Applications: Lastly, exploring novel application areas and
use cases for the developed circuits and methodologies could open up new avenues
for research and innovation. This could involve investigating their applicability in
emerging fields such as quantum computing, neuromorphic computing, or sustainable

energy systems, where energy efficiency, adaptability, and reliability are paramount.
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