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Abstract

This scientifc research work presents the analysis and design of radio frequency

(RF) integrated circuits (ICs) designed for two cooperative RF identifcation

(RFID) proof of concept systems. The frst system concept is based on localizable

and sensor-enabled superregenerative transponders (SRTs) interrogated using a

24 GHz linear frequency modulated continuous wave (LFMCW) secondary radar.

The second system concept focuses on low power components for a 60 GHz contin-

uous wave (CW) integrated single antenna frontend for interrogating close range

passive backscatter transponders (PBTs).

In the 24 GHz localizable SRT based system, a LFMCW interrogating radar

sends a RF chirp signal to interrogate SRTs based on custom superregenerative

amplifer (SRA) ICs. The SRTs receive the chirp and transmit it back with phase

coherent amplifcation. The distance to the SRTs are then estimated using the

round trip time of fight method. Joint data transfer from the SRT to the in-

terrogator is enabled by a novel SRA quench frequency shift keying (SQ-FSK)

based low data rate simplex communication. The SRTs are also designed to be

roll invariant using bandwidth enhanced microstrip patch antennas. Theoretical

analysis is done to derive expressions as a function of system parameters including

the minimum SRA gain required for attaining a defned range and equations for

the maximum number of symbols that can be transmitted in data transfer mode.

Analysis of the dependency of quench pulse characteristics during data transfer

shows that the duty cycle has to be varied while keeping the on-time constant to

reduce ranging errors. Also the worsening of ranging precision at longer distances

is predicted based on the non-idealities resulting from LFMCW chirp quantization

due to SRT characteristics and is corroborated by system level measurements.

In order to prove the system concept and study the semiconductor technol-

ogy dependent factors, variants of 24 GHz SRA ICs are designed in a 130 nm

silicon germanium (SiGe) bipolar complementary metal oxide technology (BiC-

MOS) and a partially depleted silicon on insulator (SOI) technology. Among the

SRA ICs designed, the SiGe-BiCMOS ICs feature a novel quench pulse shaping

concept to simultaneously improve the output power and minimum detectable

input power. A direct antenna drive SRA IC based on a novel stacked transistor

cross-coupled oscillator topology employing this concept exhibit one of the best

reported combinations of minimum detected input power level of −100 dBm and

output power level of 5.6 dBm, post wirebonding. The SiGe stacked transistor with

base feedback capacitance topology employed in this design is analyzed to derive

parameters including the SRA loop gain for design optimization. Other theoreti-
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cal contributions include the analysis of the novel integrated quench pulse shaping

circuit and formulas derived for output voltage swing taking bondwire losses into

account. Another SiGe design variant is the bufered antenna drive SRA IC hav-

ing a measured minimum detected input power level better than −80 dBm, and

an output power level greater than 3.2 dBm after wirebonding. The two inputs

and outputs of this IC also enables the design of roll invariant SRTs. Laboratory

based ranging experiments done to test the concepts and theoretical consider-

ations show a maximum measured distance of 77 m while transferring data at

the rate of 0.5 symbols per second using SQ-FSK. For distances less than 10 m,

the characterized accuracy is better than 11 cm and the precision is better than

2.4 cm. The combination of the maximum range, precision and accuracy are one

of the best reported among similar works in literature to the author’s knowledge.

In the 60 GHz close range CW interrogator based system, the RF frontend

transmits a continuous wave signal through the transmit path of a quasi circu-

lator (QC) interfaced to an antenna to interrogate a PBT. The backscatter is

received using the same antenna interfaced to the QC. The received signal is

then amplifed and downconverted for further processing. To prove this concept,

two optimized QC ICs and a downconversion mixer IC are designed in a 22 nm

fully depleted SOI technology. The frst QC is the transmission lines based QC

which consumes a power of 5.4 mW, operates at a frequency range from 56 GHz

to 64 GHz and occupies an area of 0.49 mm
2. The transmit path loss is 5.7 dB,

receive path gain is 2 dB and the tunable transmit path to receive path isolation

is between 20 dB and 32 dB. The second QC is based on lumped elements, and

operates in a relatively narrow bandwidth from 59.6 GHz to 61.5 GHz, has a gain

of 8.5 dB and provides a tunable isolation better than 20 dB between the trans-

mit and receive paths. This QC design also occupies a small area of 0.34 mm
2

while consuming 13.2 mW power. The downconversion is realized using a novel

folded switching stage down conversion mixer (FSSDM) topology optimized to

achieve one of the best reported combination of maximum voltage conversion

gain of 21.5 dB, a factor of 2.5 higher than reported state-of-the-art results, and

low power consumption of 5.25 mW. The design also employs a unique back-gate

tunable intermediate frequency output stage using which a gain tuning range of

5.5 dB is attained. Theoretical analysis of the FSSDM topology is performed and

equations for the RF input stage transconductance, bandwidth, voltage conver-

sion gain and gain tuning are derived. A feasibility study for the components

of the 60 GHz integrated single antenna interrogator frontend is also performed

using PBTs to prove the system design concept.
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Kurzfassung

In dieser wissenschaftlichen Forschungsarbeit werden die Analyse und der En-

twurf von integrierten Schaltungen (integrated circuits, ICs) für zwei kooperative

RadiofrequenzidentiĄkationssysteme (RFID systems) vorgestellt, die als Konzept-

nachweis dienen. Das erste Systemkonzept basiert auf ortbaren und sensorfähigen

superregenerativen Transpondern (SRTs), die mit einem 24 GHz-Sekundärradar

mit linearer frequenzmodulierter Dauerstrichwelle (linear frequency modulated

continuous wave, LFMCW) abgefragt werden. Das zweite Systemkonzept konzen-

triert sich auf Komponenten mit geringem Stromverbrauch für ein integriertes

60 GHz-Frontend zur Abfrage von passiven Transpondern (passive backscatter

transponders, PBTs).

Bei dem 24 GHz SRT-System sendet ein LFMCW-Abfrageradar ein hochfre-

quentes Rampensignal, um SRTs abzufragen, die auf dafür optimierten

Verstärkerschaltungen (super-regenerative ampliĄers, SRA) basieren. Die SRTs

empfangen das Rampensignal und senden es phasenkohärent und verstärkt

zurück. Die Entfernung zu den SRTs wird dann nach der Round-Trip-Time-of-

Flight-Methode geschätzt. Die gleichzeitige Datenübertragung vom SRT zum

Abfragesystem wird durch eine neuartige Frequenzmodulation (SRA quench

frequency shift keying, SQ-FSK) mit niedriger Datenrate ermöglicht. Die SRTs

sind mit Hilfe von bandbreitenerweiterten Mikrostreifen-Patchantennen auch

rollinvariant konzipiert. Durch eine theoretische Analyse werden mathematische

Zusammenhänge in Abhängigkeit der Systemparameter abgeleitet, einschließlich

der minimalen SRA-Verstärkung, die zum Erreichen einer bestimmten Reich-

weite erforderlich ist, sowie Gleichungen für die maximale Anzahl von Symbolen,

die im Datenübertragungsmodus übertragen werden können. Die Analyse der

Quenchpulse während der Datenübertragung zeigt, dass das Tastverhältnis

variiert und die Einschaltdauer konstant gehalten werden muss, um Fehler bei

der Abstandsmessung zu reduzieren. Auch die Verschlechterung der Entfer-

nungsgenauigkeit bei größeren Entfernungen auf der Grundlage der ermittelten

Nicht-Idealitäten vorhergesagt. Diese ergeben sich aus der Quantisierung des

Rampensignals aufgrund der SRT-Eigenschaften. Die Theorie wird durch

Systemtests bestätigt.

Um das Systemkonzept zu prüfen und die von der Halbleitertechnologie

abhängigen Faktoren zu untersuchen, wurden Varianten der 24 GHz-SRA-ICs

in einer 130nm Silizium-Germanium-Technologie (SiGe) mit komplementärem

Metalloxidhalbleiter (complementary metal oxide semiconductor, CMOS) und

einer 45nm-Silizium-auf-Isolator-Technologie (silicon on insulator, SOI) realisiert.
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Unter den entworfenen SRA-ICs zeichnen sich die SiGe-BiCMOS-ICs durch ein

neuartiges Quench-Pulse-Shaping-Konzept aus, das gleichzeitig die Ausgangsleis-

tung und die minimale detektierbare Eingangsleistung verbessert. Ein SRA-IC

mit direkter Antennensteuerung, der auf einer neuartigen kreuzgekoppelten

Oszillatortopologie mit gestapelten Transistoren basiert und dieses Konzept

anwendet, weist eine der besten Kombinationen von minimalem detektiertem

Eingangsleistungspegel von -100 dBm und einem Ausgangsleistungspegel von

5,6 dBm nach dem Drahtbonden auf. Die genannte Topologie verwendet eine

Rückkopplungskapazität an der Basis. Sie wird theoretisch analysiert, um Param-

eter einschließlich der SRA-Schleifenverstärkung für eine Entwurfsoptimierung

abzuleiten. Weitere theoretische Beiträge umfassen die Analyse der neuartigen

integrierten Pulsformungsschaltung für die Quench-Pulse und Formeln für den

Ausgangsspannungshub unter Berücksichtigung der Bonddrahtverluste. Eine

weitere SiGe-Design-Variante ist der gepufferte SRA-IC mit Antennentreiber mit

einem gemessenen minimalen detektierten Eingangsleistungspegel von weniger

als -80 dBm und einem Ausgangsleistungspegel von mehr als 3,2 dBm nach dem

Drahtbonden. Die zwei Ein- und Ausgänge dieses ICs ermöglichen, in Kom-

bination mit der entworfenen Patchantenne, den Aufbau rollinvarianter SRTs.

Laborexperimente zur Überprüfung der Konzepte und theoretische Überlegungen

zeigen eine maximal gemessene Reichweite von 77 m bei einer Datenübertra-

gungsrate von 0,5 Symbolen pro Sekunde mit SQ-FSK. Bei Entfernungen von

weniger als 10 m ist die gemessene Genauigkeit besser als 11 cm und die Präzision

besser als 2,4 cm. Die Kombination aus maximaler Reichweite, Präzision und

Genauigkeit ist nach Kenntnis des Autors eine der besten, die unter ähnlichen

Arbeiten in der Literatur zu finden sind.

Beim entworfenen 60-GHz-CW-Abfragesystem für den Nahbereich sendet

das HF-Frontend ein Dauerstrichsignal über einen Quasizirkulator (quasi

circulator, QC) im Sendepfad. Dieser ist mit einer Antenne verbunden, um

einen PBT abzufragen. Die Rückstreuung wird über den Zirkulator mit der

gleichen Antenne empfangen. Das empfangene Signal wird dann verstärkt und

zur weiteren Verarbeitung heruntergemischt. Um dieses Konzept zu prüfen,

wurden zwei dafür optimierte QC-ICs und ein Abwärtsmischer-IC in einer

22 nm SOI-Technologie realisiert. Der erste auf Streifenleitungen basierende QC

benötigt eine Versorgungsleistung von 5,4 mW, arbeitet in einem Frequenzbereich

von 56-64 GHz und nimmt eine Chipfläche von 0.49 mm
2 ein. Der Verlust im

Sendepfad beträgt 5,7 dB, die Verstärkung im Empfangspfad 2 dB und die

abstimmbare Isolation zwischen Sende- und Empfangspfad liegt zwischen 20 dB

und 32 dB. Der zweite QC basiert auf konzentrierten Elementen, arbeitet in einer
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relativ schmalen Bandbreite von 59,6 GHz bis 61,5 GHz, hat eine Verstärkung

von 8,5 dB und bietet eine abstimmbare Isolation von mehr als 20 dB zwischen

dem Sende- und Empfangspfad. Dieser QC-Entwurf benötigt außerdem nur eine

kleine Fläche von 0.34 mm
2 und hat eine Leistungsaufnahme von 13,2 mW. Das

Abwärtsmischen wird mit einer neuartigen Topologie mit gefalteten Schaltstufen

(folded switching stage down conversion mixer, FSSDM) realisiert. Die Topologie

ist so optimiert, dass sie eine maximale Spannungsverstärkung von 21,5 dB bei

nur 5,25 mW Leistungsaufnahme erreicht. Es handelt sich dabei nach Kenntnis

des Autors um eine der besten Kombinationen aus Spannungsverstärkung und

Leistungsaufnahme in der aktuellen Literatur. Die Spannungsverstärkung der

Schaltung ist um den Faktor 2,5 höher als der Stand der Technik.

Der Entwurf verwendet auch eine einzigartige, durch das Backgate abstimmbare

Zwischenfrequenz-Ausgangsstufe, mit der ein Verstärkungsabstimmungsbereich

von 5,5 dB erreicht wird. Die theoretische Analyse der FSSDM-Topologie

wird durchgeführt, und es werden Gleichungen für die Transkonduktanz der

Eingangsstufe, die Bandbreite, die Spannungsumwandlungsverstärkung und

den Verstärkungsabstimmungsbereich abgeleitet. Um den Systementwurf zu

überprüfen wird eine Machbarkeitsstudie für die Komponenten des 60 GHz-

Abfragefrontends mit Einzelantennen unter Verwendung von PBTs durchgeführt.
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1 Introduction

1.1 Motivation and Related Work

Throughout human history, the ability to identify objects and determine their

position in space has been a skill of utmost importance. This skill was necessary

for tasks including navigation of surroundings, locating objects and following an-

imals, thus making it as essential as communication and time telling [PMvD+20].

A wide range of tools and techniques like coordinate systems, maps, references

based on the motion of celestial bodies and compasses were invented in due course

to master this ability. Foundations to alter those conventional paradigms beyond

recognition were laid in the second half of 19th century through exponential ad-

vances in our understanding of electromagnetic (EM) radiant energy, when its

existence and characteristics were predicted as fundamental laws in the seminal

works of J.C. Maxwell [Max65], and conclusive proof of its existence was ob-

tained through experiments done by H. R. Hertz [WC95, SSP14]. Building on

their work, pioneers including J.C. Bose, A. Popov, G. Marconi, R. Fessenden,

E.H. Armstrong, J.L. Baird and many others sought to fnd a diverse set of ap-

plications for electromagnetism [Eme97, Bon98, SSP14]. Their work done in that

era form the building blocks upon which many fascinating and now ubiquitous

technologies including radio communications, radio detection and ranging or radar

and radio frequency identifcation (RFID) are based.

Originally devised for direction fnding [Sch11] and prevention of ship collisions

[Sko88, SSP14], the radar concept for detection of objects and range estima-

tion based on the refection of EM waves evolved independently across multiple

countries in the early 20th century, with signifcant contributions from inven-

tors including C. Hülsmeyer with the spark-gap based telemobiloskop [Sko88],

R. Watson-Watt with the 22 MHz Chain Home [SSP14] and U. Tiberio with the

radar equation for the linear frequency modulated continuous wave (LFMCW)

radar radiotelemetro at 200 MHz [Gal14]. Since then, radar technology has been

used in a diverse range of systems including precise localization systems, imaging

systems and also as interrogators in RFID systems.

In RFID systems, a cooperating target [SFS11] also called a transponder or

tag communicates with an interrogating radar using backscatter [Lan05]. These

systems, which originated as identify friend or foe (IFF) systems and grew from

the works of H. Stockman [Sto48], R. F. Harrington [Har64] and others, have a

history which runs concurrently with radar systems research [Ros14, Lan05].

Though early radar systems operated at very high frequency (VHF) and ul-
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tra high frequency (UHF), the invention of devices like Magnetron and Klystron

pushed the frequencies to the microwave band where the highly directive and phys-

ically small antennas made the systems long range and more compact [Sko88].

Subsequent advances in semiconductor technology enabled the design of more

compact radio frequency (RF) circuits and systems, mainly through discrete com-

ponents made using III-V compound semiconductor technologies like gallium-

arsenide and indium-phosphide [MBG+96, GRB+00]. But recent progress in the

highly scalable and integratable silicon based technologies like silicon-germanium

bipolar complementary metal oxide semiconductor (SiGe-BiCMOS) [RHW+10a]

and fully depleted silicon on insulator (FDSOI) [OLC+18] are making the re-

alization of high performance radio frequency integrated circuits (RFICs) and

systems operating at microwave, millimeter-wave (mmWave) and beyond, a re-

ality. These state-of-the-art technologies ofer fast transistors, passives like ca-

pacitors, inductors and transmission lines with a relatively high quality factor.

Additional advantages of such technologies also include the possibility to inte-

grate baseband circuits including flters and analog to digital converters (ADCs),

powerful microcontrollers (µCs) and efcient digital signal processing hardware

for the implementation of smart algorithms.

These advances have resulted in the miniaturization and scaling of both sec-

ondary radar interrogators and RFID transponders, and the creation of ingenious

civilian and humanitarian applications like search and rescue, logistics, trans-

portation, public infrastructure, automotive systems. Of particular interest for

active transponder based systems are civilian automotive applications and wire-

less sensor node (WSN) nodes for internet of things (IoT), catering to diverse uses

cases from automotive safety systems for parking, lane switching and vehicle tag-

ging [RBK+19], to toll collection, livestock tracking and inventory management.

In such recent applications combining fundamental concepts of radar and RFID

transponders, it is becoming increasingly necessary for the transponders to inter-

face with sensors and to be localizable at short to medium distances [SFS11],

in addition to the basic functionality of identifcation and communication using

backscatter. These transponders can be either another radar sensor node like

in secondary radars [GHZ+11, JWSE12], or backscatter transponders [SFS11,

Weh10, SCW+13b, NEAE18, MMW+19]. Fig. 1.1 illustrates a general overview

of the components of such a system, where a static element called a reader or

interrogator sends transmit command signals to a number of low power remote

elements called transponders in the forward-link [FM10]. The transponders which

interface to various sensors responds to the interrogation signal and sends data

back to the interrogator through the return-link. As will be discussed in detail
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Figure 1.1: System overview showing the components of an RFID system, in-

cluding an interrogator, antennas and passive or active transponders

interfacing sensors.

in Chapter 2, the interrogator and transponders can be implemented in diferent

architectures, technologies and topologies, depending on the usage scenario.

Of the recent RFID transponder based systems and solutions reported for var-

ious applications in literature, each has its own unique advantages and also dis-

advantages. Conventional short range radio and secondary radar based systems

like [GHZ+11, JWSE12] where both interrogator and transponders use the same

hardware, report location information with high precision, accuracy and long

range. They also have communication and multiple sensor interface capabilities.

But they are expensive, bulky, consume relatively high power, pose challenges in

large scale deployment and operate at relatively low frequencies. Systems based

on passive or semi-passive backscatter transponders using Schottky or PIN diodes

[MMW+19, MDG12, KPRVH13] are also used for identifcation and sensor inter-

face at large scale [Lan05]. Though they are inexpensive and consume low power,

they operate at near feld and are without localization capabilities. Secondary

radar interrogator based systems where superregenerative transponders (SRTs)

[SFS11, VG08, SCW+13b] are used as cooperative coherent transponders [Bid02]

provide a trade-of between the two systems with relatively high precision, ac-

curacy and moderate range. They are also implementable as custom integrated
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circuits (ICs), making them suitable for mass deployment at moderate costs.

But they do not report identifcation and sensor interfacing capabilities. An

important challenge with interrogator frontends operating at frequencies above

24 GHz is that they are bistatic with separate transmit and receive antennas

[SCW+13a, MMW+19]. Solutions like transmit (Tx) / receive (Rx) switches are

not optimum for RFID and discrete circulators are expensive. Interrogator imple-

mentations at such higher frequencies also use discrete commercial components

[PD11, SCW+13a, MMW+19] and older technologies with longer minimum fea-

ture length, thereby occupying a relatively large area and consume high power

[FHB+21, KPRVH13, PKK+11, VHPM+08].

1.2 Scope and Functional Specifcations

This work is basic scientifc research investigating novel IC topologies and hard-

ware level system design for radio frequency identifcation and ranging.

The key research questions posed in this thesis are:

Is it possible to reduce energy consumption of integrated microwave RFID transpon-

ders that are jointly identifable and localizable at long ranges? Are such transpon-

ders analyzable and implementable using superregenerative amplifer theory?

Are monolithic IC based components consuming very low power at mmWave

frequency bands feasible for implementing single antenna RFID interrogators? Is

it possible to analyze and understand the characteristics of these components?

To answer these questions, the scope of this work is constrained by the following

functional requirement specifcations, characteristic of interrogator-transponder

systems:

• Proximity, sensitivity & read range: Design of backscatter transponders op-

erating in the range of at least 50 m and within the limits set by the efective

isotropic radiated power (EIRP) of the respective frequency bands pose an

interesting research problem. This also requires the transponders to have a

very high sensitivity to the interrogation signal.

• Localization: Many novel WSN applications require the location of the RFID

transponder, preferably with centimeter level accuracy.

• Small form factor: The objects on which transponders are attached should

ideally be oblivious to the transponder, and therefore transponders are re-

quired to occupy a small area. The same requirement is also applicable for

components of the interrogator.
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• Low energy consumption: Reducing energy consumption is a key sustain-

ability goal. Hence both transponders and interrogators should be optimized

for low power consumption. In particular, the transponders should consume

very low energy so that operation from a battery for at least 8 hours is

possible.

• Sensor interface, data storage and communication: The transponders should

interface with sensors to acquire data of physical parameters, store the data

in on-board memory and send the data to the interrogator to emulate WSN

nodes.

• Orientation tolerance: It is desirable to have robust detection and localiza-

tion even if the transponder orientation changes by rolling.

• Interference tolerance & robustness: Interrogators shall detect and measure

the distance to transponders with a high degree of robustness showing re-

silience to interfering frequencies.

• Frequency tolerance: The system should operate in the unlicensed microwave

and mmWave frequency bands so that experimental testing is possible with-

out interference with existing of-the-shelf systems.

• Scalability: Scalability and integration are one of the key requirements for

all research done in the information era. It is particularly relevant to RFID

transponders.

1.3 Objectives and Structure

This thesis presents two system concepts based on RFICs aimed at seeking an-

swers to the key questions posed in Section 1.2 and to create new knowledge in the

feld of RFID transponders and interrogators. The main focus is on the analysis,

design and characterization of two system concepts for identifcation and ranging

at 24 GHz and 60 GHz. The designed systems include a medium range, locatable

SRT based system concept at 24 GHz, and a close range, low area, low power

interrogator and semi-passive transponder based system concept at 60 GHz.

For the 24 GHz system concept, the emphasis is on the design of custom RFICs

in a SiGe-BiCMOS technology for the SRTs. The SRTs are interrogated using

a LFMCW secondary radar based interrogator implemented mainly using com-

mercial of-the-shelf (COTS) components and a custom power amplifer (PA) IC
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for range extension. Exploiting specifc characteristics of superregenerative ampli-

fer (SRA) operation, makes the SRTs localizable and sensor-enabled. The SRTs

also feature roll invariance using custom bandwidth enhanced microstrip patch

antennas.

The 60 GHz system concept focuses on RFICs for an unmodulated continuous

wave (CW) radar interrogator frontend. In the CW interrogator frontend of this

system, a quasi circulator (QC) IC with an integrated low noise amplifer (LNA)

is used to interface both the Tx and Rx signal paths to a single antenna. Novel

low power topologies are devised to implement custom QC variants and a down-

conversion mixer IC in a FDSOI technology. A passive transponder using custom

passive and active elements is used to test this system concept.

Though algorithms are designed for data analysis and range estimation, the

focus of this thesis is the analysis, design and characterization of the two systems

at hardware level and key RF components at circuit level.

The key contributions from this work are the following:

• System level design: System level requirements are derived from analytic ex-

pressions of parameters for both the LFMCW and CW interrogators. The-

oretical considerations include minimum SRA gain required for achieving a

particular maximum range, and models for simultaneous data transfer and

ranging using novel SRA quench frequency shift keying (SQ-FSK). Equa-

tions to determine key parameters including the maximum number of sym-

bols that can be transmitted in data transfer mode and SRA gain required

to achieve a particular maximum range as a function of system parameters.

Parameters serving as requirement specifcations for both circuit design are

also derived *[TFJE23].

• Integrated circuit design: Circuit analysis, design and characterization of

RFICs meeting the system level requirement specifcations using novel topo-

logies. The novel designs operating at 24 GHz include SRAs variants with

integrated quench pulse shaping to simultaneously maximize the output

power, minimize the detected input signal and provide multiple inputs and

outputs to implement roll-invariance *[TLJE18, TGJE18, TJE20]. Also im-

plemented is a PA with novel bandwidth extension technique *[TLJE19].

The designs operating at 60 GHz include two low power, low area QCs

with single antenna interface *[TPC+21] and a folded switching stage down-

conversion mixer (FSSDM) with a high conversion gain to power consump-

tion ratio *[TSJE21].

• Experimental tests: The parameters of the designed RFICs are character-

6



1.3 Objectives and Structure

ized independently. The RFICs meeting the requirement specifcations are

employed along with discrete components to implement the two proof of

concept systems involving interrogators, SRTs and antennas *[TTCE18].

Measured system level parameters like range and position estimates, data

transfer and roll-invariance are analyzed using programs employing a chirp

z-transform (CZT) based algorithm and results are compared against sim-

ulations and theory.

The rest of this work is organized as follows:

Chapter 2 presents the features and classifcation of the RFID transponders

and interrogators reported in the literature. Key system level specifcations are

identifed to compare and identify the optimum transponder topology and inter-

rogator architecture. Also included are the fundamentals of SRA operation and a

brief overview of the semiconductor technologies used for design.

Chapter 3 is dedicated to the design of K -band SRT and LFMCW radar based

identifcation and ranging system. This chapter includes the system level design

and derivation of requirement specifcations for circuit design, along with the in-

troduction of key design parameters for the use of SRA in range enhanced SRTs.

The chapter then proceeds with sections on analysis, design and characteriza-

tion of the various 24 GHz RFICs used in the system concept, followed by the

implementation details of the components of the proof of concept system. These

include sections on the SRT, LFMCW secondary radar interrogator, bandwidth

enhanced patch antennas and the data analysis algorithm.

Chapter 4 has a similar structure as Chapter 3, and starts with the system

level design, and moves on to the analysis, design and characterization of various

60 GHz RFICs and a 60 GHz passive transponder. The chapter ends with sections

on the proof of concept system implementation based on passive transponder and

CW interrogator operating at V -band.

Chapter 5 follows with the experimental tests of both the proof of concept

systems and the corresponding results from laboratory measurements.

Chapter 6 wraps up this thesis with a summary of main results and key con-

tributions, outlook into the future and an overview of open research questions

and interesting challenges that lies ahead in the exciting felds of RFICs, RFID

transponders and interrogators.
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2 Features and Fundamentals of RFIDs and

Superregenerative Amplifers

In this chapter, an overview and classifcation of the diferent RFID transpon-

der technologies and interrogator architectures are presented with a focus on the

principle of operation, components and key features relevant to the selection of

optimum system architecture. Also discussed are the fundamentals of SRAs and

their characteristic specifcations which makes them attractive as RFID transpon-

ders. The last section of this chapter gives a brief overview of the semiconductor

technologies used for IC based transponder and interrogator design.

There are multiple ways to do the classifcation of RFID systems and its com-

ponents. Fig. 2.1 lists one possibility based on the transponder technology, in-

terrogator architecture, interrogation EM feld regions and localization methods.

The interrogation EM feld regions and the communication modes employed also

determines the EM feld coupling mechanisms used in the system.

2.1 RFID Transponder Technology

The basic RFID transponder consists of a coupling element like a capacitor, coil

or antenna to interact with the interrogator and a passive or active element. The

passive or active element can transmit data to the interrogator and respond to the

interrogation signal to receive data [FM10, Par10]. There are numerous variants of

RFID transponders reported in literature [SPB+21, MGAC19, KPRVH13, FM10,

Par10, Weh10]. The choice of a particular transponder technology depends on a

combination of parameters to meet the requirement specifcations and demands

of the respective application in which the RFID system is used.

The left half of Fig. 2.1 shows one possible classifcation of RFID transponders.

Based on the technology used for implementation, they can be broadly categorized

as chipless transponders and semiconductor IC based transponders. They can also

be classifed based on the type of EM feld coupling, and whether the tag operates

in the near of far feld interrogation zones. Another diferentiating specifcation of

advanced RFID transponders are the capability to be localized. To estimate the

distance to tags, diferent localization techniques based on amplitude, phase and

time of fight of the scattered signal are employed. Key features of aforementioned

methods are briefy discussed in the following subsections.
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Figure 2.1: Classifcation of relevant RFID transponder technologies and inter-

rogator architectures. The areas covered by this work are highlighted

in gray.

2.1.1 Chipless RFID Transponders

They are based on passive structures that do not constitute a semiconductor

device or ICs, and are constructed using inductive components, magnetic ma-

terials, and refective or absorptive EM materials, which encode specifc data

[HPMCM19]. Depending on the encoding method, these transponders can be

categorized as time domain encoding based, frequency domain encoding based

or hybrid transponders [HPMCM19]. When placed in the interrogation zone,

these transponders receive the interrogation signal using an antenna and depend-

ing on the implementation, temporal or frequency signatures can be detected

[MGAC19, HPMCM19].

Chipless transponders employing time domain encoding methods are based on

time domain refectometry (TDR) [HPMCM19, FK15] and typically employ sur-

face acoustic wave (SAW) resonators [WV65], loaded transmission lines [MGAC19],

or pulse position modulation (PPM)[GNC10, Cri66]. Frequency domain chipless

RFID transponders are implemented using an array of antennas or resonant ele-

ments tuned at diferent frequencies within a frequency band swept by the interro-

gation signal [PBKS08, PK10, JR05]. Hybrid transponders like [VPT11, VPT12b]
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Figure 2.2: Schematic of a typical semiconductor based passive transponder.

combine two or more encoding methods to assign more than two logic states to

a single element. This multi-state behavior is achieved by encoding information

in the frequency [VPT12b] or by encoding information in the amplitude level of

the transmission zeroes introduced by the resonant elements [HPMC+17] or by

using polarization diversity to increase the information density and bandwidth as

reported in [VPT12a].

Chipless RFID transponders are small form factor, low cost solutions [MGAC19],

but some approaches also require narrower interrogation pulses to minimize over-

lap between pulses [HPMCM19, MGAC19]. Such requirements, increase the size of

the transponders, reduce the number of data bits that can be encoded, and require

high bandwidth interrogator frontends [HPMCM19, MGAC19]. Though recently

reported chipless transponders achieve high information density and carry up to

100 bits of data, they operate at very short ranges, with a maximum reported

range of 150 cm, and report no localization capability [HPMCM19].

2.1.2 Semiconductor based RFID Transponders

Semiconductor based RFID transponders use components like diodes or ICs and

are either passive or active. Passive transponders are either batteryless using en-

ergy harvesting or battery assisted, while active transponders are typically battery

assisted.

2.1.2.1 Passive Transponders

The international standards organisation (ISO) standard ISO 19762 defnes pas-

sive RFID transponders as those devices which receive the typically unmodulated

forward-link radiation from the interrogation signal and send reply signals back

to the interrogator by defecting or modulating in a passive way, without using

any on-board active transmitter [Par10]. The return-link communication is either

in the half duplex or full duplex mode.
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Passive load modulation: passive load modulation (PLM) is the most common

RFID backscattering method found in literature [FM10, Par10, CF11]. Fig. 2.2

illustrates the schematic of a typical passive transponder. The interrogation signal

is received by the antenna and the received signal power is transferred to the

rest of the transponder using a matching network. The N-channel metal oxide

semiconductor (NMOS) transistor M

1
is periodically switched between cut-of

and saturation regions by on-of keying (OOK) modulation signal generated by

the semiconductor based IC. This modulation causes a change in termination

impedance and thereby refection coefcient of the antenna, and thereby a change

in the radar cross section (RCS) of the transponder, and is called passive load

modulation. Interrogators detect this variation in σant and decode the data sent by

the transponder. Such transponders can be remotely powered by the interrogation

signal, or can be battery assisted.

Battery-less passive transponders: These are remotely powered or energy har-

vesting transponders where power is drawn from the magnetic or EM feld of

the interrogator [Par10, FM10]. In Fig. 2.2 the diodes D

1
and D

2
, together with

capacitor C1 function as a halfwave rectifer to rectify and store a part of the

interrogation signal energy in C1. The potential diference across C1 is then regu-

lated by a power management circuit to power the transponder IC. In addition to

generating the modulation signal , the transponder IC may include logic, memory

for data storage and other functionalities. The received signal power is then used

to communicate data back to the interrogator through the return-link.

Another class of battery-less transponders in which antenna arrays are used

to refect the incident signal towards the direction of the source without any

prior knowledge about the direction of the source are called retrodirective or Van

Atta arrays [MSU+11, SPB+21]. There are also passive directional coupler based

transponders reported in [AD19]. These transponders achieve medium range and

good accuracy, but they function as refectors and do not report data transfer.

Battery-assisted passive transponders: These devices, also called semi-passive

trans-ponders include on-board batteries to power the ICs in the RFID device,

instead of harvesting energy from the interrogating signal using the rectifer sig-

nal. They do not include RF transmitters to generate high frequency signals on

their own. They typically include more complex circuitry for storage and faster

data processing, which require on-board batteries. They also operate at short to

medium ranges [Par10]. They have higher sensitivity compared to battery-less pas-

sive transponders, and their maximum range is limited by interrogator sensitivity.

Recently semi-passive transponders are also reported at mmWave frequencies at

60 GHz [SFS11, KPRVH13].
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Figure 2.3: Illustration of a active transponder functionality.

Passive transponders are intended to replace traditional barcode technology

and are inexpensive and light weight. Maximum range of passive RFID systems

are limited by transponder sensitivity. Most passive RFID have a limited com-

munication range of around 1 m to 2 m due to very low refected power. They are

smaller, lighter and cost less than active transponders and also their data storage

capacity is much lower than active transponders [FM10, Par10].

2.1.2.2 Active Transponders

Active RFID transponders (ARTs) are defned as RFID devices having an ability

to produce RF signals on its own, according to the ISO 19762-3 [Par10]. As illus-

trated in Fig. 2.3, active transponders typically have an on-board RF transmitter

or transceiver capable of providing much stronger return link power to the inter-

rogator [Par10]. They also utilize a local power source like a battery or a solar

cell, periodically transmitting their ID and data over return link [Par10, FM10].

The on-board transmitter reduces the interrogator transmit power required for

the same distance compared to passive RFID transponders and requires a smaller

antenna aperture [FM10]. This also enables active RFID transponders with high

sensitivity to cover distances in the range of tens of meters from the RFID inter-

rogator [FM10]. Active RFIDs can be used for localization easily embedded in the

tracking objects but they typically do not achieve sub-centimeter accuracy. They

are also not readily available on portable user devices and require maintenance

through battery replacement [Par10].

In literature, numerous ARTs can be found [Xue08, BMM12, SFS11, Weh10,

DHV17b]. Their key diferentiating parameters include operation frequency, trans-

mit power, the extend of integration, input receiver sensitivity, localization ca-

pability and data transfer rate. Based on the operation principle, they can be

categorized as short range radio devices, refection amplifers, active retrodirec-

tive Van Atta array transponders, active load modulation transponders, pulsed
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tional refection amplifer.

oscillators and SRAs based transponders.

Short range radio devices: Short range radio devices are a class of active transpon-

ders where data from the interrogator is amplifed and downconverted to decode

the data in the receive mode as shown in Fig. 2.3. In the transmit mode, the trans-

mitter with its own oscillator and power amplifer is turned on and connected to

the antenna using a transmit-receive switch. The antenna radiates an EM feld

without backscatter modulation to send data back to the interrogator [FM10].

Due to the methods employed, SRDs can operate with the maximum possible

output power in the allowed frequency bands to cover the maximum possible

range, typically several hundred meters [FM10] and employ limited localization

and ranging capabilities. But these devices are complex, occupy a large footprint

and consume relatively large power.
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Refection amplifers: One of the simplest approaches to implement active RFID

transponders is by using refection amplifers to amplify the backscattered signal

[VMCV02, CF06, BMM12, KGCT14, FKSE17]. Refection amplifers are one-

port narrowband circuits that presents an input impedance with a negative real

part that makes the input refection coefcient larger than one [VMCV02]. They

are implemented using devices like transistors, Gunn diodes or tunnel diodes

[FKSE17].

Fig. 2.4 shows a refection amplifer implementation using a common drain

amplifer using transistor M1 at the core [CF06]. L1 is an RF choke to supply VDD

to the transistor. Rs controls the biasing and Cs is a RF bypass capacitor. The

microstrip transmission line TL1 with an equivalent inductive impedance between

the source and Rs sets amplifer closer to the region of instability. The transmission

line TL2 at the drain of M1 is an open stub used for frequency selectivity. Both

TL1 and TL2 are optimized to provide a negative input resistance at the operating

frequency. An impedance transformer is also used to transform the impedance to

a real part as close to −50 Ω as possible. When an input transmission line of

characteristic impedance Zo = 50 Ω is terminated on a refection amplifer with

input impedance Zin = Rin + jXin, the magnitude of voltage refection coefcient

Γin at the input of the circuit is given by [KGCT14]

|Γin| =

�

�

�

Zin − Zo

Zin + Zo

�

�

�

. (2.1)

In a refection amplifer (RA), the real part of input impedance is negative

according to Re(Zin) = − Rin, resulting in |Γin| > 1 as,

|Γin| =

�

�

�

�

−Rin + jXin − Zo

−Rin + jXin + Zo

�

�

�

�

. (2.2)

The resulting return power gain of |S11| in decibel given by

|S11| = 10 log |Γin|2 dB = 20 log
Rin − jXin + Z0

Rin − jXin − Z0

dB, (2.3)

In oscillator designs, the condition

Rin + Zo < 0 (2.4)

is used and the imaginary part is designed to be zero at the frequency of oscillation,

whereas in a refection amplifer, the real part is designed to have a small negative

value to result in an increased gain, while the imaginary part is a value higher

than zero in magnitude so that undesired oscillations are damped. The input
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Figure 2.6: Schematic of (a) active load modulation transponder. (b) illustration

of corresponding amplitude spectrum.

refection coefcient varies from a positive real part to a negative real part as a

function of VDD and hence data to be transmitted to the interrogator is encoded

as a function of VDD to generate amplitude modulation (AM) or OOK signals.

Another RA based design variant is reported in [BMM12]. This design is based

on a diferential cross-coupled core interfaced to a dipole antenna and a varactor

for phase modulation. The circuit uses microwave refections to amplify and re-

radiate the incident interrogation signal at 4 GHz, and is implemented in a 130 nm

CMOS technology.

Refection amplifer based ARTs are capable of generating amplifed backscatter

in operating frequency bands from UHF to K band, with return gains up to

8 dB over a an interrogation range up to 2 m while consuming very low power

[CF06, FKSE17]. But no demonstration of ranging or localization is reported in

literature.

Active retrodirective Van Atta arrays:

The Van Atta array uses paired antennas connected by transmission lines with

equal lengths or diference in lengths equal to multiples of the guided wavelength,

ensuring that the transmission lines do not contribute extra phase diference to

the incident waves [CCL03, CF11, SPB+21]. Each antenna functions as both a

receiving and transmitting antenna, and the two antennas of each pair are located

symmetric with respect to the center fo the array. Each antenna receives a wave,

and the pairing antenna refects the wave back after it is delayed by a connecting

transmission line. Each antenna and its pair is connected in a mirror symmetric

confguration, resulting in relative phase reversal for the refected wave compared

to the incident wave [SPB+21]. Therefore the reradiation feld phase distribution

becomes reversed producing a reradiation beam in the incident wave direction.

In a passive Van Atta array, the refected wave intensity is proportional to the
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Figure 2.7: Schematic of pulsed oscillator based transponder (a) The implemen-

tation from [Weh10] and (b) [SCW+13b].

number of antennas in the array. An active Van Atta array on the other hand

either uses a unilateral amplifer or a bidirectional amplifer.

A bidirectional amplifer based Van Atta array is shown in the schematic of

Fig. 2.5(a). This implementation results in increased radiated feld intensity by a

factor of the gain of the amplifer GVA, which is 6 dB higher than the unilateral

amplifer based arrays [CCL03]. The bidirectional amplifer is typically imple-

mented using two refection amplifers and a quadrature hybrid as illustrated in

Fig. 2.5(b).

Active load modulation: Active load modulation tries to improve the range and

data transmission capabilities of the transponder by generating a signal with the

same spectral characteristics as that of conventional passive transponder based

load modulation devices [Fin11, GWMC12, SRS+21]. Transponders utilizing the

active load modulation principle employ either OOK or binary phase shift key-

ing (BPSK). As shown in Fig. 2.6(a), the typical OOK active load modulation

transponder includes a ring modulator which modulates the carrier signal and

sub-carrier based on the data to be transmitted. The generated frequency spec-

trum consists of the carrier and two sidebands separated by a fxed frequency,

similar to double side band (DSB) modulation as illustrated in Fig. 2.6(a). A PA

drives this signal and transmits through an antenna. The transponder receives

data using the same antenna, which is amplifed using a LNA, and digitized using

a Schmitt trigger.

BPSK modulator based transponder architectures employ relatively complex

architectures consisting of LNA, BPSK modulator, detector and a variable gain

amplifer (VGA). IC implementations of such transponders are reported at a wide

range of frequencies including 77 GHz [DHV17b].

The reported works report extend the range, chip level detection and commu-

nication capabilities, but no distance measurement capability is reported [Fin11,
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Figure 2.8: Illustration of (a) Monostatic interrogation and (b) bistatic interro-
gation principle.

DHV17b].

Pulsed oscillators and superregenerative amplifers: Another interesting ART

class based on a pulsed oscillator is reported in [Weh10]. A similar architecture is

also reported with the nomenclature switched injection locked oscillator (SILO)

in [VG08, SCW+13b]. As shown in Fig. 2.7(a), these transponders are based on

frequency tunable narrowband oscillators which can be switched ON and OFF

using a modulation signal [Weh10]. Some implementations [VG08, SCW+13b]

also use a LNA and PA based architecture as illustrated in Fig. 2.7(b). Such

modulated backscatter transponders perform phase coherent amplifcation of the

interrogation signal based on the startup characteristics of oscillators. They also

enable the measurement of distance between interrogator and transponder using

the round trip time of fight (RToF) principle [VG08, SCW+13b]. Active pulsed

refector operates with an accuracy of 33 cm [Weh10] [SFS11].

Active pulsed oscillator based ARTs have better clutter performance, can mea-

sure distance to transponder, have low complexity and consume low power. But

these works report only ranging at short distance and not communication for

data transfer. Active pulsed oscillator based RFIDs fnd roots in a class of cir-

cuits known as SRAs as discussed in detail in Section 2.6.

2.2 RFID Interrogator Architectures

RFID interrogators, also called RFID readers are full duplex RF frontends which

transmit an interrogation signal and receive the backscattered or load modu-

lated signal at the same time. RFID interrogators are similar to radar frontends,

though not all radar architectures ft the purpose. Similar to conventional radars,

depending on the location of transmit and receive antenna, RFID interrogators

are classifed as monostatic and bistatic radar systems. As shown in Fig. 2.8(a),

the monostatic interrgator interfaces the transmit and receive frontends using

a single antenna. This is done either with the help of transmit-receive switches
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Figure 2.9: Illustration of an interferometer based interrogator.

or circulators. Bistatic interrogators on the other hand have separate transmit

and receive antennas as illustrated in Fig. 2.8(b). The defnition holds in conven-

tional systems operating at lower frequencies when the separation between the

two antennas are signifcantly greater than the wavelength. In systems operating

at microwave and millimeter wave frequencies, due to the shorter wavelength, the

separation is quite small so that both transmitter and receiver can be located in

the same module, and considered essentially monostatic. In the following sections,

some architectures like interferometers are strictly monostatic, while others like

the ultra-wideband (UWB) interrogators and CW radar interrogators are used in

both monostatic and bistatic confgurations.

Depending on the down conversion and data analysis methods used, RFID

interrogators can be broadly classifed into those utilizing time domain and fre-

quency domain methods. While architectures like interferometers and UWB uti-

lize the time domain properties of the received signal to detect the presence of a

transponder, continuous wave architectures like frequency stepped and frequency

modulated continuous wave employ frequency domain techniques for transponder

identifcation, detection and ranging.

2.2.1 Interferometer based Interrogator

Interferometers are no-intermediate frequency (IF) full-duplex time-domain inter-

rogators which detect the backscatter based on the interference of the transmitted

signal and received backscatter signal [ZXLW04]. They are implemented using an

array of envelope detectors to eliminate blind spots and do not require a receiver

side mixer. [ZXLW04] reports the design of a non-IF interrogator where 4 detec-

tors with a spacing of λ/8 are placed along a 50 Ω microstrip transmission line and
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Figure 2.10: Illustration of a IR-UWB interrogator.

length greater than 3λ/4, but less than λ. The transmitted traveling wave and the

received traveling wave superimpose along the microstrip transmission line, form-

ing a standing wave. The envelope detectors are zero-bias Schottky diode based

rectifers with AC fltering capacitors at the cathode output. The detector output

has the characteristics of a harmonic voltage source, and the output voltage is

digitized by ADC to decode the OOK data transmitted by the transponder.

Interferometer based interrogator have low complexity, moderate sensitivity

and consume low power, but they are not suitable for measuring the distance to

the transponder.

2.2.2 Ultra-wideband Interrogator

Fig. 2.10 depicts one of the state-of-the-art architectures of a ultra-wideband

impulse radio (UWB-IR) system [GSP+15]. The core of this interrogator is a

pulse generator which generates short duration nth order Gaussian pulses [WS98],

typically less than 1 ns, amplifed by a PA and radiated using the Tx antenna.

The pulse generator is implemented using delay elements and charge pumps. The

transponder shapes the signal and refects it back to the interrogator. The received

signal at the interrogator Rx antenna is amplifed by the LNA and undergoes a

delayed sampling process using a sampler circuit [GSP+15, WTLH18]. The sam-

pled signal is digitized by an ADC, and the data is processed, typically by a feld

programmable gate array (FPGA) to retrieve the signal sent by the transponder

using the equivalent time algorithm [GSP+15]. The impulse generator, the tun-

able delay generator, the sampler and the ADC are controlled and synchronized
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Figure 2.11: Generic architecture of bistatic CW radar interrogators.

by the FPGA.

They consume very low power due to low duty cycle operation, have high toler-

ance to interference and multipath compared to narrow band and also have high

object penetration depths [LDBL07, DDR+10]. The short Gaussian pulses used

for interrogation are also benefcial for precise ToA and ToF based localization,

but require multiple optimally located interrogators and time synchronization

between them, increasing the complexity of the system [LDBL07]. However, due

to the short duration pulses, the interrogator requires high bandwidth RF com-

ponents and expensive radiating elements like horn antennas or moderate gain

Vivaldi antennas that operate in the frequency bands from 3.1 GHz to 10.6 GHz

[DDR+10].

2.2.3 Continuous Wave Interrogators

CW secondary radars are one of the widely used interrogators for identifying

backscatter RFID transponders. Their advantages include low transmit power re-

quirements, high sensitivity and low complexity [Sko80, PMFT+17]. They can

be broadly divided into two categories, namely unmodulated single-carrier CW

radar interrogators and modulated CW interrogators. Interrogator architectures

like pulse radars and interferometry CW radars fall under the single-carrier CW

unmodulated CW radar category and operate based on time domain signal pro-

cessing principles. Modulated radar systems like stepped frequency continuous

wave (SFCW) and LFMCW on the other hand operate based on frequency do-

main signal processing principles [PMFT+17].

Most CW bistatic radar systems typically employ a single channel homodyne,

direct conversion or low-IF architecture as depicted in the simplifed architecture
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of Fig. 2.11. Here the frequency synthesizer is typically a voltage controlled oscil-

lator (VCO) controlled either by a digital to analog converter (DAC) or a phase

locked loop (PLL), or a direct digital synthesizer (DDS). The generated signal is

amplifed using a PA and transmitted using the Tx antenna. The backscattered

signal received from the transponder is received using the Rx antenna, and ampli-

fed before it is fed to the RF port of the downconversion mixer. The LO port of

this mixer is fed with a a part of the transmitted power using a coupler or power

divider. The downconverted IF signal is then low pass fltered and digitized by

an ADC to decode the demodulated data from the transponder. In the case of

monostatic interrogators using a single antenna, the separation of the received

backscatter signal from the transmit signal is done using a circulator.

The characteristics of the transmitted signal are controlled by the frequency

synthesizer, which is able to generate unmodulated CW, SFCW or LFMCW sig-

nals by varying the VCO tuning voltage as a function of the required modulation

characteristics [GPSH19].

Unmodulated single-carrier continuous wave radar: One of the earliest inter-

rogator architectures used single carrier CW [Sto48, KDF75]. They operate using

a single-frequency CW to obtain phase accumulation of targets [PMFT+17]. In the

more recent interrogator architectures similar to that illustrated in Fig. 2.11, the

synthesizer generates a constant amplitude single frequency signal by controlling

the tuning voltage of the VCO. The transmitted CW signal is backscattered by

the transponder. The backscattered signal is an amplitude modulated CW signal

and is demodulated and digitized by the receive frontend to detect the presence of

the transponder. CW radars also enable the measurement of range to transpon-

der, albeit ambiguity after a distance of one wavelength. The transmitted wave

traveling through the channel accumulates the phase and when the received wave

is compared with the transmitted wave, the range RCW is calculated as [Sko80]

RCW = λ

�

θCW

2π

+ nCW

�

, (2.5)

where the wavelength λ = Co/fCW, fCW is the transmitted carrier frequency,

θCW is the measured phase diference between transmitted and received signal

varying from 0 to 2π, and nCW is an integer denoting the wave cycle. (2.5) says

that the estimated range is ambiguous because the receiver measured only θCW

and not nCW.

Single carrier CW radars have the simplest architecture, and hence relatively

low power consumption. They can identify transponders based on backscatter,

provide high precision displacement and unambiguous velocity measurements of

single targets [PMFT+17]. However, they are not suitable for measuring the ab-
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Figure 2.12: Illustration of the frequency domain representation of CW transmit

signals. (a) single-carrier CW (b) SFCW and (c) FMCW.

solute distance to targets and transponders [PMFT+17]. Also since the interroga-

tor only uses a single frequency, these systems are not resilient against multipath

efects at lower frequencies, but is seen as a suitable candidate for low power

close-coupling system applications at mmWave frequencies [VHPM+08].

Stepped frequency continuous wave radar: SFCW radars [LDBI96] are wideband

interrogators where the frequency synthesizer output in the simplifed architec-

ture of Fig. 2.11 is stepped as discrete frequency steps illustrated in Fig. 2.12(b).

In the depicted bistatic confguration, the instantaneous frequency fi of the VCO

is varied in discrete steps of duration Tstep by a DAC, and transmitted after am-

plifcation using a PA [LZA09, LAE+11, AWM09]. The instantaneous frequency

is given by

fi = fmin + k ∗ fstep, (2.6)

where integer k = 0, 1, 3, ..NSFCW and NSFCW is the number of steps within a
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scan period Tscan given by

Tscan = NSFCWTstep. (2.7)

For each stepped frequency value, the backscattered EM wave from transponder

is received by the homodyne receiver. The received baseband signal is the sum

of scattered signals from all the targets [IF83] and transponders present within

the interrogator coverage area, and a discrete Fourier transform (DFT) is be used

to retrieve the scattering coefcients from individual targets [LDBI96, IF83] to

identify and detect the transponders. The range resolution of the SFCW radar

using NSFCW steps of δfstep is determined as [LDBI96]

δRSFCW =
Co

2BSFCW

, (2.8)

where Co is the free space propagation velocity of EM waves, and bandwidth

BSFCW = NSFCWδfstep. Range resolution is one of the most important param-

eter of radars that measure range to target. It is the ability of a radar system

to unambiguously distinguish between two or more targets placed in the same

direction, but at diferent ranges. In other words, if two targets are placed closer

than δRSFCW in the same angular direction, the radar system will not be able

to distinguish between the two targets, and represent both of them as a single

target.

The corresponding maximum range RSFCW,max for unambiguous range mea-

surement is given by [LDBI96]

RSFCW,max =

�

NSFCW

2
− 1

�

δRSFCW (2.9)

SFCW radar is advatageous in applications where a lower operating frequency

band is required along with high resolution and low system noise. Their main

drawback is the longer scan time Tscan, especially when long range performance is

desired. The Tscan in (2.7) determines how fast a sweep can be done. For a given

loop bandwidth or settling time of the DAC, Tstep is generally set to a minimum.

But in order to detect transponders at a long range, NSFCW should be increased,

and this proportionately increases Tscan according to (2.7).

Frequency modulated continuous wave radar: LFMCW radars are an extension

of SFCW radar, and operate based on frequency domain principles [Sko80]. The

main advantage of LFMCW radar compared to unmodulated CW is that the un-

ambiguous absolute range can be determined. When compared to SFCW radar,

instead of using discrete frequency steps, the instantaneous frequency is varied
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linearly from a minimum frequency fmin to a maximum fmax to generate a chirp

with period Tchirp as illustrated in Fig. 2.12(c). Due to this, they are able to in-

terrogate transponders at longer distances faster as the maximum range is not

dependent on the number of frequency steps. More details are described in Sec-

tion 3.1.1. Since they use a wide spectral bandwidth similar to UWB, LFMCW

based radar based interrogators also ofer high degree of multipath immunity and

accuracy compared to unmodulated CW and SFCW.

2.3 Coupling Dependent Range and Operating Frequencies

The physical coupling between interrogator and transponders is possible using

electric, magnetic and EM felds [FM10]. Electric felds are employed by capaci-

tively coupled systems, magnetic felds by inductively coupled systems and EM

felds by backscatter systems. Depending on the operation range, these systems

can be classifed as follows:

Close-coupling or close range systems: These are systems typically operating

at ranges below 1 cm, and hence used in applications allowing close contact be-

tween the interrogator and transponder, like electronic door locking or point of

sale contactless smart cards [FM10]. Such systems operate with either magnetic

coupling using inductors or electric feld coupling using capacitors at frequencies

less than 30 MHz and does not rely on radiative felds. Typically the transponders

are passive, and the short interrogation range facilitates the transfer of relatively

large amounts of power from the interrogator to the transponder.

Remote-coupling or short range systems: These are RFID systems with an in-

terrogation range less than 1 m. They employ either inductive coupling using coils

and operate at frequencies below low frequency (LF) at 135 kHz or high frequency

(HF) at 13.56 MHz. This enables such systems to be employed in applications like

industrial automation and animal tagging. Recent millimeter-wave identifcation

(MMID) systems at millimeter-wave frequencies operating at 60 GHz are rela-

tively short range and could come under this category.

Long range systems: When the interrogator range is much larger than 1 m, the

RFID systems operate in the ultra high frequency (UHF) at 433 MHz or 868 MHz

and 915 MHz and microwave frequency ranges at 2.45 GHz, 5.8 GHz and 24 GHz

[LDBL07, FM10]. Passive backscatter transponders generally achieve a range of

around 3 m, while active backscatter transponders achieve a range greater than

15 m [FM10]. The operating frequency range implies communication and power

transfer is done using antennas. These antennas receive the RF power from the

interrogator and transfer the power to the ICs in the transponder with minimal
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losses. The optimum design of the antenna is essential to maximize the refected

or reradiated incident power in backscatter modulation. Common antenna designs

include dipole antennas and microstrip patch antennas.

Frequency of operation: RFID systems are governed by numerous standards,

and operates at standard frequency bands. Table 2.1 compares the operation

frequency, coupling methods, data rate and storage capacity, maximum range

and applications corresponding to those frequency bands [FM10, Par10].
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2.4 RFID Ranging Techniques

When an RF signal propagates through a channel, the three key characteris-

tics of the signal including amplitude, time and phase undergoes transformation.

RF localization and ranging techniques rely on the fact that geometric param-

eters like distance or direction of the transponder can be estimated from these

transformed parameters [YZL13, BSRS10]. There are multiple ranging methods

[NR08, SR92, MBN21] reported in literature which exploit each of the three signal

characteristics, but there are key diferences in the localization of RFID transpon-

ders as compared to traditional wireless local positioning systems [MEK+11]. Tra-

ditional wireless local position systems rely on a network of spatially distributed

interrogators or transponders, and do localization based on multilateration and

multiangulation. RFID localization is mainly centered around bilateral ranging

and direction fnding, typically based on radar principles [MEK+11]. What follows

is a brief discussion of a few important ranging techniques and the suitability of

a particular technique to locate RFID transponders.

2.4.0.1 Received Signal Strength based Ranging

The amplitude of an RF signal propagating through a channel undergoes attenu-

ation. The magnitude of this attenuation is proportional to the distance travelled

as described by the Friis’ path loss equation [Sko80].

PLd =

�

4πd

λ

�n

(2.10)

where d is the distance between the interrogator and transponder antennas, λ

is the wavelength of the interrogating signal, and n = 4 for passive transponders

and n = 2 for active or semi-passive transponders.

In a typical RFID system, the interrogator transmits a power level PTX. The

transponder backscatters or transmits back the signal and d is estimated based

on the received signal strength (RSS) or received signal power level PRX at the

interrogator as [NR08],

d =
λ

4π

|H| n

r

PTX

PRX

G

2

TX
G

2

RFID
Kχ2 (2.11)

GTX and GRFID are the antenna gains for the interrogator and transponder

respectively. χ is the coefcient of polarization matching , and K is the coefcient

of backscattering. H represents the complex channel response, which equals to 1

for line of sight (LoS) interrogation.
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Figure 2.13: Illustration of frequency domain phase diference of arrival technique.

RSS in indoor environments is afected by multipath fading and shadowing. To

estimate the distance to transponder from interrogator under such conditions, a

mean path loss exponent p is defned in [SR92]. The distance between interrogator

and transponder is then estimated by using the measured absolute mean path loss

PLd defned in the distance dependent path loss model from [SR92] given by,

d = d010

PL,dBd,dB−PLd0,dB−X
σ,dB

10p
,

(2.12)

where d0 is a reference distance and PLd0
is the path loss measured at d0.

p = 2 for free space, and in indoor environments with multipath signals p > 2

is empirically determined. Xσ,dB is a zero mean log-normally distributed random

variable with a standard deviation of σ in decibels. The characteristics of (2.12)

result in a linear variation of received signal power with distance in a log-log plot.

RSS based localization and ranging is easy to implement, cost efcient and

can be used with a number of technologies including RFID. However, since RSS

depends on the received signal power, the signal to noise ratio degrades with dis-

tance, degrading the distance estimation accuracy more than other techniques

[ZGL19]. Also received signal power is not a highly sensitive function of distance

and antenna radiation [NMR+10]. Additionally, multipath fading and shadow-

ing from objects in the environment further attenuate the signal power through

absorption, refection, scattering and difraction [YZL13, ZGL19], especially at

lower frequency of operation and therefore the path loss exponent is difcult to

determine analytically and us usually determined using statistics [NR06]. Accu-

racy is also afected by other factors including transponder orientation, receiver

sensitivity in the case of active or semi-passive transponders, antenna radiation

pattern and channel characteristics [ZGL19]. So RSS is often combined with other

techniques to improve ranging accuracy [MBN21].
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2.4.0.2 Phase based Ranging

RFID systems in which interrogators employ in-phase and quadrature (IQ) de-

modulators with coherent detectors have the capability to extract the phase of the

backscattered signal along with RSS [MBN21]. The phase of the backscattered

signal is given by [NMR+10],

ϕ =
4πd

λ

+ ϕ0 + 2πωφ (2.13)

where λ is the wavelength of the interrogating signal, d is the distance between

interrogator and transponder, ωφ is the phase noise and ϕ0 is a constant phase

ofset that depends on multiple variables including interrogator components, tag

characteristics and orientation. The main limitation of this approach as is evi-

dent from (2.13) is the phase-ambiguity above 2π radians. Several phase unwrap-

ping techniques to solve this problem are reported in [SK08, TMS+19, MNM+18,

BMN+19], but often with time consuming calibration requirements. Alternative

approaches like frequency domain frequency domain phase diferene of arrival

(FD-PDoA) estimates the transponder range [NMR+10] without phase unwrap-

ping. This technique is similar to LFMCW radar or harmonic radar [NMR+10].

Here phases of the transponder signal at two or more frequencies are measured.

Then the derivative of the phase with respect to frequency is calculated to esti-

mate the range to the transponder as [NMR+10],

d = −
c

4π

∂ϕ

∂f

. (2.14)

(2.14) assumes a physically static transponder with constant phase ofset and

transponder backscatter phase that do not vary with frequency.

Phase based localization techniques have better localization accuracy because

they are more tolerant to the efects of multipath propagation than RSS based

approaches [NR08]. However, phase based approaches have degraded accuracy in

the absence of LoS, and have to be used in conjunction with other techniques like

RSS or ToF to improve overall accuracy. Also phase based ranging is employable

only for passive or semi-passive RFID transponders which do not employ local

oscillators [NR08].

2.4.0.3 Time based Ranging

The conventional time based ranging and positioning techniques reported in liter-

ature include time of arrival (ToA), time diference of arrival (TDoA) and RToF

based methods [LDBL07]. ToA and RToF methods utilize the fundamental char-
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acteristics of a propagating EM waves that the distance traveled is directly pro-

portional to the propagation time from an interrogator to the transponder. In

the ToA technique, the absolute one-way propagation time is measured with re-

spect to interrogators located at a minimum of three reference points, and is

typically used for two dimensional positioning systems. In RToF based ranging,

the two-way propagation time is measured. In a typical system, the interrogator

transmits a signal, which is received by the transponder and transmitted back to

the interrogator with a delay which corresponds to twice the distance between

the interrogator and transponder. The estimate of the distance dRToF using RToF

of the transmit signal is then calculated according to

dRToF =
c0 · (tRToF − td)

2
, (2.15)

where c0 is the free space propagation velocity, and td is the additional delay

introduced by the transponder and signal processing by the interrogator. This

processing delay defnes the minimum measurable range and limits the close range

accuracy of the system.

TDoA is another technique mainly employed in positioning systems. In TDoA,

the time diference of the received signal is measured by interrogators positioned at

two reference points to estimate the relative position of the transponder [BSRS10].

For each TDoA measurement, the transponder is assumed to lie on a hyperboloid

with a constant range diference between the two reference interrogators, and

distance is calculated using techniques like nonlinear regression [LDBL07].

Both ToA and TDoA techniques require multiple interrogators, often requiring

clock synchronization to determine the range and position of the transponder. Also

it is not possible to do high accuracy and unambiguous ranging of the distance

between interrogator and transponder by using the ToA or TDoA approach.

In the RToF based approach, the measured range resolution is proportional to

the bandwidth of the system as will be seen in Section 3.1.1. The communication

channel bandwidth of commercial UHF-RFID systems is relatively limited to

around 100s of kHz and this bandwidth is not always sufcient to make accurate

measurements. But advances in semiconductor technology makes it possible to

design RFID systems at frequency bands like the 24 GHz ISM band, which has

a higher allocated bandwidth of 250 MHz, and thus signifcantly improving the

range resolution.
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2.5 Architecture Selection for Proof of Concept Systems

The choice of a particular combination of transponder technology, interrogator

architecture or feld regions are determined by the application and operation

constraints. In order to evaluate the suitability of a particular method, for the

implementation of a state-of-the-art RFID system, several diferentiating speci-

fcations should be considered. Key among these are the frequency of operation,

the method for physical coupling and the minimum and maximum interrogation

range.

Operating frequency band selection depends on several factors including the fre-

quency dependent specifc absorption rate of atmospheric water molecules, and

better object penetration [Sey05, FM10]. Traditional RFID frequency bands like

LF and HF are used for low data rate, inductively coupled short range applications

and the components occupy a relatively large area. UHF and the lower microwave

frequency band of 2.4 GHz are relatively congested. Higher operating frequencies

also have several advantages for the interrogating radar. Even though an increase

in frequency results in shorter range due to larger attenuation and more vulner-

able to atmospheric efects, it results in higher resolution due to larger available

bandwidth, narrower beamwidth for the same physical dimensions of the antenna

and miniature antennas. The use of small antennas enables the implementation

of roll invariant techniques to achieve polarization diversity. So the designs in this

work employ the 24 GHz ISM band for the long range system and 60 GHz ISM

band for the remote-coupling short range system.

Table 2.2 shows state-of-the-art RFID systems operating at microwave fre-

quencies utilizing a combination of the diferent interrogator and transponder

technologies discussed so far. In the interferometer and backscatter system em-

ployed by [ZXLW04], data transfer is possible, but localization is difcult due

to the limitations of the technique and hence not reported. An LFMCW radar

based interrogator and a SILO based transponder is reported in [SCW+13a]. This

system operates at 34 GHz, and achieves a good localization accuracy of 7 cm and

a moderately long range of 11.5 m. However, the system does not feature data

transfer. The frst system designed in this work, operating at 24 GHz is based

on [SCW+13a], but integrates data transfer functionality at lower power, and

at a much longer distance. Not many RFID systems with low power IC RFID

transponders with large data storage capacity operating in the microwave and

mmWave frequency bands are reported that demonstrate data transfer at long

ranges and high accuracy bilateral ranging [DHV17b].

Due to the suitability of the LFMCW radar principle discussed in Section 2.2.3

for long range multipath tolerant detection and localization, a LFMCW radar
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based system is implemented for interrogating transponders at 24 GHz. The un-

modulated single carrier system also discussed in Section 2.2.3 has low complexity

and ofers the lowest power consumption, and hence is used for the short range

system at 60 GHz.

In a LFMCW radar based interrogator system, the signal from the ART received

at the radar is mixed with the original chirp to obtain baseband beat frequen-

cies which are directly proportional to the distance to the refector [Sko80] as

discussed in Section 2.2. Though the active refector ICs discussed in Section 2.1

have the advantage of squaring the maximum range of the radar compared to

passive refectors, the amplitude of the beat frequency signal is often submerged

in the noise foor of the low frequency part of the baseband spectrum as will be

shown in Fig. 3.4. This results in degradation of the signal to noise ratio (SNR)

of the system due to artifacts from static clutter, low frequency close-in noise,

DC ofsets, frequency pulling, and RF or local oscillator (LO) to IF leakage from

mixers of the interrogating radar. The typical solution employed involves the use

of a high pass flter in baseband at the radar downconverter output [JAW+13],

but it sets a limitation on the minimum measurable distance.

Due to the abovementioned reasons, a modulated transponder based on SRAs

which shifts the baseband frequencies of interest towards the higher end of the

spectrum is chosen as the topology for a robust long range RFID transponder op-

erating at 24 GHz. For the proof of concept system at 60 GHz a close range passive

load modulation based battery-assisted transponder discussed in Section 2.1.2.1

is chosen due to its low implementation complexity.
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2.6 Superregenerative Amplifer (SRA)

The superregeneration principle was invented by E. Armstrong in 1922 [Arm22]

and one of the frst detailed theoretical treatments of the principle traces back to

E. Whitehead’s work from 1950 [Whi50]. Many early works like [Mac48, Rie49]

followed and focused on the original application of this principle in vacuum tube

based communication receivers. As will be seen in detail in Section 2.6.1, the con-

cept is based on the regenerative sampling principle, where a signal present across

the resonator of an oscillator is amplifed when the oscillations are periodically

quenched at a frequency much lower than the resonator natural frequency, but

higher than twice the input signal modulation frequency [Whi50].

Though SRA based receivers were of relatively low complexity, consumed low

power and had high gain, the natural oscillations of the resonator resulted in

back-radiation, which caused signifcant interference with other receivers [Whi50,

Lee03] and were soon replaced by architectures like superheterodyne receivers

[Lee03]. Though back-radiation is detrimental for communication circuits, SRAs

operated in the logarithmic step-controlled mode named as SILO proposed in

[VG08] take advantage of this radiated power, the circuit’s sensitivity to input

signals and high gain amplifcation to implement RFID transponders for localiza-

tion. Section 3.1.1 extends the work of [VG08] and describes how the otherwise

detrimental back radiation of the SRA can be put to good use in combined RF

identifcation, communication and localization.

In literature SRAs are also called superregenerative oscillators by some authors

because structurally, the circuit is an oscillator as discussed in Section 2.6.1. How-

ever, from the behavioral model perspective, the circuit does phase coherent am-

plifcation of an input signal. So, by following conventions in the well established

Gajski-Kuhn Y-chart [GK83, LS20], the terminology for SRAs also employed in

works like [BMCD09] is used throughout this work.

2.6.1 Fundamentals

The basic superregeneration principle can be understood with the help of the

circuit model illustrated in Fig. 2.14(a). Here, Lres and Cres represents the in-

ductance and capacitance respectively of a frequency selective bandpass parallel

resonant network. The efective loss of the resonator is represented by the time-

invariant transconductance Gp, which is the parallel combination of the losses due

to the source resistance Rs = 1/Gs and the resonator loss Rres = 1/Gres, yielding

Gp = Gs + Gres. The sinusoidal input signal, typically received using an antenna

is iin(t) = Î insin(ωint + φin) and the output voltage is vout. if(t) is the modeled
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GresLres
vout(t)

iIn(t) Cres if(t)Gs

(a)

iin(t)

gf(vq(t))

vout(t)

vq(t)

+

if(t)

-

(b)

Figure 2.14: (a) Circuit model for illustrating the superregeneration principle.
(b) Feedback loop based system model used for analysis.

time-variant feedback current component, and is defned as,

if(t) = gf(t)vout(t), (2.16)

where gf(Vq(t)) is the time-varying transconductance which controls the damp-

ing of the network, and is varied periodically using the quench signal voltage

Vq(t).

In order to understand this principle analytically, the equivalent time varying

feedback system model of Fig. 2.14(b) is considered [BMCD09]. From Fig. 2.14(b),

the impedance Zres of the the bandpass resonant tank network can be written as

[BMCD09],

Zres =
Vout(s)

Iin(s)
=

Zcωress

s

2 + 2ζ0ωress + ω

2
res

. (2.17)

Where ωres = 1/(
√

LresCres) is angular resonant frequency of tank. Zc is the

characteristic impedance defned according to,

Zc =

r

Lres

Cres

. (2.18)

ζ0 is the quiescent damping factor given by,

ζ0 =
Gp

2Cresωres

=
GpZc

2
. (2.19)

If the variation of gf(t) compared to ωres is small, then the system can be

considered quasi-static [BMCD09], and the time-varying transfer function for the
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feedback loop illustrated in Fig. 2.14(b) is given by [BMCD09],

ZSRA,LTV(s, t) =
Vout(s, t)

Iin(s)
=

Zres(s)

1 − gf(t)Zres(s)
. (2.20)

On substituting (2.17) and rewriting (2.20) we get [BMCD09],

ZSRA,LTV(s, t) =
Zcωress

s

2 + 2ζ(t)ωress + ω

2
res

. (2.21)

(2.21) looks structurally similar to (2.17), with the only diference being the

time invariant ζ0 is replaced by the time-variant instantaneous damping or quench

function ζ(t) as the coefcient of frst degree term in the denominator. ζ(t) is

defned in a circuit designer friendly form as,

ζ(t) = ζ0(1 −
gf(t)

Gp

) =
Gp − gf(t)

2

r

Lres

Cres

. (2.22)

When gf(t) > −Gp, the system is a frequency selective second order band pass

flter. When gf(t) ≤ −Gp, the circuit is an oscillator in which the oscillations

build up with a random initial phase and grows with an exponential envelope.

When Gp + gf(t) transitions from a positive to negative value, oscillations would

still build up with an exponential amplitude envelope, but interestingly vout(t) is

phase coherent to iin(t) which has an initial phase ϕin.

With reference to Fig. 2.14(a), this system can described using a second order

non-homogeneous diferential equation with time varying coefcients given by,

v

′′

out(t) + 2ζ(t)ω
res

v

′

out(t)

+ ω

2

res
vout(t) =

1

Cres

i

′

in(t) .

(2.23)

Using the solution exhaustively treated in [BMCD09] and [MPM05], we can

write the output voltage vout(t) as the product of Zc, the time dependent gain

term ASRA(t) and the fltering term h(t) according to,

vout(t) = ZcASRA(t)h(t). (2.24)

where the gain term ASRA(t) reaches a maximum at t = Tq,on, and is defned

as,

ASRA(t) = e

−ωres

R

t

Tsamp

ζ(x)dx

, (2.25)

and the fltering term is the product of the derivative of the input signal and
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the sensitivity function µ(t) according to

h(t) =

Z

t

Tq,st

i

′

in(τ)µ(τ) sin ω0(t − τ)dτ, (2.26)

with

µ(t) = e

ωres

R

t

Tsamp

ζ(x)dx

(2.27)

where Tsamp is the time at which the resonator losses are equal to the time

varying negative resistance and ζ(t) is defned as positive in the time interval

Tq,st ≤ t < Tsamp and negative in the interval Tsamp ≤ t ≤ Tq,on as illustrated in

Fig. 2.15(a),Fig. 2.15(b) and Fig. 2.15(c). Tq,st is the starting time instant of the

quench signal and Tq,on is the duration of quench signal for which ζ(t) is negative,

with

Tq = Tq,on − Tq,st. (2.28)

Though (2.24) gives insight into the SRA operation, it does not reveal the

circuit design parameters. In order to optimize circuit design parameters, the vout

derived using a frequency-domain model with a convolution approximation of h(t)

in [BMCD09] can be used, and is given by

vout(t) = A0AsAr(t) sin(ωrest + ϕin) . (2.29)

(2.29) shows that, with a sinusoidal input current, the output voltage is a

sinusoidal signal with frequency ωres set by the resonator elements, and phase

coherent to the input signal phase ϕin. The amplitude of the voltage signal is

determined by two time invariant gain terms A0 and As, and a time variant gain

term Ar(t). The time invariant gain A0 is given by [BMCD09]

A0 =

Iin

2

r

Lres

Cres

ωin

√
2π

p

(ωreskq)

=

IinZc

2

ωin

√
2π

p

(ωreskq)

. (2.30)

(2.30) shows that the the output signal amplitude is directly proportional to

the input current amplitude, the characteristic impedance, and the input signal

frequency, while it is inversely proportional to the slope of the ramp or sawtooth

quenching function, kq with units s−1 [BMCD09].

As is the superregenerative gain component which determines the frequency

selectivity of the SRA, and is given by [BMCD09]
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As = e

−
(ωres−ωin)

2

2ωreskq
. (2.31)

(2.31) shows that the SRA acts as a band-pass flter with a Gaussian frequency

response centered around ωres, and attains a maximum value of 1. From (2.31),

an equation for the flter 3 dB bandwidth can be derived by equating As =
1

√

2
as

ωin,BW = ωres ±
p

ωreskq ln(2). (2.32)

From (2.32), we can see that the frequency response curve and bandwidth of

the flter can be controlled by varying the slope kq. A higher kq corresponds to

larger bandwidth and poor selectivity, whereas a lower kq results in increased

selectivity. Another interesting factor to consider here is that selectivity in fre-

quency domain corresponds to the sensitivity function in time domain, and is

defned in [BMCD09] as,

µ(t) = e

−
ωreskq

2
(t−Tsamp)

2

. (2.33)

(2.33) shows that µ(t) is a Gaussian function in time domain with a peak value

of one, at the sampling instant Tsamp.

The third gain term is the time dependent regenerative gain Ar(t) which de-

scribes the exponential oscillation build up in the linear mode, and is a function

of kq as given by,

Ar(t) = e

ωreskq

2
(t−Tsamp)

2

. (2.34)

Ar(t) increases with the duration of quench pulse width till the SRA enters the

logarithmic mode regime with steady state oscillations. Due to this, there is an

inverse relationship between maximum achievable regenerative gain, quenching

frequency and data rate. The linear and logarithmic modes are discussed further

in Section 2.6.2.

As plotted in Fig. 2.15(d), Fig. 2.15(e) and Fig. 2.15(f), the maximum of vout(t)

envelope in (2.29) occurs when gf(t) ≥ GP at t = Tq,on. Beyond Tq,on, till the

beginning of next quench cycle, there are no oscillations. The maximum of the

vout(t) envelope Vout,env,max can be written as,

Vout,env,max = A0AsAr(Tq,on). (2.35)

The key inferences that can be made from (2.29) to (2.35) are as follows:

• (2.29) indicates that the output signal oscillates with a frequency equal to
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the LresCres tank network resonant frequency ωres, but coherent to the phase

of the input signal φin.

• It can be inferred from (2.30) that the rate at which the output voltage

increases is directly proportional to the amplitude of input signal and char-

acteristic impedance of the resonant tank in the linear mode of operation

as illustrated in Fig. 2.15(d), Fig. 2.15(e) and Fig. 2.15(f) for three diferent

input current signal amplitudes.

• (2.30) also indicates that the output signal is directly proportional to a

constant gain term which is a function of input signal frequency and the

quenching function.

• (2.31) shows that the SRA functions as a bandpass flter with a Gaussian

frequency response centered around the resonant frequency of the network,

and with a flter bandwidth not only dependent on the resonator elements,

but also the slope of the quench signal kq. This implies that a high selectivity

can be achieved even with a resonator with low Qres.

• The input signal sensitivity of the SRA is a Gaussian function in time do-

main, centered around the sampling instant Tsamp.

• The output voltage grows with an exponential envelope with a time squared

exponent that is dependent on σs according to (2.34).

• Also it can bne deduced that unlike in conventional amplifers where the

gain bandwidth product is a constant, SRAs have gain and logarithm of

bandwidth product constant.
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Figure 2.15: (a), (b) and (c) shows the SRA quenching function. (d), (e) and (f)

shows the SRA linear quench mode in which the output voltage am-

plitude build up is directly proportional to the input current signal.

(g),(h) and (i) shows the SRA logarithmic quench mode output in

which the time dependent output voltage signal area is proportional

to the input current signal. (Partly reused from *[TFJE23] © 2023

IET).
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2.6.2 Modes of Operation

The SRA can operate in four diferent modes, and combinations thereof [Whi50].

Based on how the output amplitude is restricted, the SRA can be operated in

either linear mode or logarithmic mode. Also based on the characteristics of the

quenching function, the SRA can be operated in either slope-controlled mode or

step-controlled mode.

Linear mode: (2.35) derived using a linear model says that the peak of the

envelope of the output signal amplitude increases with input signal amplitude

and scaled by the superregenerative gain as shown in the plots of Fig. 2.15(d),

Fig. 2.15(e) and Fig. 2.15(f). This is a valid model at low input power levels and

the SRA operates in the linear mode [Whi50].

Logarithmic mode: Like most practical nonlinear systems, beyond a certain

input power level, the output amplitude increase ultimately saturates as plotted

in Fig. 2.15(g), Fig. 2.15(h) and Fig. 2.15(i). This behavior of the SRA is called the

logarithmic mode of operation in which the peak of the output signal amplitude

envelope defned in (2.35) remains constant, while the area under the envelope,

within each quenching period defned in (2.29) is directly proportional to input

signal amplitude [Whi50].

Of particular interest is the input power level Pi,N annotated in Fig. 2.16(a), at

which the transition from linear to logarithmic mode occurs. In the linear mode,

input power Pin < PN, and the approximate output signal envelope power level

Plin,env,max is given by [SSE+14]

Plin,env,max = Dq

V

2

outPin

2RPPin,N

(2.36)

where RP = 1/GP and the duty cycle Dq is defned as

Dq =
Tq,on

Tq

. (2.37)

c is given by

Pin = I

2

inRP (2.38)

and the input referred noise power level Pin,N is given by,

Pin,N =
4kBT fres

Qres

, (2.39)

where kB is the Boltzmann constant, T is the absolute temperature in Kelvin

and Qres is the quality factor of the resonator determined as
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Qres = RP

r

Cres

Lres

. (2.40)

From (2.36) through (2.40), it can be deduced that Pout,lin,env,max in the linear

mode of operation is linearly dependent on Pin as illustrated in Fig. 2.16(a).

In the logarithmic mode, Pin ≥ Pi,N, and the power level of the output signal

envelope Plog,env,max reaches a maximum that is independent of Pin as depicted

in Fig. 2.16(a) and is given by [SSE+14]

Plog,env,max = Dq

V

2

out

2RP

. (2.41)

As annotated in Fig. 2.16(a), Pin,N is the intersection point of the linear mode

output power and logarithmic mode output, and can be derived by equating (2.41)

and (2.36) to yield

Pin = Pin,N (2.42)

The minimum input signal power level Pi < 10 for phase coherent amplifcation

can also be determined using the standard deviation of phase defned in [SSE+14]

as

σ
φ,SRA =

10

4π

log
10

10Pin,N

Pi

(2.43)

and the corresponding minimum input power level Pi,min is given by

Pin,min =
4KBT fres

Qres

1

Dq

. (2.44)

According to (2.44), Pin,min is directly proportional to fres and inversely pro-

portional to Qres. So in order to improve the input sensitivity of the SRA, it is

desirable to operate at lower frequencies and have the resonator optimized for

higher Qres as is evident from the plots in Fig. 2.16(b).

Slope-controlled mode: The analysis so far has been based on the fact that the

quenching signal is a linear function of time as is evident from (2.22) and as de-

picted in the plots Fig. 2.15(a), Fig. 2.15(b) and Fig. 2.15(c). This operation mode

of the SRA, where ζ(t) is a periodically repeating linear function like a sawtooth

waveform is called the slope controlled mode. In this mode, if ζ(t) slowly varying

so that multiple periods of input signal can occur within the Gaussian sensitivity

function window defned in (2.33), the SRA can achieve better sensitivity and

selectivity [Whi50].

Step-controlled mode: In this mode, ζ(t) changes from positive ζpos to negative
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Figure 2.16: (a) SRA output power level versus input power level for diferent
resonator quality factor values (b) SRA minimum input power level
required for phase coherent amplifcation at diferent resonator qual-
ity factor values, T=290K and Dq = 0.1.

ζneg abruptly when using a quench signal similar to that depicted in Fig. 2.17(a),

and defned as

ζstep(t) =

(

ζpos if t < Tq,samp

ζneg if t > Tq,samp .

(2.45)

The quenching signal in this case can be a square waveform or duty cycled

pulses. In this mode, SRA sensitivity is an exponential function of time with a

discontinuity at Tq,samp, and is defned according to

µstep(t) =

(

e

ωresζpost if t < Tq,samp

e

−ωresζnegt if t > Tq,samp .

(2.46)

Though µstep(t) is not as good as in the slope-controlled mode [Whi50, BMCD09],

the SRA can be quenched at a higher frequency, and maintains a phase coher-

ent relationship with input signal as shown in Fig. 2.17(b). Also some interesting

frequency domain characteristics of step-controlled mode makes it attractive to

RFID systems as will be seen in Section 2.6.3 and Section 3.1.1.
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Figure 2.17: (a) Time domain characteristics of SRA operating in the step con-

trolled mode. (b) Phase coherence of the SRA output signal when

input signal phase is varied.

2.6.3 Frequency Domain Characteristics

When operating in the step-controlled mode with the quench signal as a pulse

train as illustrated in Fig. 2.17, the time domain output response sout(t) of the

SRA in response to a CW input signal

sin(t) = Ain cos ωint (2.47)

with amplitude Ain and frequency ωin can be represented from a signal theory

perspective as [VG08, SCW+13b],

sout(t) =

∞
X

n=−∞

Ares cos(ωres(t − nTq,on) + ωinnTq) · rect

�

t − nTq − 0.5Tq,on

Tq,on

�

(2.48)

where n = 0, 1, 2, ... is an integer representing the pulse number and rect is the

rectangle or normalized boxcar function and ωres is the free-running frequency of

the resonator. Tq is the quench signal time period and Tq,on is the duration for

which oscillations build up, with Tq,on ≤ Tq. Ares is the amplitude of the output

signal.

The Fourier transform Sout(f) can then be calculated as the convolution of

Fourier transforms of the cosine term and rect term in (2.48) and can be simplifed

as [SCW+13b]
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Sout(f) =K1

∞
X

n=−∞

exp
−j2π(f−fin)nTq

+ K2

∞
X

n=−∞

exp
−j2π(f+fin)nTq

(2.49)

where the envelope terms K1,2 are defned by

K1 =

AresTq,on

2

sinc [πTq,on(f − fres)] exp
jπ(f−fres)Tq,on

K2 =

AresTq,on

2

sinc [πTq,on(f + fres)] exp
jπ(f+fres)Tq,on

(2.50)

The terms in (2.50) corresponds to a Dirac impulse train known as the Sha

function denoted by X, and the magnitude spectrum of Sout(f) is determined as

[SCW+13b]

|Sout(f)| =

AresDq

2

sinc [πTq,on(f + fres)] [X(f + fin)Tq]

+

AresDq

2

sinc [πTq,on(f − fres)] [X(f − fin)Tq]

(2.51)

The two X function terms in (2.51) are non-zero at the linear combination

of frequencies fin ± nfq, and therefore track fin as illustrated in Fig. 2.18(a)

where fin = fres and in Fig. 2.18(b) where fin = fres + 2.5fq. Fig. 2.18(a) and

Fig. 2.18(b) also depicts the magnitude envelope |Sout,env| of |Sout(f)|, which is

the sinc function in (2.51) with a maximum value at the free running frequency

fres. Also the frequency span of each side lobe in the magnitude spectrum of

|Sout(f)| is determined by Tq,on. The smaller the Tq,on, the larger the span and

vice versa as illustrated in the plots in Fig. 2.18.

(2.51) is derived without considering the noise in the system. When AWGN

with a variance corresponding to an SNR of 20 dB is added to the |Sout(f)|, noise

is also modulated by the sinc function as illustrated in Fig. 2.18(c).

Another parameter of interest to system design are the bounds on SRA quench

frequency fq when a modulated CW signal is used as the input. If sin,m(t) is

a modulated signal with a modulation frequency fm, the maximum quench fre-

quency fq,max and the minimum quench frequency fq,min is constrained by the

Nyquist sampling theorem with with fm << fres as [Whi50]
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Figure 2.18: Modeled frequency domain characteristics of SRA with normalized

amplitude plotted as a function of frequency normalized to fin: (a)

shows the spectral lines and peak of envelope align when fin = fres,

(b) shows that the spectral line corresponding to fin is greater the

peak of the envelope corresponding to fres by 2.5 times fq and (c)

shows the efect of AWGN corresponding to 20 dB SNR in (a).

fq,min = 2fm

fq,max =
fres

2

(2.52)

fq,max is also dependent on the minimum quench time required so that the

sampled input signal phase at each quenching instant is not afected by the signal

phase of the previous sampling period. This phenomenon is also called the history

or memory efect, and is relatively benign at low fq [Whi50, PSBDdAL+20].
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2.7 Semiconductor Technologies for RFIC Design

A brief overview of the features of semiconductor technologies used for RFIC de-

sign are presented in this section. All 24 GHz circuits except one SRA variant are

implemented in a 130 nm SiGe-BiCMOS technology. One SRA variant is imple-

mented in a 45 nm partially depleted silicon on insulator (PDSOI) technology and

the 60 GHz circuits are implemented in a 22 nm FDSOI technology.

2.7.1 Silicon Germanium BiCMOS

The SiGe-BiCMOS circuits designed in this work are implemented in a 130 nm

SiGe-BiCMOS technology. The key features of this technology are [RHW+10b,

RS18]:

• High performance heterojunction bipolar transistors (HBTs) with ft up to

240 GHz and fmax up to 330 GHz.

• The HBTs have a break down voltage of 1.6 V [RHW+10b, RS18].

• 7-layer back end of line (BEOL) with two thick copper layers at the top

• Two thick copper top layers for implementing high Q passives including

inductors and transmission lines, and fve thin bottom layers for high density

routing.

• A metal insulator metal (MIM) layer for high Q capacitors with high ca-

pacitance density.

• Salicided, N+ and P+ poly resistors, and metal oxide semiconductor (MOS)

varactors with 3 to 1 tunability and a capacitance density of 4.5 fF /µm2

[RHW+10b, RS18].

• The complementary metal oxide semiconductor (CMOS) core devices hav-

ing a minimum gate length of 130 nm and operating at a maximum supply

voltage of 1.2 V. A peak ft of 80 GHz is reported for N-channel feld ef-

fect transistors (nFETs) and 40 GHz for P-channel feld efect transistors

(pFETs).

2.7.2 Silicon-on-Insulator

The designs in this work also use a 45 nm PDSOI and a 22 nm FDSOI technology.

The transistors available in these technologies use an ultra-thin buried oxide layer
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between the substrate and a very thin silicon layer forms the channel [OLC+18].

The ultra-thin oxide layer signifcantly reduces leakage currents to substrate, and

short channel efects like drain induced barrier lowering [OLC+18]. The short

channel lengths result in higher intrinsic gain and lower capacitances compared

to bulk CMOS technology. The channel can also be controlled by a backgate

enabling the charge carrier fow through both the top and bottom surfaces of the

channel, which provides a knob to tune the threshold voltage of the transistors

[OLC+18].

The key features of this technology reported in literature [OLC+18] are:

• High performance nFETs with a maximum ft/fmax 347 GHz/371 GHz, and

strained SiGe channel pFETs with a ft/fmax up to 275 GHz/299 GHz.

• The low voltage transistors have a maximum operating voltage of 0.8 V ±

10 %.

• Of the many BEOL favors available, the one with 10 metal layers including

two thick copper layers at the top are used for the designs in this work.

• One aluminium layer and two thick copper top layers for implementing high

Q passives including inductors and transmission lines, and fve thin bottom

layers for high density routing.

• Passive components include high density alternate polarity metal-oxide-

metal (APMOM) capacitors, accumulation mode MOS varactors and dif-

ferent types of polysilicon and difusion resistors.
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3 24 GHz Superregenerative Transponder based

Identifcation and Ranging System

This chapter begins with a discussion on the system design aspects of detecting

and ranging SRT using a LFMCW secondary radar interrogator. This is followed

by the derivation of SRA IC design requirement specifcations and the theory

of novel SQ-FSK modulation for identifcation and data transfer. Also presented

are the analysis, design, experimental characterization outcomes and knowledge

acquired from the designed SRA IC variants. The last section of the chapter

presents the details of the proof of concept system implemented using two SRTs

with bandwidth enhanced microstrip patch antennas, a LFMCW radar interroga-

tor and data analysis using a CZT based algorithm to improve the accuracy of

distance estimates.

3.1 System Design

3.1.1 SRT Identifcation and Ranging

The illustration in Fig. 3.1 depicts a RToF, based RFID transponder range mea-

surement system using a LFMCW interrogating secondary radar. In this system,

interrogation is done by sending a sequence of LFMCW chirps, each with a se-

quence number i = 0, 1, .., Nc − 1, with the total number of chirps in the sequence

Nc as shown in Fig. 3.2. For each chirp i in the sequence, the transmitted signal

sTx,i
(t) has a starting angular frequency ωmin = 2πfmin, bandwidth fchirp, chirp

duration Tchirp, periodically repeats in the interval Trep and can be written as

sTx,i
(t) = ATx,i

rect

�

t − iTrep − 0.5Tchirp

Tchirp

�

· cos(ωmin(t − iTrep) + πµ(t − iTrep)
2

+ ϕtx,i
),

(3.1)

where ATx,i
is the voltage amplitude and ϕtx,i

is the starting phase of the

transmitted chirp signal. The gradient of each LFMCW chirp µ is given by

µ =
fchirp

Tchirp

. (3.2)

The chirp propagates through the channel with speed of light in free space Co

and a passive or active refector present refects or re-transmits this chirp back. For

each chirp i in the sequence, the interrogator frontend receives the chirp delayed

by the RToF τ
i

and attenuated by α as sRx,i
(t) = αsTx,i

(t − τ
i
) and mixes it
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Figure 3.1: LFMCW radar based ranging using passive refector and a SRT.
(Partly adapted from *[TFJE23] © 2023 IET).
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Figure 3.2: Illustration of interrogating chirp sequence sent by the LFMCW radar.

with the original chirp sTx,i
(t), resulting in smix,i

(t). τ
i

is directly proportional to

the distance to target d
i

according to [Sko80]

τ
i

=
2d

i

c0

(3.3)

where c0 is the free space propagation velocity of EM waves. For passive targets,

the attenuation is proportional to α ∝ λ

−4, whereas for active targets, α ∝ λ

−2

[Sko80]. With a conventional static, active or passive, unmodulated target like a

repeating amplifer or the illustrated corner refector, the baseband spectrum of

the lower sideband of smix,i
(t) for each chirp in the sequence i contains a single

beat frequency fb,i
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Figure 3.3: SRT baseband signal magnitude spectrum: (a) The plot of (3.8) for a

distance of 0.1 m. (b) shows the variation of the baseband frequency for

diferent values of distance between interrogator and static transpon-

der. (Reused from *[TFJE23] © 2023 IET).

fb,i = µτ
i
, (3.4)

and the corresponding distance to target d
i

is estimated as

d
i

=
c0

2µ

· fb,i. (3.5)

On the other hand, when a cooperating coherent static transponder like an

SRT is used as illustrated in Fig. 3.1, the received chirp is transmitted back

with phase coherent amplifcation using the SRA. The SRA which operates in

the step-controlled mode described in Section 2.6.2 at a free running frequency

of ωres is periodically quenched with a signal having angular frequency ωq and

phase ϕq. The interrogator receives back the chirp sRx,i
(t) which is amplifed

and modulated by the SRA, but attenuated by α and delayed by τ
i

due to the

characteristics of the channel, similar to a secondary radar system. sRx,i
(t) is

then amplifed by the interrogator LNA and is mixed with the original transmit

chirp sTx,i
(t). The resulting down conversion mixer output smix,i

(t) is a carrier-

suppressed amplitude-modulated signal [VG08]. This smix,i
(t) is further bandpass

fltered yielding a baseband signal sb,i
(t) which is given by a modifed form of the

expression from [VG08] as
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sb,i
(t) = Ab,i

cos(ωqt + ϕq) · sinc

�

Tq,onµt

2

�

· cos

�

2ωres

dSRT,i

c0

+

�

2µ

dSRT,i

c0

+

Tq,onµ

2

�

t

�

(3.6)

where Ab,i
is the amplitude of the baseband signal, dSRT,i

is the distance from

the interrogator to the SRT and Tq,on is the duration for which the SRA is turned

on within a quench cycle, represented in terms of duty cycle Dq of the quench

signal using the relation

Dq = Tq,onfq. (3.7)

The frequency spectrum of sb,i
(t) in (3.6) is obtained by taking the Fourier

transform and can be written according to [Str14]

F(sb,i
(t)) = Sb,i(f) =

Ab,i
Tq,onfq

4

�

�

�

�

sinc(Tq,onfq)

�

�

�

�

�

sinc
(

Tchirp (f − fb,l,i)

�

+ sinc
(

Tchirp (f + fb,u,i
)

�

�

.

(3.8)

From (3.8), the lower sideband fb,l,i and upper sideband fb,u,i
, centered around

fq [VG08] can be written by introducing Dq as,

fb,l,i = fq −
µτ

π

−
µDq

4πfq

and

fb,u,i
= fq +

µτ

π

+

µDq

4πfq

.

(3.9)

The corresponding expression for distance to SRT then becomes

dSRT,i
=

πc0

4µ

·

�

fb,u,i
− fb,l,i −

µDq

2πfq

�

. (3.10)

Fig. 3.3(a) shows a plot of (3.8) at a distance of 0.1 m and clearly showing the

sidelobes of the sinc spectrum. Fig. 3.3(b) illustrates how the separation between

the peaks fb,u,i
and fb,l,i increases as the distance between SRT and interrogator

dSRT,i
increases, as defned in (3.9).

The insight from (3.10) is that, with an SRA based refector, the range is not

dependent on a single beat frequency as in (3.5), but rather on the diference

between two beat frequencies higher up in the spectrum and centered around fq
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Figure 3.4: Baseband magnitude spectrum showing the frequency signature of a
SRT in the presence of static clutter. (Reused from *[TFJE23] © 2023
IET).

also given by,

fq =
fb,u,i

+ fb,l,i

2
. (3.11)

While the SRA based refector helps in translating the frequencies of interest

to the higher end of the spectrum, and away from close range clutter as depicted

in Fig. 3.4, the maximum range of the refector is mainly dependent on the mini-

mum power level required for phase coherent amplifcation, and the re-transmitted

output power.

3.1.2 Power Link Analysis

Considering the assumption that the antennas of interrogator and SRT have con-

jugate matched input and are polarization matched, the signal power Prx,SRT

received by an SRA based SRT with an antenna gain GSRT can be calculated

using the Friis’ transmission equation [Sko80] as

Prx,SRT =
PtxGtrxGSRT

FSPL
, (3.12)

where Ptx and Gtrx are the output power and antenna gain respectively of the

interrogating radar. FSPL is the free space path loss for secondary radar given

by [Sko80]
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FSPL =

�

4πdSRT,i

λ

�2

. (3.13)

Here, λ is the free-space wavelength of the maximum frequency of the interro-

gating chirp signal. At 24 GHz, for dSRT,i
= 100 m, the FSPL is around 81 dB.

With Ptx,dBm ≈ 6 dBm, Gtrx,dBi ≈ 14 dBi and GSRT,dBi ≈ 5 dBi, the power

received by the SRT can be calculated as, Prx,SRA,dBm ≈ −67 dBm, implying that

the SRT minimum detected power level needs to be less than −67 dBm.

At distances farther from the interrogator where Prx,SRT,dBm is relatively small,

the SRA operates in the linear mode as discussed in Section 2.6.2, and does phase

coherent amplifcation of the signal with the peak gain, ASRA. The amplifed

signal is then transmitted back with power level

Ptx,SRT,dBm = Prx,SRT,dBm + ASRA,dB. (3.14)

Now again using the Friis’ equation, the relationship between the minimum

gain required for the SRA, ASRA,min,dB and the power received back by the inter-

rogator, Prx,min,dBm can be determined as

ASRA,min,dB = Prx,min,dBm + 2FSPLdB − Plim,dBm , (3.15)
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where

Plim,dBm = Ptx,dBm + 2Gtrx,dBi + 2GSRT,dBi . (3.16)

The minimum detectable power level of the interrogator Prx,min,dBm is deter-

mined using the receiver sensitivity equation

Prx,min,dBm =SNRmin + NFrx + 10log

�

kBTfBW,bb

1 mW

�

dBm (3.17)

where kB is the Boltzmann constant, T is the ambient temperature in Kelvin

and SNRmin is the minimum SNR required at the interrogator. NFrx is the receiver

noise fgure, and fBW,bb is the modulation bandwidth of the SRT.

Using (3.13) and (3.15), the distance between the interrogator and SRT in the

linear mode can be calculated as

dSRT,lim,n =

λ

4π

· 10
((Plim,dBm+ASRA,dB−Prx,min,dBm)/40)

, (3.18)

Fig. 3.5 shows the plot of ASRA,min,dB against distance to SRT for diferent

SNRmin values according to (3.15) and (3.18). For the of-the-shelf monolithic

microwave integrated circuit (MMIC) based interrogator frontend as discussed in

Section 3.3.2, NF rx ≈ 12 dB, and a maximum baseband bandwidth, fBW,bb =

1.5 MHz. The interrogator SNRmin is determined from Fig. 3.5 as around 10 dB,

and is set by the analog to digital converter (ADC) and post processing employed.

At room temperature, the minimum input power required can then be calculated

using (3.17) as, Prx,min,dBm ≈ −90 dBm. Substituting Prx,min,dBm in (3.15), the

SRA gain required for d ≥ 100 m can be calculated as,

ASRA,dB ≥ 65 dB . (3.19)

At shorter ranges where dSRT,i
is relatively small, Prx,SRA is relatively high, and

the SRA operates in the logarithmic mode discussed in Section 2.6.2. The SRA

does phase coherent sampling of the received signal, and transmits back with sat-

urated output signal power Pout,sat,dBm, giving Ptx,SRA,dBm = Pout,sat,dBm. Using

the path loss equation used to determine (3.15), Pout,sat,dBm can be determined

as

Pout,sat,dBm = Prx,min,dBm + FSPL − GANT,dBi , (3.20)

with

GANT,dBi = Gtrx,dBi + GSRT,dBi . (3.21)

With a Prx,min,dBm of −90 dBm at 24 GHz, for d ≤ 30 m, FSPL ≤ 60 dB, thus
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Figure 3.6: Level diagram showing the power levels at diferent stages in the

forward link and return link of the system level implementation, with

dSRT of 75 m.

requiring

Pout,sat,dBm ≤ −20 dBm . (3.22)

Also in a similar way, the maximum distance obtained for logarithmic mode

operation dSRA,lom for a given transmit power and SNR can be calculated as,

dSRT,lom =

λ

4π

10
((Plom,dBm−Prx,min,dBm)/20)

, (3.23)

where

Plom,dBm =Pout,sat,dBm + GANT,dBi. (3.24)

It is seen from (3.18) and (3.23), that in order to maximize the distance cov-

ered, it is required to increase not just the sensitivity of the SRA, but gain and

output saturated power as well. So a novel quench pulse shaping is implemented

*[TLJE18, TJE20] and presented in Section 3.2.2 and Section 3.2.3.

The level diagram in Fig. 3.6 illustrates the power levels at diferent stages in

the interrogator to SRA forward link moving left to right, marked in red and

the return link moving from right to left, marked in blue. In the forward link, the

interrogator MMIC generates the chirp signal with a power level of -30 dBm, which

is amplifed by an external PA IC *[TLJE19] to generate Ptx,dBm = −12 dBm and

radiated by ANTtx with Gtrx = 26 dBi. The signal received at the SRT, undergoes

a FSPL of around 71 dB at 24 GHz corresponding to the interrogation distance

of 100 m. The attenuated signal is received by ANTSRT with GSRT = 5 dBi and

amplifed by the SRA with a superregenerative gain of 40 dB.
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t

f

Figure 3.7: Illustration of the characteristics of a single chirp backscscattered by
a corner refector and a SRT. (Adapted from *[TFJE23] © 2023 IET).

In the return link, with a Ptx,SRA = −26 dBm the same ANTSRT radiates an

transmit power Ptx,SRT,dBm = −21 dBm. This signal undergoes the same FSPL

encountered in the forward link and the corresponding input power received by

the ANTrx with a gain Gtrx = 26 dBi is Prx,dBm = −76 dBm. Prx,dBm is further

amplifed by the gain of an LNA integrated within the MMIC to yield around

−56 dBm input power level, which is downconverted, further amplifed and digi-

tized to receive an equivalent base band signal power of around -10 dBm.

3.1.3 Non-idealities

Fig. 3.7 shows an illustration that details the characteristics of a single chirp

backscattered by a corner refector and an SRT. In the ideal scenario where a

corner refector is used, the transmitted signal sTx,i
(t) is delayed by the RToF

τRTOF at the receive frontend of the interrogator. As described in Section 2.6,

the SRA generates an output signal phase coherent to the input signal. But the

input signal is regeneratively sampled only once every quench pulse period Tq. So

when an SRT is employed, in addition to τRTOF, the signal is also delayed by the

propagation delay τSRA of the SRA so that the total delay of the received signal

sRx,ref,i at the interrogator is
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τ = τRTOF + τSRA. (3.25)

τSRA arises due to the fnite rise time of the SRA, and hence determines the

time Tq,on required for attaining the minimum SRA output power level PSRA,min

so that the minimum detectable power level Pmin is delivered at the interrogator.

It can be determined using the relationships in (3.12) and (3.13) that

Pmin =
PSRA,min

FSPL
. (3.26)

At short distances, when the SRT is close to the interrogator, PSRA,min is

reached in the rising exponential region of the SRA output voltage signal il-

lustrated in Fig. 2.15(f), and the corresponding τSRA can be determined approx-

imately by substituting (3.26) in (2.36) as

τSRA =
2TqRPPin,NPminFSPL

V

2

outPin

. (3.27)

Since FSPL increases as distance between interrogator and SRT increases, it can

be deduced from (3.27) that in order to maintain the same Pmin as the distance

increases, τSRA should increase, thereby also increasing the distance estimation

error as can be deduced from (3.25) and (3.10).

Another nonideality that can be observed from the illustration of Fig. 3.7 is

that, though the transmitted chirp signal sTx,i
(t) is continuous, the chirp re-

ceived by the interrogator sRx,i
(t) is quantized by the SRA operation. This error

manifests as τsync, and results due to the absence of synchronization between

the interrogating chirp signal and the SRA quenchig signal, and manifests as a

randomly varying start frequency ofset error.

τsync can be considered as an approximate uniform distribution, and the corre-

sponding probability, expectation and variance can be obtained using defnitions

[Kay93] according to,

P(0 ≤ t ≤ τsync) =

Z

τsync

0

1

Tq

dt =
τsync

Tq

, (3.28)

E(T ) =

Z

Tq

0

t

Tq

dt =
Tq

2
and (3.29)

Var(T ) = E(T
2
) − E(T )

2
=

Z

Tq

0

t

2

Tq

dt −
�

Tq

2

�2

=
T

2

q

12
. (3.30)

For ranging using a single chirp, the quantization related non-idealitites can
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Figure 3.8: Plot of modeled baseband magnitude spectrum for diferent chirp

sequence numbers corresponding to transfer of binary data 4’b1010

using quench frequency shift keying at a distance of (a) 10 m and

(b) 100 m. In this example, K = 2, binary zero is represented by

fq/fsamp = 0.1 and binary one represented by fq/fsamp = 0.3. (Reused

from *[TFJE23] © 2023 IET).

result in quite large errors. Hence in this work, multiple chirps forming a chirp

sequence are used so that the frequencies in sRx,i
(t) are evenly distributed to

approximate the frequencies in the ideal linear chirp.

3.1.4 SRA Quench Frequency Shift Keying for data transfer

The baseband spectrum Sb,i(f) from (3.8), and the plots in Fig. 3.3 corresponds

to a single chirp in the entire chirp sequence generated by the interrogator to

locate a static SRT using a step-controlled SRA. Since the SRT is static, ideally

there is no diference in the magnitude spectrum Sb,i(f) for diferent values of i.

However for the same dSRT,i
, if fq is shifted while Tq,on is kept constant, the peaks

in the amplitude spectrum would shift without changing the diference between

the beat frequency peaks as plotted in Fig. 3.8. This property of Sb,i(f) can be

used for simultaneous distance measurement and data transfer from SRT to the

interrogator using a SRA quench frequency shift keying (SQ-FSK) modulation

scheme as illustrated in Fig. 3.9.

The data transfer feature is made possible due to two reasons. Firstly because

the distance between interrogator and ART is independent of fq if Dq is kept

61



3 24 GHz Superregenerative Transponder based Identifcation and Ranging System
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Figure 3.9: Plot of baseband frequency fb against chirp sequence number i illus-

trating data transfer using quench frequency shift keying. The prop-

erties of the carrier chirp remains constant. (Adapted from *[TFJE23]

© 2023 IET).

constant according to (3.10). Secondly, because fq can be switched by a control

signal over a wide frequency range bound by fq,min and fq,max according to

fq,min = fl,bpf + fnov +

fb,max

2

≈ 410 kHz and

fq,max = fnyq − fnov −
fb,max

2

≈ 4.84 MHz

(3.31)

where fnyq is the Nyquist frequency given by fnyq = fsamp/2 with fsamp as the

sampling rate of the ADC used. fl,bpf is the lower cut of frequency of the in-

terrogating radar baseband bandpass flter, and fnov is a small frequency ofset

required to ensure that there is no overlap between the maximum beat frequency

fb,max which is independent of the chirp sequence number i and is defned as

fb,max = fb,u,max − fb,l,max. (3.32)

For a given SRA output power level and minium detected power level, the max-

imum distance and thereby the maxiumum beat frequency fb,max is obtained by

combining and rearranging (3.10), (3.12) and (3.13) in as (3.32)

fb,max =

µDq

2πfq

+

2µ

πc

·
λ

4π

r

PtxGtrxGART

Prx,SRA,min

≈ 300 kHz. (3.33)
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In Fig. 3.9, fb,max and the corresponding upper and lower beat frequencies

fb,l,max and fb,u,max are plotted against consecutive interrogator chirps with chirp

sequence number i. Now, to transfer data with N digits per frame, each digit b is

chosen from a set of M symbols, represented by

{b | 0 ≤ b < M}, (3.34)

where integer m = 0, 1, ...Nd − 1. For example, an 8-bit binary data frame has

Nd = 8 and M = 2. Whereas an 5 digit quaternary data frame has Nd = 5 and

M = 4 and so on. The SRT shifts fq once in every K chirps as a function of the

digits and number system of the data to be transmitted so that,

fq(b
i
) = fq,min + b

i
(fnov + fb,max). (3.35)

Fig. 3.9 depicts (3.35) for digits b0-3 and b
Nd−1 as an example, and the following

correspondances can thereby be deduced

fq(b0,i
) = fq(b2,i

) = fq,min,

fq(b1,i
) = fq(b

Nd−1,i
) = fq,min + fnov + fb,max and

fq(b3,i
) = fq,max.

(3.36)

Now with K chirps per symbol, a data frame consisting of Nd digits requires

at least Nc = NdK chirps. Since the interrogator and ART are not synchronized,

additional symbols for start and stop bits are required, and the total number

of chirps in the sequence required to decode an entire data frame can go up to

Nc = 2NdK.

In order to maximize the spectrum utilization, an upper bound on the possible

number of symbols M can also be determined from (3.31) and (3.35) as,

M ≤
fnyq − fl,bpf − fnov

fb,max + fnov

≈ 15.3 (3.37)

It is interesting to note from (3.37) that M also sets the limit on the number

of simultaneous SRT that can be interrrogated in a multi-transponder scenario.

3.1.5 Knowledge Gained

From Section 3.1 we can see that the SRA based RFID transponder can be used

for both identifcation and ranging. The maximum detection range is determined

by the minimum SRA gain derived as shown in (3.15) and the saturated output

power in linear mode is determined according to (3.18) and logarithmic mode

63



3 24 GHz Superregenerative Transponder based Identifcation and Ranging System

derived in (3.23).

A novel data transfer scheme using SQ-FSK is envisaged shifting fq as a func-

tion of the data to be transferred. Simultaneous ranging is also made possible

by keeping Tq,on = Dq/fq constant. Under this condition, the diference between

upper and lower frequencies, and the corresponding distance estimated in (3.10)

remains the same irrespective of the value of fq. This implies that when the

system is implemented, for each fq shift, Dq has to be calibrated to keep Tq,on

constant in order to make accurate ranging measurements along with data trans-

fer simultaneously. Also the upper bound for the number of symbols within the

baseband frequency range is derived considering the parameters of the baseband

components like the bandpass flter and ADC according to (3.37).

3.2 RFIC Designs

As discussed in Section 2.6, the basic SRA is a one port network which receives

the input signal across a passive resonator core. When a time varying quench

signal Vq(t) modulates the transconductance across the resonator from positive

to negative using an active device, the resonator functionally transitions from a

bandpass flter to an oscillator, whose oscillations build up with an exponential

amplitude and are phase coherent to the input signal. This amplifed output

signal is generated at the same port where the input signal is applied. Periodic

quenching of the oscillation using Vq(t) is necessary to sustain this phase coherent

amplifcation because the sampling and amplifcation occurs only during oscillator

start-up. Hence the SRA design is essentially an oscillator design problem with the

additional requirement of controlling the damping factor using a periodic signal.

So the key structural requirements of SRA design are:

• A resonator core with an active element that can transition damping from

positive to negative and back according to a quench signal.

• Interface to inject the input signal to the resonator of the circuit.

• Optimum quench pulse generation to improve input signal sensitivity and

output power.

• The ability to drive 50 Ω single ended or 100 Ω diferential loads presented

by antennas at the system level.

The following subsections presents the design of four SRA ICs and their com-

parative studies. Since the core of the SRA is similar to an oscillator, the designed
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Figure 3.10: Schematic of the CMOS cross-coupled oscillator based SRASOI

(Adapted from *[TGJE18] © 2018 IEEE).

SRAs use the diferential cross coupled oscillator (CCO) topology because of re-

laxed startup condition requirements and low occupied area when compared to

other diferential topologies [AWVF05, MDW15, MMKN16]. The designs enable

the following comparative studies:

• Technology dependence on the performance of direct antenna drive SRAs

using silicon on insulator (SOI) and SiGe-BiCMOS implementations.

• Impact of quench pulse shaping on the performance of direct antenna drive

SRAs.

• Performance characteristics of direct antenna drive SRA against the bufered

antenna drive SRA having multiple input and output bufers.
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Figure 3.11: Small signal equivalent circuit of the CMOS cross-coupled oscillator

based SRASOI.

3.2.1 Low Power Direct Antenna Drive CMOS SRA IC

The frst SRA design presented is a low complexity direct antenna drive CMOS

SRA (SRASOI) implemented in a 45 nm SOI technology discussed in Section 2.7.2,

and is a frequency optimized variant of *[TGJE18]. SRASOI has two single ended

ports or one diferential port which directly drive the antennas without a bufer.

The design is optimized for low DC power consumption, and operates around the

center frequency of 24.5 GHz.

3.2.1.1 Circuit analysis and design

The schematic of the designed SRASOI based on a CMOS complementary CCO

is shown in Fig. 3.10. The input signal Vin is injected and output signal Vout is

measured at the same port across the diferential load resistance RL,dif = 100 Ω.

The quench voltage Vq sets the bias current and operating point of the circuit

through the tail current course nFET M1. When Vq is low, the circuit is current

starved and the transconductance of the crosscoupled nFET pairs M2,3 and pFET

pairs M2,3 is not enough to compensate the losses of the resonator according to

(2.22), resulting in neither oscillations nor superregenerative amplifcation. Under

the conditions where the bias current Ibias is sufciently large, oscillation builds

up and reaches a steady state. The frequency of this natural oscillations of the

resonator fres is set by the resonator inductance Lres and the equivalent parallel

capacitance determined using the small signal model drawn in Fig. 3.11 as

fres =
1

2 π

p

Lres(Cpar + Cvar,p(Vvar,p) + Cvar,n(Vvar,n)
. (3.38)

Where Lres is chosen in the sub hundred pH range and is implemented using a
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diferential center tapped symmetrical inductor with an unloaded quality factor

Qul ≈ 30, and is optimized using EM simulations. The capacitance Cpar is the

sum of four components.

Cpar = Clay + Ck,n + Ck,p + 2Cc,eq. (3.39)

Here Clay is the modeled parasitic capacitance resulting from layout. Ck,n and

Ck,p are the equivalent capacitances in the feedback path of nMOS devices M2,3

and and pMOS devices M4,5 respectively according to

Ck,n =
CkCgs,n

(Ck + Cgs,n)
(3.40)

and

Ck,p =
CkCgs,p

(Ck + Cgs,p)
. (3.41)

Cc,eq is the equivalent capacitance presented by the output coupling capacitance

Cc after a network transformation using the relationship

Cc,eq =
Cc

(1 + 1

Q

2
c

)
, (3.42)

where Qc is the quality factor of the input and output coupling network given

by

Qc =
1

ωresCcRL

. (3.43)

RL = RL,dif/2 = 50 Ω represents the single ended antenna impedance which

also degrades the quality factor Qload of the resonator and the coupling capacitor

CC in the few hundreds of fF range.

The efective loaded quality factor of the resonator is determined as Qload ≈ 5.5

at fres = 24.5 GHz using EM simulations. The corresponding efective parallel

resistance of the resonator is

Rp =
1

Gp

= ωresLresQload. (3.44)

The two parallel branches of thin oxide nMOS accumulator mode varactors

provides a combined capacitance range of Cmax/Cmin ≈ 5.72 and are used for

diferential frequency tuning. The capacitance Ck in the sub ffty femto Farad

range is optimized to to limit the voltage swing at the gate of the transistors,

and have a peak voltage swing higher than the center tap voltage Vcm across
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(a) (b)

Figure 3.12: Illustration of the common centroid layout and corresponding tran-

sistor interconnection for SRASOI: (a) top view (b) perspective view

showing via stack.

the inductor. In steady state, the negative resistance Rneg required for sustained

oscillations is obtained from the transconductance gm,n and gm,p of the nFET

pair and pFET pair respectively as

Rneg ≈
−2

gm,n + gm,p

. (3.45)

Using the rule of thumb from [Ell07] Rneg ≈ −Rp/3, the value of the optimum

transconductance gm,opt = gm,ngm,p can be written using (3.45) and (3.44) as

gm,opt ≈ −
3

ωresLresQload

. (3.46)

The bias current Ibias = 9 mA corresponding to gm,opt is set by the current

mirrors transistors M7 and M8. This current also sets the peak-to-peak output

voltage swing of 1.1 V, resulting in an output power Pout,dBm ≈ 2 dBm. The

gate of switching transistor M1 is over-driven by the quench signal Vq, which

swings from Vss to Vdd, and the gate of switching transistor M6 is over-driven

by the complementary quench voltage Vq,C, generated from Vq using a CMOS

inverter. This lets M1 and M6 operate between cut-of and triode regions to quench

the oscillations on and of. A periodic Vq can thus vary the transconductance

across the resonator from zero to the optimum transconductance gm,opt and back

resulting in superregenerative amplifcation of of Vin present across the resonator.

The circuit is implemented in the 45 nm SOI technology discussed in Sec-

tion 2.7.2 using minimum length foating body transistors. Layout of transistor

interconnects are done with double-gate contacts similar to that illustrated in

[IMU+14]. Common centroid layout is done for transistors M2,3 and M4,5 to re-

duce the sensitivity to threshold voltage variations as illustrated in Fig. 3.12(a)
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(a) (b)

Figure 3.13: (a) Schematic of the zero-ohm transmission line unit cell used for DC

bias routing. (b) Corresponding layout.

and the corresponding via stack layout is shown in Fig. 3.12(b). Routing of DC

bias voltages like Vdd, Vcm and Iref to pads is done using scalable custom-designed

zero-ohm transmission lines unit cells shown in the schematic of Fig. 3.13(a) and

the implementation in Fig. 3.13(b). These structures utilize the relatively high

inter-layer capacitance of the lower metal layers in the CMOS technology to pro-

vide a high decoupling capacitance to reduce noise and are based on [TFL+15].

3.2.1.2 Characterization

The fabricated integrated circuit shown in Fig. 3.14, is characterized by micro-

probing. Parameters including fres, the output power Pout,dBm, input sensitivity

Pmin,dBm and bandwidth fBW are characterized using the test setup consisting of

a Rohde & Schwarz FSU spectrum analyzer, Keysight 8257D RF signal source,

and an arbitrary waveform generator for quench waveform generation as shown in

Fig. 3.14. When the quench signal Vq is kept high, the circuit operates in the free-

running oscillator mode, and fres is measured by varying the varactor voltages

Vvar,p and Vvar,n. The measured frequency variation from 24.07 GHz to 25.35 GHz

is shown in Fig. 3.15(a).

In order to characterize the operation of the circuit as a SRA, the oscillator has

to be quenched ON and OFF. Since the time domain measurements of regenerative

sampling is not practical at the oscillation frequency, characterization is done

using the spectral measurement procedure described in [SCW+13b]. When Vq is

applied as a periodic pulse, and when input is present outside the regenerative
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Figure 3.14: Illustration of the measurement setup around the chip micrograph

of SRASOI measuring 820 µm×820 µm including pads (Adapted from

*[TGJE18] © 2018 IEEE).

sampling frequency range, a sinc spectrum can be measured as shown in the blue

trace with triangle markers in Fig. 3.16(a). When Vq is applied as a periodic

pulse, and an input signal is present within the regenerative sampling frequency

range, the characteristic delta function peaks are observed superimposed on the

sinc spectrum as shown in the black trace with dotted markers in Fig. 3.16(a).

Frequency response measurements are done for diferent input signal power

levels PdBm,in as shown in Fig. 3.25(b) to determine the regenerative sampling

frequency range and bandwidth fBW, which increases with increasing input power

levels. In Fig. 3.25(b), the peak power spectral density measurements with a

pulsed Vq are compared to measurements with a sinusoidal Vq. The delta function

peaks indicating regenerative sampling start to appear from Pin,dBm = −85 dBm,

and the output power Pout,dBm increases linearly. With pulsed quenching, from

Pi,N,dBm = −64.9 dBm, the output power starts to saturate, as the SRA enters

the logarithmic mode. With sinusoidal quenching, this power is measured to be

Pi,N,dBm = −66.3 dBm. The measured peak superregenerative gain is 48 dB. The

circuit draws a current of 8.7 mA from 1.1 V power supply, consuming 9.6 mW

when operating as a free-running oscillator, and 4 mW when quenched with a

periodic pulse with 50% duty cycle. Measurements are done till a maximum pulse
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25.4 GHz. (b) Measured peak output power spectral density vs. input

power, with marking of linear mode to logarithmic mode transition

points for sinusoidal and pulsed quenching.

repetitive frequency of 20 MHz.

3.2.2 Direct Antenna Drive SiGe SRA ICs

This section describes the direct antenna drive SiGe SRA (SRAdir) which is similar

to SRASOI in the aspect of directly interfacing the resonant tank with a 100 Ω

diferential load representing the antenna input impedance, but uses three novel

concepts to simultaneously improve the output power level and minimum detected

input signal *[TLJE18]:

• The frst concept is a diferential stacked transistor cross-coupled quenchable

oscillator topology which improves the output power of the SRA described

in Section 3.2.2.1.

• The second concept is a quench waveform design which improves the Pmin

required for phase coherent amplifcation as described in Section 3.2.2.2.

• The third concept is the realization of the designed quench waveform char-

acteristics using a novel quench pulse shaping circuit described in Sec-

tion 3.2.3.1.
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Figure 3.16: (a) Measured power spectral density with Pin,dBm = −70 dBm at

fres = 24.148 GHz. (b) Measured normalized frequency response for

various input power levels, showing an increase in bandwidth with

increase in input power from −85 dBm to −60 dBm.

The three concepts are juxtaposed to design an improved SRAdir,q with inte-

grated quench pulse shaping.

3.2.2.1 Stacked Transistor Cross-coupled Quenchable Oscillator

The schematic of SRAdir employing the stacked transistor cross-coupled quench-

able oscillator (STCCO) topology *[TLJE18] is depicted in Fig. 3.17. The key

subcircuits of this design are, the resonant tank formed by Lres and Cvar which

also drives the output load, the cross-coupled pair is formed by HBTs T1,3, with

series stacked transistors T2,4, and the quenching stage implemented using T5-8

and the nFET M7.

3.2.2.1.1 Resonator As illustrated in Fig. 3.18, the key contributor to the in-

ductive reactance of the SRAdir resonator is a two turn, symmetrical center tapped

diferential spiral inductor with series inductance Lres optimized for a peak un-

loaded quality factor QuL around 24 GHz. The series inductance is slightly in-

creased by a positive coupling coefcient kM [MDW15]. Since the SRAdir,q di-

rectly drives the antenna when included in a transponder, an additional induc-

tance LB,P as a result of the network transformation of the bond-wire inductance

LB ≈ 900 pH also forms part of the efective resonator inductance. This equivalent

parallel inductance LB,P is derived as

72



3.2 RFIC Designs

RL,diff

CT

CB 
CK CK

T2 T4

T1 T3

VCC

VS

VB

RB 

RK Rk

Lres

Iref

T5M1T6

CqVq

Ib

T7

VB

VS

RB1

RB2

T8

Vtune

Cvar Cvar

CT
Pin  

Vin

Pout

VS

Vout,diff

RL,diff = 100 Ω 

CB 

RB 

Vres,diff

+

-
+-

IC 

Vcc = 2.6 V   

Iref = 0.5 mA   

LreskM

Clay Clay 

LB

LB

Cpad 

Cpad 

Figure 3.17: Schematic of the direct antenna interface SRAdir (Adapted from

*[TLJE18] © 2018 IEEE)

.

LB,P =
LB · (1 + Q

2

RL,LB,CT
)

Q

2

RL,LB,CT

. (3.47)

Q
RL,LB,CT

is the quality factor of the series load transfer network formed by

LB, the single ended load resistance RL and the output stage coupling capacitor

CT, and is given by

Q
RL,LB,CT

=
ω

RL,LB,CT
Lb

RL

≈ 0.97 (3.48)

The equivalent resonator capacitance Cres is the parallel combination of varac-

tor capacitance Cvar, the equivalent parallel transformed output stage capacitance

CT,P calculated as

73



3 24 GHz Superregenerative Transponder based Identifcation and Ranging System

Cvar RP,ind Rp,var

LC resonator +
Cross-coupled 

pair

RL,P

Vres

+

-

Input stage

+

-

Vin

RL

CTLB

Lres(1+kM)

ga(t) LB,P CT,PCpar

Output network

Lres(1+kM)
Cvar

Rs,ind
Ck

Cin,T3/5

CT

ga(t)

LC resonator Cross-coupled pair Output network

Rs,var

Vres

+

-

VoutRL

+

-

LB

Clay

Input stage

+

-

Vin

RL

CTLB

Ccb,T2/4 Cce,T2/4

Cpad
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CT,P =
CT · Q

2

RL,LB,CT

(1 + Q

2

RL,LB,CT
)
, (3.49)

and an efective fxed capacitance Cpar. Cpar is the equivalent capacitance which

includes the base-collector capacitor of transistors T2,4 in series with CB, the

feedback capacitance Ck in series with the input capacitance of transistors T1,3,

and other layout parasitic capacitances including pad capacitance C

′

lay. Since

there is no mutual coupling between LB and Lres, the resonant frequency fres is

derived as,

fres =
1

2 π

p

(Lres(1 + kM) + LB,P)(Cpar + C

′
var(Vtune) + CT,P)

, (3.50)

with

Cpar = C cb,T2,4 + Cce,T2,4 + C

′

lay

+
CkCin,T1,3

Ck + Cin,T1,3

,

(3.51)

where, Ccb,T1,2 and Cce,T1,2 are the collector-base and collector-emitter capac-
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itance of HBTs T1,2 respectively and

C

′

var(Vtune) = Cvar(Vtune)
Q

2

var

1 + Q

2
var

. (3.52)

Cvar is a function of Vtune, and represents the capacitance of the thick oxide n-

channel metal oxide semiconductor accumulation mode varactor and Qvar is the

quality factor of the varactor with a series resitance of Rs,var and is given by

Qvar =
1

ωCvar(Vtune)Rs,var

. (3.53)

fres is then tuned by varying the varactor control voltage Vtune to change the

capacitance Cvar from Cvar,min to around 1.95 Cvar,min. The resulting fres variation

is from 24.4 GHz to 25.8 GHz.

3.2.2.1.2 Output Network The small signal equivalent circuit in Fig. 3.18 also

helps to calculate the output voltage swing and maximum output power gener-

ated by the circuit. At frst the total loss of the circuit RP is determined as the

reciprocal of the conductance as

RP =
1

GP

=
1

GP,var + GP,ind + GL,P

. (3.54)

RP,var represents the losses in the varactors Cvar given by

RP.var =
1

QuVωresCvar(Vtune)
, (3.55)

where QuV is the unloaded quality factor of the varactor obtained from ex-

tracted simulations at resonator center frequency ωres. RP,ind is the equivalent

parallel resistance of Lres with unloaded quality factor QuL and is given by

RP,ind = QuLωresLres. (3.56)

Also the output power is delivered to the single ended load resistance RL =

50 Ω through coupling capacitors CT and LB. The equivalent parallel resistance

RL,P of this output network is

RL,P = RL · (1 + Q

2

RL,LB,CT
) . (3.57)

Now, using the efective parallel resistance just defned, the resonator loaded

quality factor Qres ≈ 5.6 is obtained using
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Qres =
RP

ωresLres

. (3.58)

(3.58) can also be used to calculate the bandwidth of the resonator as fBW,res =

fres/Qres ≈ 4.3 GHz.

Defning the diferential peak to peak output voltage across the load resistor

RL,dif = 100 Ω as Vout,pp, the diferential voltage peak to peak swing across the

resonator as Vres, and the single ended peak to peak voltage swing across each

HBT as VC,T,pp = Vres,pp/2, it can be seen from the equivalent network shown in

Fig. 3.18 that the output stage forms a voltage divider with,

|Vout|

|Vres|
=

�

�

�

�

RL

(RL + j(X
Lb

− X
CT

))

�

�

�

�

≈ 0.32 , (3.59)

where X
CT

= 1/ωresCT and X
Lb

= ωresLb. (3.59) shows that diferential peak

to peak voltage swing across the load resistor Vout,pp is 0.32 times the peak to

peak voltage swing generated across the resonator, Vres,pp. The HBTs used in

this design have a a knee voltage Vknee of around 550 mV and a collector to
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emitter breakdown voltage with base open of VBVCEO ≈ 1.7 V [RHW+10a].

But it can be seen from [CL05] that in circuits biased with relatively low values

of base resistances less than 5 kΩ, VBVCER ≈ 3.5 V sets the safe operating area

(SOA). Thus a conservative maximum collector voltage Vmax is chosen such that

Vmax ≈ 2 V < VBVCER.

Transistor stacking is a concept used in recently reported PA designs [FWE12].

To increase the output power of the SRAdir, a similar concept is employed, and

the minimum number of HBTs that need to be stacked Nstack can be calculated

as the ceil ing of the ratio given by

Nstack =

�

VC,T,pp

(Vmax − Vknee)

�

. (3.60)

To operate within the SOA, two stacked transistors, T1 and T2 are used in

SRAdir. This translates to peak to peak diferential voltage swings of Vres,pk-pk ≈

5.8 V across the resonator and Vout,pk-pk ≈ 1.87 V across RL. The corresponding

output power level is Pout,dBm ≈ 6.4 dBm. Using Vres,pk-pk from (3.59) and RP

from (3.54), the bias current Ib corresponding to the steady state power level can

then be calculated as

Ib =
Vres,pk-pk

RP

≈ 47.5 mA. (3.61)

The feedback capacitor CK in the three quarters femto Farad range is optimized

to meet the startup requirements across process, voltage and temperature corners.

The bias voltages VB is generated using the biasing network shown in Fig. 3.17. In

addition to making the circuit less sensitive to variations in process, voltage and

temperature, the biasing circuit also makes sure that the emitter base breakdown

voltage VBVEBO = 1.2 V on T3 and T4 are not exceeded when the oscillations are

quenched, with the help of T9. All RF path capacitances are implemented using

MIM capacitors from the technology process design kit (PDK).

3.2.2.1.3 Stacked Transistor Cross-coupled Pair and Loop Gain The time vary-

ing controlled transonductance ga(t) in the equivalent circuit of Fig. 3.18 is im-

plemented using the stacked HBT pair formed by T1,2 and T3,4 in the schematic

of Fig. 3.17. ga(t) can be determined by looking into the collectors of T2,4, and is

calculated according to [Lee03] as

ga(t) =
−g

m,T2,4
(t)

2
. (3.62)

Since g
m,T2,4

is directly proportional to the collector current Ic,T2,4(t) and since
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the tail current through HBT T5 sets the total bias current Ib(t) = 2Ic,T2,4(t),

then

g
m,T2,4

(t) ≈
Ib(t)

2VT

(3.63)

From (3.63) and (2.22), we can see that the optimum control of the SRA damp-

ing function can be realized by controlling Ib(t), and this property is explored

more in Section 3.2.3.1 to determine the critical sampling current for maximum

input signal sensitivity.

In this section, the properties of the STCCO are explored further. As seen in

Fig. 3.17, the STCCO is essentially a loop back cascade of two tuned amplifer

stages. Each tuned amplifer consists of a common base (CB) amplifer with base-

capacitance feedback stacked on top of a common emitter (CE) amplifer. The

STCCO half cell depicted in Fig. 3.19 shows the detailed small signal equivalent

circuit of the half cell, which is simplifed to the high frequency equivalent circuit

shown in Fig. 3.20 for small signal analysis by ignoring the tranconductance delay

τ , the extrinsic resistance at base Rb, collector Rc and emitter Re respectively
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and the output resistance ro. This approximation is valid since the frequency of

operation of 24 GHz is at least 10 times lower than ft [Voi13].

From Fig. 3.20, the loop gain av,loop(jω) can be defned as the cascaded gain

of the two half cell gains av,hc,1 and av,hc,2 according to

av,loop(jω) = av,hc,1 · av,hc,2 = a

2

v,hc (3.64)

Assuming that both half cells are identical as av,hc, the schematic of the small

signal equivalent circuit shown in Fig. 3.19 can be used to analyze av,hc, defned

as the ratio of resonator output voltage Vres to the feedback input voltage Vin

according to

av,hc =
Vres

Vin

. (3.65)

Since the SRAdir,q operates in the microwave frequency range, and also since

the operation frequency fres of SRAdir,q is around 10 times lower than transit

frequency (ft), the high frequency simplifed equivalent circuit drawn in Fig. 3.20

is used for further analysis. As seen, the half cell circuit is a cascade of the CE

amplifer input stage with voltage gain av,1(jω) and a CB amplifer with base

feedback capacitor CB, providing a transconductance Gm,2. The output current

Iout of the CB amplifer fows through the efective load of the resonator denoted

by Zres, and the resulting half cell voltage gain is,

av,hc = av,1(jω) · Gm,2 · Zres. (3.66)

The frst parameter in the right hand side of (3.66) av,1(jω). From the simplifed

high frequency small signal equivalent circuit of Fig. 3.20, av,1(jω) can be written

as,

av,1(jω) =
Vce,1

Vin

=
−gm,1Vbe,1(Zo,1||Zin,2)

Vin

. (3.67)

Where gm,1 is the transconductance of the frst stage HBT biased as a CE

amplifer. The base to emitter voltage Vbe,1 is a potential divided version of the

input signal Vfb according to

Vbe,1 = Vin

Ck

Ck + Cin,1

= Vin

1

1 + KB,in

, (3.68)

where KB,in = Cin,1/Ck and Cin,1 is determined using the Miller relationship as,

Cin,1 = C
π,1 + (1 − av,1(0))C

µ,1. (3.69)
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Again using the Miller relationship, the output impedance of the frst stage

amplifer Zo,1 is given by,

Zo,1 =
1

jω(Co,1 + (1 − 1

av,1(0)
)C

µ,1)
. (3.70)

Zin,2 is the input impedance of the second stage HBT biased in the capacitive

feedback CB topology, and is derived as,

Zin,2 =

�

1 +
C

π,2

CB + C
µ,2

�

1

gm,2 + jω

�

C
π,2 + Co,2

(

1 +
Cπ,2

CB+Cµ,2

�

� . (3.71)

The detailed derivation of (3.71) using nodal analysis is given in Appendix A.

On defning the base feedback factor KB,fb as

KB,fb =
C

π,2

CB + C
µ,2

, (3.72)

and multiplying the numerator and denominator of (3.71) with complex conjugate

of the term in the denominator, the real and imaginary parts of (3.71) can be

separated as

Zin,2 =
(1 + KB,fb)gm,2

g

2

m,2
+ ω

2
�

C
π,2 + Co,2(1 + KB,fb)

�2

− jω

(1 + KB,fb)

�

C
π,2 + Co,2(1 + KB,fb)

�

g

2

m,2
+ ω

2
�

C
π,2 + Co,2(1 + KB,fb)

�2

(3.73)

(3.71) clearly shows the efect of CB on the input impedance of the stacked

HBT. In a conventional cascode amplifer, CB ≫ C
π,2, resulting in KB,fb = 0,

and when ω = 0, Zin,2 approximates to the familiar form of 1/gm,2. A plot of

Zin,2 in Fig.xx shows the variation of the real and imaginary parts of Zin,2 for

diferent CB values and the corresponding simulations verifes the result.

Now, on substituting (3.67), (3.68) and (3.70) in (3.67), we get
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av,1(jω) = −gm,1

(1 + KB,fb)

(1 + KB,in)

·
1

gm,2 + jω

�

C
π,2 + (1 + KB,fb)(2Co + (1 − 1

av,1(0)
)C

µ,1)

�

(3.74)

(3.74) assumes identical output capacitor values for both HBTs, Co,1 = Co,2 =

Co. By defning the imaginary part in the denominator as,

A = C
π,2 + (1 + KB,fb)(2Co + (1 −

1

av,1(0)
)C

µ,1), (3.75)

(3.74) can also be written in a more tractable form as

av,1(jω) = −gm,1

(1 + KB,fb)

(1 + KB,in)
·

1

gm,2 + jωA
. (3.76)

From (3.76), when gm,1 ≈ gm,2, KB,fb = 0, KB,in = 0 and ω = 0, av,1(jω)

approximates the familiar CE amplifer voltage gain av,1(0) ≈ −gm,1/gm,2 ≈ 1,

resulting in a very low output voltage swing at the collector of T1,3, and hence a

non-symmetric distribution of the voltage swing across the T1,3 and T2,4.

However, in the stacked transistor CCO, there are two additional degree of

freedoms to increase Zin,2 and av,1(jω).

• The frst option is to choose CB such that CB ≪
Cπ,2

gm,2
.

• The second option is dependent on the frst option, and that is to have

KB,fb ≫ KB,in to achieve a larger than unity av,1(jω) according to (3.74).

Both these options can be used to achieve a relatively larger voltage swing at

node M, which can also be used as a design constraint and is given by,

Vce,1 = ♣av,1(jω)♣Vin =
Vres

Nstack

. (3.77)

Also from (3.76), taking magnitude at right hand side (RHS) and left hand side

(LHS), an expression to design and optimize CB can be derived as

CB =
gm,1C

π,2
�

♣av,1(jω)♣(1 + KB,in)

p

g

2

m,2
+ ω

2
A

2
�

− gm,1

. (3.78)

The small signal model of the half cell in Fig. 3.20 treats the circuit as an

amplifer. When the circuit functions as an oscillator according to the schematic
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Figure 3.21: (a) The magnitude of loop gain |av,loop(jω)| and (b) phase of loop

gain ∠av,loop(jω) versus frequency for diferent inductor Lef quality

factor values.

of Fig. 3.17, in steady state Vin = Vres. Under this condition, using (3.77) and

(3.78) a modifed expression for CB incorporating Nstack can be derived as

CB =
gm,1C

π,2Nstack
�

(1 + KB,in)

p

g

2

m,2
+ ω

2
A

2
�

− gm,1Nstack

. (3.79)

The second parameter on the right hand side of (3.66), av,1(jω), is the transcon-

ductance Gm,2 of the stacked HBTs T2,3. Using nodal analysis, we can derive Gm,2

as

Gm,2 =
Ires

Vin

=
gm,2

1 + KB,fb

+ jω

C
µ,2KB,fb + (1 + KB,fb)Co,2

(1 + KB,fb)
. (3.80)

(3.80) is based on the detailed derivation in Appendix A, with the modifcation,

Ires = −Iout as required by the schematic in Fig. 3.20 to account for the direction

of current fow. Also by defning the numerator of the imaginary part in (3.80) as

B = C
µ,2KB,fb + (1 + KB,fb)Co,2, (3.81)

and accounting for the direction of resonator output current direction, and (3.80)

can be rewritten as,

Gm,2 =
gm,2

1 + KB,fb

+ jω

B

1 + KB,fb

. (3.82)
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The third parameter is Zres which is the efective impedance of the parallel

RLC network described in section 1.

Zres =
jωRpLef

Rp(1 − ω

2
LefCef) + jωLef

(3.83)

Now, substituting (3.76), (3.82) and (3.83) into (3.66), the cascaded half cell

gain is obtained as

av,res = −
gm,1

(1 + KB,in)
·

gm,2 + jωB

gm,2 + jωA
·

jωRpLef

Rp(1 − ω

2
LefCef) + jωLef

. (3.84)

Assuming identical component parameters, and substituting av,res from (3.84)

in (3.64) yields the loop gain,

av,loop(jω) =

�

−
gm,1

(1 + KB,in)
·

gm,2 + jωB

gm,2 + jωA
·

jωRpLef

Rp(1 − ω

2
LefCef) + jωLef

�2

.

(3.85)

Fig. 3.21(a) depicts the variation of av,loop(jω) according to (3.85) for diferent

values of Lef quality factor, and is used to determine the optimum inductance

to ensure sustained oscillations. Fig. 3.21(b) shows the plot of loop gain phase

∠av,loop(jωres) with a negative slope which is one of the necesary condition for

sustained oscillations.

At resonance, ω = ωres, and ω

2
resLefCef = 1, resulting in a real Zres = Rp. The

corresponding maximum loop gain is

av,loop(jωres) =

�

gm,1Rp

(1 + KB,in)
·

gm,2 + jωresB

gm,2 + jωresA

�2

.
(3.86)

|av,loop(jωres)| is designed to be greater than one for sustained oscillations ac-

cording to Barkhausen criterion for oscillations [Voi13, Ell07]. Also the phase shift

around the loop, ∠av,loop(jωres) is also designed to be an integer multiple of 2π.

83



3 24 GHz Superregenerative Transponder based Identifcation and Ranging System

0 200 400 600
0

1

 K
w1

 V
samp

(a)

0 200 400 600
0

1

 K
w1

 K
w2

 V
samp

(b)

0 200 400 600
0

1

(c)

0 200 400 600
0

1

(d)

0 200 400 600
-2

-1

0

1

2

(e)

0 200 400 600
-2

-1

0

1

2

(f)

0 200 400 600
0

25

50

(g)

0 200 400 600
0

25

50

(h)

Figure 3.22: Modeled signal characteristics: (a) quench signal Vq,w1(t), (c) nor-

malized sensitivity curve µw1(t), (e) SRA output voltage Vres,w1 and

(g) bias current Ib,w1. (b) quench signal Vq,w2, (d) normalized sensi-

tivity curve µw2(t), (f) SRA output oscillations Vres,w2 and (h) bias

current Ib,w2. (Adapted from *[TLJE18] © 2018 IEEE)
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3.2.2.2 Quench Waveform Design

The SRA based ranging described in Section 3.1.1 uses the characteristics of the

SRA in the step-controlled mode described in Section 2.6.2. However, the linear

slope-controlled mode described in Section 2.6.2 is better for sensitivity [Whi50,

BMCD09]. This diference can be understood by analyzing the characteristics of

the quench signal waveform Vq,w1(t)(t) illustrated in Fig. 3.22(a) which is applied

at the gate of M1 in Fig. 3.17 and its efect on the sensitivity. In Fig. 3.22(a) and

the rest of the illustrations in Fig. 3.22, only a single quench cycle is considered.

However, when operating as SRT, periodic quench bursts have to be generated

with quench period Tq so that, Tsamp = pTq, where p = 0, 1, 2, ..Nburst, where

Nburst is the number of quench cycles in a given quench burst. The impact of the

Vq,w1(t) on sensitivity can be visualized by revisiting the normalized Gaussian

sensitivity window function µ(t) defned in (2.33) from [BMCD09], and including

the parameters specifc to Vq,w1(t) as

µ(t) = e

−
1

2

(t−Tsamp)
2

t2
σ (3.87)

where t
σ

is defned as the SRA time constant given by

t
σ

=

p

δVq,w1(t)
p

ωosckw,1

(3.88)

where kw1 is the negative slope of the falling edge quench waveform Vq,w1(t) at

time Tsamp with units Vs−1 and is defned as

kw1 = −
dVq,w1

dt

, (3.89)

and holds the relationship with kq as

kq = kw1 ·
1

dV

(3.90)

so that the quenching function ζ(t) = −kqt is unit less and with a nega-

tive slope. It can be deduced from (3.87) that an increase in t
σ

as result of a

decrease in quench signal slope Kw1 broadens the µ(t). It is also known from

[BMCD09, Whi50] that a broadening of µ(t) results in an increase in the number

of input signal cycles within the Gaussian sensitivity window, and thereby results

in increased SRA sensitivity. Also from (2.33) it can then be deduced that a larger

kq worsens sensitivity. On the other hand, (2.34) tells that a larger kq and longer

Tq,on is required for higher regenerative gain. But a longer Tq,on also reduces the
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range and resolution of the SRA based refector as discussed in Section 3.1.1. It

can also be deduced from (2.33) that the magnitude of µ(t) is almost zero outside

Tsamp ± 3t
σ

based on the characteristics of the Gaussian function [Kay93].

This knowledge of the quench signal characteristics of the step- and slope-

controlled modes can be combined with (2.34) to design a dual slope quenching

signal waveform Vq,w2(t) that has a large slope kw1 outside the sensitivity time

window for higher regenerative gain at the start and fnish of each quench cycle

similar to that for waveform Vq,w1. Vq,w2(t) also has a smaller quench voltage slope

kw2 within the time window Tsamp ± 3t
σ

*[TLJE18] as illustrated in Fig. 3.22(b).

The designed dual slope quench waveform Vq,w2(t) can hence be defned as

Vq,w2(t) =

(

−Kw1 · t if |t − Tsamp| > 3t
σ

−Kw2 · t if |t − Tsamp| ≤ 3t
σ

.

(3.91)

Such a waveform simultaneously widens the sensitivity window, and increases

the peak regenerative gain Ar(Tq,on). Also Vq,w2(t) improves the minimum input

power level Pmin,dBm required for phase coherent amplifcation while maintaining

a high quench fq similar to that of step-controlled mode.

Fig. 3.22(c) and Fig. 3.22(d) illustrates the broadening of µ(t) between Vq,w1(t)

and Vq,w2(t) with Kw2 = 0.04 · Kw1. Fig. 3.22(e) and Fig. 3.22(f) shows the cor-

responding SRA output voltage from simulations. Fig. 3.22(g) and Fig. 3.22(h)

shows the respective simulated bias current characteristics Ib,w1(t) and Ib,w2(t).

Using the information from (3.91), a circuit level implementation to pulse shape

a square wave similar signal Vw1(t) and transform it to an approximation of

Vw2(t) is designed and integrated into SRAdir to create SRAdir,q as shown in the

schematic of Fig. 3.23. Section 4.2.2.1 describes the design details of the dual

slope quench pulse shaping circuit, which reduces kw2 around Tsamp, improving

sensitivity, while keeping Tq,on relatively short. The pulse shaping is implemented

using two additional nFETs M2,3 and capacitors Cq,1,2.
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Figure 3.23: Schematic of the direct antenna interface SRAdir,q with integrated

quench pulse shaping. (Adapted from *[TFJE23] © 2023 IET).
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3.2.2.3 Characterization

To prove the proposed SRAdir and SRAdir,q concept, ICs were implemented and

experimental characterization is performed. The ICs shown in the micrograph of

Fig. 3.24 are fabricated in a 130 nm SiGe-BiCMOS technology, and characterized

by micro probing. Since time domain measurements of regenerative sampling is

not practical at the frequencies of interest, frequency domain characterization is

done as described in [SCW+13b]. Parameters including fres, Pout,dBm, Pmin,dBm

and bandwidth are characterized using the test setup consisting of a Rohde &

Schwarz® 67 GHz spectrum analyzer, Keysight® 8257D RF power source, and an

arbitrary waveform generator for quench generation as shown in Fig. 3.25(a).

At frst for each IC, the SRA is powered ON with quench signal Vq = 0 V

to measure the free-running oscillation frequency fres as 25.3 GHz for SRAdir

and 24.5 GHz for SRAdir,q respectively. The DC power consumption is measured

as PDC ≈ 110 mW for both ICs. Vq is then manually decreased from Vq = 1 V

corresponding to no oscillations, until Vq = Vsamp ≈ 670 mV, where Vsamp is the

voltage at which oscillations just begin to start. For SRAdir, an arbitrary waveform

generator is used to shape the quench signal similar to Vq,w2 and sourced with

the input signal present. The corresponding sinc spectrum envelope, Penv,dBm

with Dirac delta spectral peaks separated by the quench frequency [SCW+13b],

indicating phase coherence as shown in Fig. 3.26(a) is then measured. A plot of

the maximum of this spectral envelope Penv,max,dBm, when Pin,dBm is varied is
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Figure 3.26: (a) Measured power spectral density with Pin,dBm = −100 dBm at
fres = 25.3 GHz. (b) Plot of Pout,dBm against Pin,dBm for quench sig-
nals Vq,w1 and Vq,w2. (reused from *[TLJE18] © 2018 IEEE)
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(reused from [TLJE18] © 2018 IEEE)

shown in Fig. 3.26(b). Vq,w2 is designed to have a Tq,on ≈ 180 ns and a period

Tq ≈ 600 ns, resulting in an average power consumption of 38 mW. The maximum

quench signal frequency that can be used is 4.5 MHz. From Fig. 3.26(b), it is seen

that with Vq,w1, Pmin,dBm = −100 dBm and for Vq,w2, Pmin,dBm = −110 dBm.

The slope of the curve at low input power level Pin,dBm gives the linear mode

super-regenerative gain of 66 dB with Vq,w1 and 85 dB with Vq,w2.

For higher values of Pin,dBm, the circuit enters the logarithmic mode and gain

compression occurs for Pin,dBm > Pi,N,dBm. The parameter, Pi,N,dBm denotes the

input power level corresponding to the linear to logarithmic mode transition as

described in Section 2.6.2. From the measurement data, Pi,N,dBm is calculated as

the intersection of the two extrapolated lines in Fig. 3.26(b). For Vq,w1, Pi,N,dBm =

−65 dBm, and with Vq,w2, Pi,N,dBm = −85 dBm, clearly showing the advantage of

Vq,w2. Bandwidth of the circuit is also an important parameter for LFMCW radar

based interrogator as ranging resolution is directly proportional to bandwidth.

The normalized frequency response when input frequency is swept over a range

of values around fres is shown in Fig. 3.16(b), indicating a bandwidth increase

with increased input signal power. A bandwidth of at least 500 MHz is available

for Pin,dBm greater than −90 dBm as seen in Fig. 3.16(b).
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Figure 3.28: Schematic of bufered antenna interface SRAbuf,q including quench

pulse shaping circuit (Adapted from *[TJE20] © 2020 IEEE).

3.2.3 Antenna Diversity SiGe SRA IC with Integrated Quench Pulse

Shaping

In this section, a bufered antenna drive SiGe SRA with integrated quench pulse

shaping (SRAbuf,q) *[TJE20] is designed with the following features:

• Input and output bufers for better input port and output port matching and

to reduce fres the sensitivity to the source and load impedance variations.

• Four single ended ports or two diferential ports to enable the implementa-

tion of spatial diversity SRTs.

• Integrated quench pulse shaping circuit.

3.2.3.1 Circuit Analysis and Design

The schematic of the SRAbuf,q is shown in Fig. 3.28. Drawing parallels between the

generic SRA model already described in Fig. 2.14(a) and the SRAbuf,q schematic

in Fig. 3.28, the resonant core consists of inductor Lres. The capacitance Cres can

be calculated from the SRAbuf,q small signal model depicted in Fig. 3.29 as
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Figure 3.29: SRAbuf,q small signal equivalent circuits used for analysis.

Cres(Vtune) = Cvar(Vtune) + Cpar, (3.92)

with
Cpar = Ccb,T1/2 + Cce,T1/2

+
CkCin,T3/4

Ck + Cin,T3/4

+
CcCin,T7/9

Cc + C in,T7/9

,

(3.93)

where, Ccb,T1/2 and Cce,T1/2 are the collector-base and collector-emitter capac-

itance of HBTs T1/2 respectively. Cvar is a function of Vtune, and represents the

capacitance of the thick oxide NMOS varactors. The resonant frequency can then

be determined as

fres =
1

2 π

p

Lres(Cpar + Cvar(Vtune))

. (3.94)

The fxed loss conductance GP in Fig. 2.14(a), is the combination of the losses in

Lres, Cvar and the real part of the output admittance of the common-base input

stage transistors r o,T1/2, and input impedance of the output stage transistors
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T7,9, which can be calculated as

Gp =

Cres(Vtune)ωres

Qres(Vtune)

+

1

rin,T7/9

+

1

ro,T1/2

.

(3.95)

where, ω res = 2πf res. Hence,

Gp =

1

QulωresLres

+

1

ro,T1/2

+

1

rin,T7/9

. (3.96)

To implement the resonator, a symmetrical octogonal inductor is designed

and optimized to obtain an Lres in the hundred pico Henry range and an un-

loaded quality factor Qul ≈ 21 and an equivalent parallel resistance Rp,L around

nine times the load resistance at 25 GHz. From post layout extraction simula-

tions, the fxed parasitic capacitance Cpar in the hundred femto Farad range is

obtained. The varactors are dimensioned for a Cvar,max/Cvar,min ≈ 2.45 result-

ing in an fres covering the 24 GHz ISM band according to (3.94). The varac-

tor quality factor is also not negligible at K-band frequencies, and varies with

a ratio Qvar,max/Qvar,min ≈ 2.79 when Vtune is varied from Vtune,min = 0 V to

Vtune,max = 4 V. Both the varactor capacitance and quality factor variation with

Vtune can be modeled approximately using the hyperbolic tangent function from

[KG95]

Cvar(Vtune) = C var,mid

�

1 +

2 tanh(V tune,mid − V tune)

V tune,max − V tune,min

�

, (3.97)

where Cvar,mid = (Cvar,max+Cvar,min)/2 and V tune,mid = (Vtune,max+Vtune,min)/2.

Similarly, the varactor quality factor Qvar can be modeled according to [KG95] as

Qvar(V tune) =

Qvar,mid

�

1 +

2 tanh(V tune − V tune,mid)

V tune,max − V tune,min

�

,

(3.98)

where Q var,mid = (Qvar,max + Qvar,min)/2.

From small signal simulations using the VBIC model of the HBTs, the equiva-

lent resistance at the input of the output bufer rin,T7/9 is determined to be in the

sub 1 kΩ range and at the output of the input bufer is ro,T1/2 around 10 times

rin,T7/9. The respective equivalent parallel capacitances fall in the sub 50 femto-

farad range with a ratio of Cin,T1/2/Co,T7/9 ≈ 4.5. This enables to approximate
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Gp as

Gp ≈
Cres(Vtune)ωres

Qres(Vtune)
+

1

rin,T7/9

. (3.99)

3.2.3.1.1 Crosscoupled Pair and Sampling Current The controlled transonduc-

tance ga(t) in the equivalent circuit of Fig. 2.14(a), is implemented using the

cross-coupled HBT pair T3,4 in the schematic Fig. 3.28. The time variant input

admittance, when looking into the collector of T3,4 is calculated according to

[Lee03] as

ga(t) =
−g

m,T3/4
(t)

2
. (3.100)

Since g
m,T3/4

is directly proportional to the collector current Ic,T3/4(t) [Lee03],

and the tail current through HBT T5 sets the total bias current Ib(t) = 2Ic,T3/4(t),

then

g
m,T3/4

(t) ≈
Ib(t)

2VT

.
(3.101)

where V T is the thermal voltage. Also, from (2.22), the phase coherent sampling

of the input signal occurs at the sampling time T samp when,

Gp + ga(t = T samp) = 0 . (3.102)
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Figure 3.31: Monte Carlo simulation results for 200 iterations showing the vari-
ation of Vth,M1.

Inserting (3.100) and (3.102) into (3.101), the corresponding bias current can be

derived as,

Ib(t = T samp) = Ib,samp ≈ 4VTGP . (3.103)

Now, inserting Gp from (3.99) into (3.103), an approximate expression for the

collector current through T5, Ib,samp can be derived as,

Ib,samp(Vtune) ≈ 4VT

�

ωresCres(Vtune)

Qres(Vtune)

+

1

rin,T7/9

�

. (3.104)

It should be noted that the varactor capacitance and V tune have an inverse

relationship; an increase in Vtune reduces Ib,samp and vice-versa, as shown in the

plot of Fig. 3.30.

Now, substituting the base voltage and collector current from the Ebers-Moll

model approximation for HBT T5, with forward common emitter current gain

βF, and reverse saturation current Is in (3.104), the corresponding expression for

Vqx,samp is obtained as,

Vq,x,samp ≈ VTln

�

4VT

βFIs

�

ωresCres(Vtune)

Qres(Vtune)

+

1

rin,T7/9

��

. (3.105)

As depicted in Fig. 3.30, Ib,samp varies by around 170 µA and Vq,x,samp only by

around 10 mV for a Vtune variation from 0 to 4 V, corresponding to the tunable

frequency range.

3.2.3.1.2 Common Base Input Stage The input stage consists of HBTs T1,2,

biased as common base amplifers. Bias currents Ib,in ≈ 600 µA are set by current
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mirrors so that the transconductance of T1,2, gm,1,2 ≈ 1/Rs, and the input

impedance Z in,1-2 ≈ 1/gm,1-2 across the bandwidth of interest. The capacitors

Cc = 1/(ωlRs) at the input limits the lower cut of frequency ωl/2π to around

15 GHz and also functions as a DC block. The frequency dependency of the input

impedance, when looking from the emitter of T1,2, can be analyzed using the

transfer function derived as

Av,in(s) =
sCc

LTCpadCms

3 + (gmLTCpad + RsCmCpad)s2
. (3.106)

(3.106) includes the efect of probe pad capacitance Cpad, the input current

mirror capacitances Cm, the DC block capacitance Cc, and an inductance ap-

proximation LT of the transmission lines TLo,50 for a small range of frequencies

around the resonant frequency [HEKS10].

3.2.3.1.3 Cascode Output Stage The power generated at the resonator core is

delivered into a load resistance RL = 50 Ω by two cascode amplifers formed by

T7-10, biased at Ib,out ≈ 25 mA. The impedance transfer network with unity trans-

formation ratio is formed by the parasitic capacitors of T8,10 in combination with

320 µm long grounded coplanar waveguide (GCPW) transmission lines TLo,50,

with a characteristic impedance of 50 Ω. A peak to peak voltage swing VTX,1,2,pp ≈

1.6 V generates an output power PTX,1,2 = V

2
TX,1,2,pp/(8RL) ≈ 6.5 mW or 8 dBm.

The output amplifers are designed with DC block capacitors, optimized to min-

imize the loading of the oscillator core.

In order to simultaneously improve the sensitivity and output power of the SRA,

a two slope piece wise linear implementation quench pulse shaping is implemented

using nFETs M1-3, HBT T6 and capacitors Cq,1-2. The circuit takes advantage of

the diference in threshold voltage values of the diode connected nFET M1 and

HBT T6, and is similar to our implementation in *[TJE20]. The quench pulse

shaping also enables SRA to be used with commercial clock and pulse width

modulation ICs having CMOS or TTL output voltage swings.

3.2.3.1.4 Quench Pulse Shaping Circuit In the schematics of Fig. 3.28 and

Fig. 3.23, when Vq,x(t) is a linearly increasing ramp given by Vq,x(t) = kwt, the

bias current Ib fowing through T5 can be written as,

Ib(t) = Ic, T5 (t) ≈ βFIse

kwt

VT
. (3.107)

(3.107) shows that Ib and hence gm is an exponentially increasing function with

time. Also the ideal Vq,x(t) for linear control of Ib(t) is a logarithmic function of

96



3.2 RFIC Designs

0 2 4 6 8

 t / s
×10

-9

0

0.5

1

1.5

 Q
u

e
n

c
h

 S
ig

n
a

ls
 /

 V

Sim. V
q

Sim. V
q,x

Model V
q,x

 K
w1

 K
w2

Figure 3.32: Model and simulation of shaped quench signal (reused from *[TJE20]
© 2020 IEEE).

time. Since a logarithmic amplifer could be power hungry, at higher switching

speeds, a simpler solution can be obtained by linearizing Ib(t) around Tsamp.

This is a valid assumption because according to (2.33), regenerative sampling

sensitivity is maximum around Tsamp. And the slope of Ib near Ib,samp is relevant.

This slope can be evaluated by doing the Taylor series expansion of Ib(t) at Tsamp.

Tsamp can be written as

Tsamp =
VT

kw

ln
Ib,samp(Vtune)

βFIs

. (3.108)

and the Taylor series approximation of (3.107) for the frst two terms can be

written as

Ib,T(t) = βFIse

kwTsamp

VT +
βFIs

VT

e

kwTsamp

VT (t − Tsamp) . (3.109)

The slope term in the linear equation described by (3.109) helps to optimize

the sensitivity of the SRA by reducing kw. But from (2.34), it is clear that this

reduces the peak regenerative gain Ar(Tq,on). This means that for low values of

kw, a higher quench time Tq,on is needed to generate the same output voltage.

This puts a limit on the maximum possible quench frequency, translating to low

data rates in communication systems [MPM05] and low range in radar systems

according to (3.18).

Because sensitivity is relevant only around Tsamp, and the regenerative gain
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Ar(t) peaks at Tq,on, a two slope piece-wise linear function is an ideal quench

waveform candidate, as proposed in *[TLJE18]. The two slope piece-wise linear

function is integrated using a low power pulse shaping circuit, taking advantage,

of the diference in threshold voltage values for nFET and HBT simultaneously

available in BiCMOS technologies. The quench pulse shaping also enables SRA

to be used with of-the-shelf clock and pulse width modulation ICs having CMOS

or TTL output voltage swings.

In the schematic of Fig. 3.28 and Fig. 3.23, when Vq(t) = 1 V, M2,3 are in

saturation, the node voltage Vq,x(t) = 0 V, no current fows through T5, and

there is no oscillation. When Vq(t) is a pulse falling from 1 V to 0 V as shown in

Fig. 3.32, the reference current Iref charges Cq1 with the slope Kw1. Vq,x(t) can

then be written as,

Vq,x(t) = Kw1t =

Iref

Cq1

t 0 ≤ t ≤ Tsamp . (3.110)

As seen in Fig. 3.32, the linear increase of Vq,x(t) according to (3.110), oc-

curs until Vq,x(t) = Vth,M1. Here Vth,M1 is the threshold voltage of the diode-

connected nFET M1 in Fig. 3.28 and Fig. 3.23. The corresponding time is,

Tsamp = Vth,M1,max · Cq1/Iref. Monte Carlo simulation results of Vth,M1, de-

picted in Fig. 3.31, show that Vth,M1 varies from 255 mV to 520 mV with typical

Vth,M1 of around 400 mV. The slowest Ttrig and best case sensitivity is when

Vth,M1 ≈ 520 mV. The fastest Ttrig corresponding to worst case sensitivity is when

Vth,M1 ≈ 255 mV. For time t > Ttrig, diode connected M1 enters triode region, so

that both Cq1 and Cq2 are connected to node X. Now, Vq,x has a new slope,

Vq,x(t) = Kw2t =

Iref

Cq1 + Cq2

t Ttrig ≤ t ≤ Tq,on . (3.111)

Now, Vq,x(t) increases till the threshold voltage of the diode-connected HBT

T6, VD,T6 ≈ 0.9 V, and eventually saturates as shown in Fig. 3.32. The quench

pulse shaping circuit is implemented using MIM capacitors in the hundreds of

femto Farads range with a Cq2/Cq1 ≈ 6, and Iref = 100 µA. nFET M2 is used to

keep Cq2 discharged at the beginning of each quench cycle.

The same quench circuit also operates in a voltage controlled mode, when in-

stead of Iref, a voltage reference Vref is used. Here, when Vq(t) is switching, Vq,x(t)

rises due to exponential charging of Cq,1 through Rref. Since at the end of each

cycle, M3 goes into saturation and completely discharges Cq,1, Vq,x(t) can be
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written as,

Vq,x(t) = Vref(1 − e

−t

RrefCq,1 ) 0 ≤ t ≤ Tsamp

Vq,x(t) = Vq,x(Tsamp)

+ (Vref − Vq,x(Tsamp))(1 − e

−t

Rref(Cq,1+Cq,2) )

Tsamp ≤ t ≤ Tq,on

(3.112)

(3.112) is particularly attractive because the function has similar shape of the

logarithmic quench function, resulting in better linear control of Ib(t) through kw

according to (3.107).

3.2.3.1.5 Power Gain As will be described in Section 3.2.3.2, the characteriza-

tion of the SRAbuf,q is done in the frequency domain, and a plot of output power

against input power is used to calculate parameters like regenerative gain. The

maximum value of the envelope of the output voltage in (2.29) from Section 2.6.1

can be determined by inserting (2.30) into (2.29) as,

Vout =
Iin

2

r

Lres

Cres

ωin

√
2π

p

(ωreskq)
AsAr(Tq,on) . (3.113)

With a common-base input stage, the input current to the resonator is equal

to the current through the source. Under input matched conditions, Iin can be

written as Iin =
p

2Pin/Rs, where Pin is the input power, and Rs is the source

resistance. At the output stage, the voltage across the resonator is amplifed by

the cascode amplifer, and the small signal output voltage across the load resistor

RL is vout,buf = − gm,T8/10 RL vout. In terms of output power Pout,buf , and the

average large signal transconductance Gm,T8/10, Vout can hence be written as,

Vout =

p

2Pout,buf/RL

Gm,T8/10

. (3.114)

Inserting (3.114) in (3.113), the power gain of the bufered SRA in linear mode,

ASRA,buf = Pout,buf/Pin is,

ASRA,buf(ωin) =
G

2
m,T 8/10RLLres

2RsCres

ω

2
inπ

ωreskq

A

2
s A

2
r (Tq,on) .

(3.115)

At fin = 24 GHz and Tq,on ≈ 300 ns, using the relationships Rs = RL = 50 Ω,

G

m,T 8/10 ≈ 1/Rs,L, and with extracted values of Lres and Cres. Also, using (3.111),
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Figure 3.33: Illustration of the characterization setup around the chip micrograph

of the SRAbuf,q occupying an area of 990 µm × 895 µm. including

pads (Adapted from *[TJE20] © 2020 IEEE).

kw2 ≈ 143 mV ns−1 and kq = 143 ns−1 for ∆Vq = 1 mV. ASRA,buf can then be

calculated as ASRA,buf,dB ≈ 56 dB at fres = 24 GHz, which closely matches with

the measurement result of 51 dB as depicted in Fig. 3.34(b).

The power gain ASRA,dir of the direct antenna interface SRA can be obtained

using Vout,dir =
√

2PoutRL as,

ASRA,dir(ωin) =
Lres

2RsRLCres

ω

2
inπ

(ωreskq)
A

2
s A

2
r (Tq,on) . (3.116)

Substituting circuit parameters from the compact model and EM simulations

at fin = 25 GHz, Lres = 130 pH and Cres = 310 fF. Also, with kq = 143 ns−1,

Tq,on ≈ 300 ns and Rs = RL = 50 Ω, the power gain can be calculated as,

ASRA,dir,dB ≈ 68 dB at fres = 25 GHz, satisfying the minimum gain requirement

for d ≥ 100 m derived in (3.19), and closely matching the measurement result of

around 65 dB as depicted in Fig. 3.34(b). It should be noted that for a fxed Tq,on

and kq, the peak gain is dependent on the input signal frequency ωin relative

to the resonance frequency ωres, as depicted in the Gaussian frequency response

measurement results for diferent input power levels in Fig. 3.27(a).
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Figure 3.34: SRAbuf,q characterization results: (a) Measured magnitude of input

refection coefcient versus frequency for diferent Vtune values for

SRAbuf. (b) Measured and modeled peak of the envelope of output

power density versus input power level for SRAbuf. (c) Measured en-

velope of power spectral density showing the Dirac delta peaks when

an input signal is applied within the bandwidth of the resonator.

(d) Normalized frequency response measurements used to determine

bandwidth (Adapted from *[TJE20] © 2020 IEEE).
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3.2.3.2 Characterization

The implemented SRAbuf,q IC to prove the design concept occupies an area of

0.89 mm
2 and is shown in the chip micrograph of Fig. 3.33. SRAbuf,q characteri-

zation is done using the setup illustrated in Fig. 3.33 employing methods similar

to that described in Section 3.2.2. IC characterization is done on a wafer prober

and pads are contacted using Infnity probes from Cascade Microtech®. Since

SRAbuf,q operates in the similar frequency range as SRAdir,q where time domain

measurements of regenerative sampling are not practical, frequency domain char-

acterization is done. The input signal is applied to RFin,p,n using the Keysight®

8257D signal generator, and the output signal spectrum is measured at RFout,p,n

using the Rohde & Schwarz FSW67® spectrum analyzer. An arbitrary waveform

generator provides the periodic input pulses to the integrated quench pulse shap-

ing circuit.

As detailed in Section 3.2.2 and *[TJE20], when Vq = 0 V, and with no

input signal applied, the SRAbuf,q operates in the free-running oscillator mode,

and measurement of the tuning range is done by varying Vtune from 0 V to 4 V,

resulting in a a measured frequency variation covering the unlicensed frequency

bands from 22.6 GHz to 25.6 GHz. The bufered inputs of SRAbuf,q also enable the

measurement of the input refection coefcient using the vector network analyzer

Rohde & Schwarz ZVA67 ®, and the measurement results show good agreement

with simulations as depicted in Fig. 3.34(a), with measured |S11| < − 10 dB

across the frequency range from 20 GHz to 30 GHz. The DC power consumption

when operated in the free-running oscillator mode is 87 mW with 1.6 V core and

2.7 V output bufer power supplies.

SRAbuf operates in the SRA mode when Vq is a periodic pulse and an input

signal is applied. Characteristic Dirac delta spectral peaks superimposed with a

sinc spectrum indicate phase coherent sampling [SCW+13b], and are proven by

the measurements shown in Fig. 3.34(c). The input signal power level Pin,dBm is

then varied to obtain the transfer characteristics of the SRA which are shown in

Fig. 3.34(b). At lower input power levels, the SRA operates in the linear mode,

with a regenerative gain of 51 dB till Pi,N,dBm ≈ −67.4 dBm. Further increase

in input power level causes the SRA to transition from linear to logarithmic

mode, where the output power level (Pout,dBm) reaches a maximum of around

7 dBm. This is the preferred operating region for active refector tags. The power

consumption of the circuit when operating with a Vq of 50 % duty cycle is 44 mW.
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3.2.4 Knowledge Gained

A comparative study of the four SRA variants discussed in Section 3.2.1 to Sec-

tion 3.2.3 is now done to determine the suitability of the variants to be used as

SRTs. Table 3.1 tabulated the wafer prober characterization results of the four

SRA and also the state-of-the-art ICs designed for RFID transponder applica-

tions.

A refection amplifer based design is reported in [BMM12]. Though the de-

sign reports moderate gain consuming low DC power, the transmit power is low,

minimum received input signal power is high and the design occupies a relatively

large area. A pulsed oscillator based design is reported in [Weh10] and [EWU+13].

[Weh10] reports a moderate transmit power and received signal sensitivity, con-

suming moderate DC power. On the other hand, the design in [EWU+13] reports

a high bandwidth of 2.3 GHz, but with low transmit power, receiver sensitivity

and relatively high DC power consumption. All three works report operation at

lower frequencies below 10 GHz. Of the high frequency works in literature, imple-

mentation complexity is high in [SCW+13b],[DHV17b],[DHV17a] and [HES+13].

These designs uses multiple blocks like LNAs and PAs. [SCW+13b] reports a

design called SILO which is based on a topology similar to the SRA, but op-

erating only in the step-controlled mode. The SILO has a relatively low peak

gain and consumes relatively high DC power. [DHV17b] and [DHV17a] reports a

BPSK modulator based architecture which additionally employs a downconver-

sion mixer and a VGA. [HES+13] also uses a relatively complex architecture with

a transmit and receive frontend consisting of LNA, PA, VGA and a transmit /

receive switch. [GJE22] uses an SRA based approach at 60 GHz with a high peak

gain and moderate power consumption, but with low output power and occupying

relatively large area.

Among the SRA variants from this work in Table 3.1, we can see that the

SRASOI has an operating frequency range of 24.07 GHz to 25.35 GHz, detects in-

put signals as low as −85 dBm, and delivers 1.1 dBm output power into a 100 Ω

diferential load consuming a low DC power of 10.6 mW. The SRASOI also has a

good combination of sensitivity and output power for implementations in CMOS.

Though the circuit consumes low DC power, low breakdown voltages of the SOI

transistors put a limit on the maximum output power, which is required at larger

ranging distance of SRTs (3.23). The output power can be increased by stack-

ing more transistors as will be described in Section 3.2.2, but the corresponding

number of transistors required for SRASOI to achieve the same output power is

much higher than in the SiGe implementations discussed in Section 3.2.2 and Sec-

tion 3.2.3. Additionally, phase compensation structures which increase area and
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complexity are required to keep the current and voltage in phase at 24 GHz when

stacking. The common centroid layout used to compensate for process variation

in the CMOS transistors result in higher fxed parasitic output capacitance Cpar,

which along with the increased capacitance due to stacking reduces the frequency

tuning range of SRASOI according to (3.38).

Though the SRASOI consumes very low DC power, the limitation on output

power level and superregenerative gain results in a signifcantly reduced localiza-

tion range according to (3.23). SRAdir uses the SiGe-BiCMOS technology which

provides the advantage of higher breakdown voltage transistors and better toler-

ance to variability and process mismatch, eliminating the requirement for special

layout techniques. SRAdir which uses the novel stacked transistor CCO with the

quenching clearly shows improvement in the minimum input power level from

which phase coherence is observed, Pmin,dBm of −110 dBm and the linear to loga-

rithmic mode transition power Pi,N,dBm of −85 dBm, combined with a high output

power level of Pout,dBm of 7.8 dBm and occupies a low area.

The parameters from characterization of SRAdir,q, which integrates the quench

pulse shaping circuit, are within 5% of the the results from SRAdir. The measured

minimum input power level for phase coherent amplifcation is −100 dBm, and

the linear to logarithmic mode transition power is −63 dBm, along with an output

power level of 5.6 dBm. The combination of output power and minimum detectable

input power from this design stands out among the other results.

While the direct antenna drive topology employed in SRAdir and SRAdir,q is less

complex and occupies low area, it is not optimum due to the relatively high sensi-

tivity of fres to output load variations. The topology is also inherently less efcient

for input and output power transfer to and from resonator core respectively. The

two input and two output terminals of the SRAbuf,q enables the implementation

of roll invariant SRTs as described in Section 3.3.1. SRAbuf,q shows a minimum

detectable input power level of −90 dBm, the circuit has a peak regenerative gain

of 51 dB. The combination of the peak gain and 7 dBm output power level for this

design also stands out when compared to reported values from other works. Both

SRAdir,q and SRAbuf,q employs a novel integrated quench pulse shaping circuit

to simultaneously improve the minimum detectable input power level and output

power level which in turn improves the maximum range of the system.
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3.3 Proof of Principle System Implementation

In order to perform experimental testing of the principle described in Section 3.1.1,

two diferent SRT variants and an interrogating secondary radar is implemented.

The two SRT variants operating the 24 GHz ISM band are implemented using

the high gain integrated SRAs presented in Section 3.2 *[TLJE18, TJE20]. The

SRTs also include printed circuit board (PCB) based bandwidth enhanced mi-

crostrip patch antennas as will be discussed in Section 3.3.1.1. The interrogating

secondary radar is based mainly on of-the-shelf components, and is augmented

by the custom designed PA *[TLJE19] to reduce leakage to the receive front end

and improve the interrogation range.

3.3.1 Superregenerative Transponders

The core of the frst SRT (SRTdir) is the direct antenna drive SRA (SRAdir,q)

IC described in Section 3.2.2 and *[TLJE18]. The second SRT (SRTbuf) uses the

bufered superregenerative amplifer (SRAbuf,q) IC described in Section 3.2.3 and

*[TJE20]. SRTbuf features antenna diversity enabled by the separate inputs and

output bufers of SRAbuf,q.

Fig. 3.37 shows the designed SRT prototypes. Except for the SRA ICs and the

number of antennas used, both tags are functionally similar. The core of each SRT

is the SRA IC with integrated quench pulse shaping described in Section 3.2.2

and Section 3.2.3. The SRA ICs are wire-bonded using 17 µm bondwires to the

PCB as shown in Fig. 3.38.

The parameters of the wire-bonded SRA ICs as part of the SRT, including

phase coherent sampling are also characterized independently by giving RF input

using a Keysight® E8257D signal generator, and analyzing the output frequency

spectrum in a R&S® FSW67 spectrum analyzer. The corresponding results are

summarized in Table 3.2.

The 1 mm thick 4 layer PCB is built as a stack of fame retardant-4 (FR4)

dielectric layer sandwiched between two Rogers RO4350B® dielectric layers on

the top and bottom. In addition to the SRA, SRT contains voltage regulators for

power supply and bias voltage generation, and a reference current source. An of-

the-shelf voltage controlled pulse width modulator IC [Anab] is used for generating

the pulses required as input to the quench pulse shaping circuit. The frequency and

duty cycle of the quench pulses are current controlled. This is done using current

DACs inside an of-the-shelf programmable system on chip (PSoC®) [Cyp]. The

state machine implemented in the frmware of the chip generates control signals

required for data transfer. Also, a temperature sensor having a inter-integrated
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Figure 3.35: Block diagram of the SRAdir,q based SRTdir.

circuit (I2C) serial interface is used to obtain real time temperature data to be

transferred from the SRT to the interrogator.

Bandwidth enhanced microstrip patch antennas decribed in Section 3.3.1.1 are

connected to the RF pads using microstrip transmission lines built over the top

RO4350B® layer. RO4350B® has an ϵr ≈ 3.66 and dissipation factor tan δ of

0.0037 at 10 GHz. The copper metal layers are gold plated using electroless nickel

electroless palladium immersion gold (ENEPIG) to facilitate good bonding of the

IC to the PCB. The SRTdir operates from two 1.5 V AAA batteries, and has a

lifetime of more than one day when operated continuously.

Table 3.2: Performance summary of SRA ICs post wirebonding

SRAdir,q SRAbuf,q

fres (GHz) 24.25 24.25
Pout,dBm (dBm) 5.6a

3.2a,b

Pmin,dBm (dBm) -100 -80
Pi,N,dBm (dBm) -75 -57
ASRA,dB (dB) 68 51
fBW (GHz) 0.25 0.5
PDC (mW) 65/124

c
44/87

c

Tech. 130 nm SiGe 130 nm SiGe
BiCMOS BiCMOS

a Incl. bondwire losses. b Per Tx channel. c Quenched / DC.
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Figure 3.36: Block diagram of the SRAbuf,q based SRTbuf (Adapted from

*[TJE20] © 2020 IEEE).

3.3.1.1 Bandwidth Enhanced Microstrip Patch Antennas

Fig. 3.39(a) shows the geometry of the bandwidth enhanced single antenna ele-

ment (ANTMB1x) used in the presented SRTs. ANTMB1x has a modifed inset-fed

rectangular microstrip patch structure and is designed for a resonant center fre-

quency fant = 24.5 GHz. The initial dimensions of L and W are determined using

the conventional inset-fed microstrip patch antenna design method from [Bal05].

Taking into account the efect of dielectric-air interface, the dimension L corre-

sponds to the half wavelength at fant determined as,

L = λant/2 = co/(2fant

√
ϵr,ef) ≈ 3.8 mm , (3.117)

where co is the speed of light in vacuum and ϵr,ef is the efective dielectric

constant determined as

ϵr,ef = P (ϵr − 1) + 1 ≈ 2.6 . (3.118)

Here ϵr = 3.66 is the relative permittivity of the used Rogers®4350 dielectric,

and P ≈ 0.6 is the flling factor [KJ82]. In order to avoid cross polarization [Bal05],

the ratio W/L is taken as 1.5, and W is calculated as W = 5.7 mm. The input

impedance of ANTMB1x is a function of the feed position with a shifted cosine
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Figure 3.37: Active refector tags with bonded SRA ICs shown in inset above chip

cap (a) SRTdir with SRAdir,q measuring 50 mm × 35 mm. (b) SRTdir

with SRAbuf,q measuring 70 mm × 50 mm. (Reused from *[TFJE23]

© 2023 IET).

squared relationship. The input impedance is maximum at the edge of the patch

and minimum at the center. The feed dimension Y is estimated from curve ftting

as 725 µm for Z

in
= 50 Ω. A microstrip transmission line with a width D = 500 µm

corresponding to a characteristic impedance of 50 Ω is used to extend the feedline

to SRA RF ports. The simulated and measured input refection coefcients of the

ANTMB1x without any slots are shown with legend ANTMN in Fig. 3.39(c).

The introduction of the slot with width Ws = 6 mm and length Ls = 300 µm

results in an efective volume increase. This in turn increases the bandwidth by

4 times from 0.5 GHz to 2 GHz as shown in the simulation and measurement

results with legends ANTMB1x in Fig. 3.39(c). Other dimensions are determined

as X = 2W/5 = 2.6 µm and S = W/5 = 1.3 mm from [Bal05]. The optimized
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Figure 3.38: Fabricated SRA ICs with quench pulse shaping in 130 nm SiGe BiC-

MOS technology (a) Direct antenna interface SRA occupying an area

of 875 µm × 725 µm. (b) Bufered antenna interface SRA, occupying

an area of 990 µm × 895 µm. (Reused from *[TFJE23] © 2023 IET).

dimensions of ANTMB1x using EM simulation results are higher than than the

calculations with L = 4.1 mm and W = 6.6 mm. This is mainly because the

simplifed calculations ignore the efects due to the slot, and conductor thickness.

The ANTMB1x geometry is optimized with the help of an equivalent circuit

model shown in Fig. 3.39(b). Here, the antenna is modeled as two LC resonators

coupled to each other using a parallel LC model of the gap. The model also enables

the investigation of frequency response and input impedance of the structure. The

frst resonator is formed by LR1 ≈ 120 pH and CR1 ≈ 220 fF corresponding to a

resonant frequency

fR1 =
1

2π

√
LR1CR1

≈ 32 GHz. (3.119)

The second resonator is formed by LR2 ≈ 350 pH and CR2 ≈ 300 fF, correspond-

ing to a resonant frequency fR2 ≈ 17 GHz. The coupling elements LG ≈ 50 pH

and CG ≈ 600 fF model the coupling due to the gap in the structure. This also

results in an efective resonant frequency corresponding to the geometric mean of

the individual resonant frequencies as

fR =
p

fR1fR2 ≈ 24 GHz. (3.120)

Fig. 3.39(c) shows that the model aligns closely with simulation and measure-

ment results.

The single element ANTMB1x has a simulated gain of 5.2 dBi. In the range

optimized SRTdir, a high antenna gain is preferred. So two ANTMB1x elements
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are arranged with a spacing of 3 mm between them as shown in Fig. 3.40(a).

Referred to as ANTMB2x, the two elements are fed with each of the diferential RF

ports from SRAdir,q. The simulated radiation pattern with diferential excitation,

resulting in a peak gain of 9.17 dBi is shown in Fig. 3.40(a).

Though ANTMB2x has a high gain, the antenna is linearly polarized with a

−50 dB lower vertical component as shown in the polar plot of Fig. 3.40(c). This

results in two nulls at ϕ = 90
◦ and ϕ = 270

◦ as seen in Fig. 3.40(a). In order

to make the antenna radiate and receive in both horizontal and vertical polar-

ization to achieve roll invariance in the horizontal plane, four ANTMB1x elements

are oriented orthogonal to each other, referred to as ANTMB4x in Fig. 3.40(d).

ANTMB4x is used in SRTbuf with two Tx and Rx ports. The radiation pattern

simulated by diferential excitation of orthogonal elements shows that ANTMB4x

has a lower peak gain of 6.63 dBi, but is roll invariant in the horizontal plane.
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Figure 3.39: (a) Geometry of the bandwidth enhanced patch antenna ANTMB1x;

(b) Equivalent circuit model used to determine frequency response;

(c) Measured, simulated and modeled input refection coefcients

for conventional microstrip patch antenna ANTMN1x and bandwidth

enhanced ANTMB1x. (Reused from *[TFJE23] © 2023 IET).
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Figure 3.40: (a) Simulated radiation pattern of ANTMB2x and (b) ANTMB4x; (c)

Simulated gain vs. θ cut at φ = 90
◦ for horizontal and vertical po-

larization of ANTMB2x and (d) ANTMB4x. (Reused from *[TFJE23]

© 2023 IET).
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3.3.2 FMCW Radar Interrogator

The LFMCW chirps to interrogate the SRTs are generated using the chirp se-

quence LFMCW radar shown in Fig. 3.41(a) and Fig. 3.42(a). The 24 GHz radar

interrogator is implemented as a stack of an RF PCB (PCBRF) and a digital PCB

(PCBdig). PCBRF has the same layer stack-up as the SRTdir. The main compo-

nent is the of-the-shelf MMIC [Inf] consisting of a 24 GHz to 26 GHz VCO, a

low noise amplifer, a down converting mixer, a diferential power amplifer and

frequency dividers. As shown in Fig. 3.41(a), the LFMCW frequency chirp is gen-

erated giving the divide by 16 output of the MMIC to the RF input of a PLL

[Anaa], a 6.1 GHz fractional - N PLL with frequency ramp generation capability.

A PCB balun using design principles from [DSCE13] is implemented to convert

the diferential output of the PA to a single ended output. The single ended input

of the LNA and balun output is then fed to two horn antennas with 14 dBi gain

through a custom designed coupled line bandpass flter designed based on [Poz12]

with a bandwidth less than 800 MHz. In order to reduce on-chip PA to LNA

leakage and internal frequency pulling, the PA is operated with an output power

of around 0 dBm. In order to increase the output power for the desired EIRP to

maximize the range, a custom designed PA *[TLJE19] is used externally. With

the output of the balun of around −1 dBm, an EIRP of 20 dBm is obtained for

the radar transmit frontend. The transmitted FMCW chirp is refected back, and

amplifed by the receive front end LNA. The LNA output is downconverted and

the mixer IF output is bandpass fltered with fq,min = 300 kHz and fq,max =

3 MHz. The IF signal is digitized using a ADC with number of bits Nadc = 12

and sampling rate fsamp = 10 MSps, with a maximum possible signal to noise

ratio (SNR) from the well known equation [Kes04],

SNRadc,dB = 6.02 dBNadc + 1.76 dB ≈ 74 dB. (3.121)

PCBdig includes voltage regulators to generate the required bias voltages, clock

references, and a microcontroller to acquire handle sequencing and control. The

microcontroller also facilitates the ADC data transfer to a 32 kB external memory

using direct memory access (DMA). Another component in PCBdig is the feld

programmable gate array (FPGA) used to generate various timing signals includ-

ing the pulses required to trigger the FMCW chirp. An Ethernet interface allows

the hardware to be confgured, and data to be transferred to a remote PC for

analysis.
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Figure 3.41: (a) Block diagram of the LFMCW radar interrogator, implemented

as a stack of PCBdig and PCBRF; (b) Phase noise profle of the

interrogator output in the CW mode for three diferent frequencies

in the band. (Reused from *[TFJE23] © 2023 IET).
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Figure 3.42: (a) Top view of the hardware with PCBdig in sight. (b) PCBRF.
(Reused from *[TFJE23] © 2023 IET).

3.3.3 Chirp Z-transform Based Data Analysis

The distance between the interrogator and SRTs are estimated using the steps

shown in Algorithm 1 implemented in Python. For each chirp sent by the LFMCW

radar, the the baseband signal is digitized by the ADC and stored as a discrete

time series sb[n], with n = 0, ..., Nsamp − 1. An Nsamp point fast Fourier trans-

form (FFT) is computed on the zero padded and windowed x[n]. On fxing the

distance to SRT, x[n] corresponding to K = 150 chirp sequences are collected

and the spectral average is calculated. Peak search is then done on a subset of the

spectral averaged FFT data between fq,min and fq,max to determine the upper

and lower beat frequencies fb,l,FFT and fb,u,FFT respectively. The corresponding

quench frequency is

fq,FFT =
fb,l,FFT + fb,u,FFT

2
, (3.122)
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Figure 3.43: Comparison of range estimation error between FFT and CZT based

methods. (Reused from *[TFJE23] © 2023 IET).

and the distance to SRT is estimated according to (3.9). The FFT outputs

a discrete spectrum with a frequency bin resolution fbin,FFT = fsamp/Nsamp.

With fsamp = 10 MSps and Nsamp = 10 k samples, fbin,FFT = 1 kHz and the

corresponding range per bin dbin,FFT is

dbin,FFT =
Cofbin,FFT

2µ

= 60 cm. (3.123)

A non-zero dbin,FFT discretizes the measured range dFFT, and the correspond-

ing ranging error is derr,FFT = dact − dFFT. Here dact is the actual distance to the

SRT with dact = (n + Ψ)dbin,FFT and dFFT = ndbin,FFT is the distance estimated

using FFT. Also Ψ is the fractional bin width which varies from -0.5 to +0.5,

and between any two adjacent frequency bins, derr,FFT varies as a function of

Ψ within ±dbin,FFT as shown in Fig. 3.43. Therefore, in order to improve rang-

ing accuracy, it is necessary to either minimize dbin,FFT by increasing Nsamp, or

by using alternate approaches like parabolic or sinc interpolation as reported in

[Qui94, GG04, KCS08] with up to 20 times accuracy improvement.

In this work, a CZT [RSR69] based approach is used to zoom into each beat

frequency peak to obtain a sub-bin frequency estimate, and thereby a more accu-

rate ranging. The CZT computes the z-transform of input data x[n] along spiral

contours in the z-plane [RSR69, Blu70] according to
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Sb,k
=

Nsamp-1
X

n=0

sb[n] · z

-n
k

, (3.124)

where k = 0,...,M-1, and M ≤ Nsamp is the number of data points in the

resulting discrete CZT X
k
. The CZT evaluation contour is described by z

k
and

given by,

z
k

= e
j2πfstart

fsamp · e
j2π(fstop−fstart)k

Mfsamp
. (3.125)

Here fstart and fstop are frequencies corresponding to mbin,FFT bins below and

above the beat frequency peaks fb,l,u,FFT, and are given by,

fstart = fb,l,u,FFT − mbin,FFTfbin,FFT (3.126)

and

fstop = fb,l,u,FFT + mbin,FFTfbin,FFT. (3.127)

With M = Nsamp = 10 k points, a discrete CZT is computed taking mbin,FFT =

2 bins on both sides around each beat frequency peak. The frequencies fb,l,u,CZT

corresponding to the new peak values are then used to estimate the distance to

the SRTs using (3.10). The resulting improved frequency bin resolution is

fbin,CZT = 2mbin,FFTfbin,FFT/M = 0.4 Hz , (3.128)

corresponding to a range per bin evaluated using (3.123) of dbin,CZT = 240 µm,

around 2.5 k times improvement compared to the estimated range using on dis-

crete FFT only method and approximately 125 times improvement when com-

pared to discrete FFT with parabolic interpolation based method. An example

scenario with n = 40 and M = 100 for faster computation is considered for

the plot in Fig. 3.43. Fig. 3.43 shows that, though the magnitude of ranging error

from FFT and CZT methods derr,FFT,CZT are close to zero at multiples of dbin,FFT

where Ψ = 0, with an increasing Ψ, CZT shows orders of magnitude improvement.

The maximum ranging error from the FFT method is derr,FFT,max ≈ 60 cm, and

from the CZT method is derr,CZT,max ≈ 2.4 cm, a 25 times lower error as confrmed

by experimental tests in Section 5.1.1.
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Algorithm 1 Interrogator to SRT Distance estimation. ((Reused from *[TFJE23]

© 2023 IET). from *[TFJE23] © 2023 IET).

Input: Digitized chirp sequence samples x[n]

Output: Distance estimate dSRT,c in (3.10)

1: function DistanceToSRT(x[n])

2: for each chirp c in the FMCW chirp sequence do
3: Compute Nsamp point FFT on time series data x[n]

4: rss ← Sum up squared magnitude spectra

5: end for
6: Calculate spectral average from rss

7: Call function for FFT peak search from fq,min to fq,max

8: if atleast two peaks found then
9: for each peak i do

10: Determine fstart from (3.126) and fstop from (3.127)

11: Compute M point discrete CZT using (3.124)

12: CZT peak search from fstart to fstop

13: if multiple CZT peak values then
14: Calculate mean peak index

15: end if
16: Calculate fpeak from mean peak index

17: fb[i]← fpeak

18: end for
19: fb,l,CZT ← fb[0]

20: fb,u,CZT ← fb[1]

21: if fb,l,CZT + fb,u,CZT equals 2fq then
22: Calculate distance dSRT,c using (3.10)

23: end if
24: end if
25: end function
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4 60 GHz Single Antenna RFID Interrogator

based Identifcation System

This chapter begins with a discussion on the system design principles of passive

RFID transponder detection using a CW single antenna interrogator. The system

is based on a cooperative architecture where the detected tag has to give a specifc

response to allow detection. The focus is on the analysis, design, experimental

characterization outcomes and knowledge acquired from the RFICs designed for

the interrogator frontend. The last section of the chapter presents the details of

the proof of concept system implemented using a custom designed passive RFID

transponder for testing the important characteristics of the interrogator frontend.

4.1 System Design

The functional block diagram of the designed 60 GHz CW interrogator using a

single antenna and one PLM based PBT is illustrated Fig. 4.1. In this system, a

60 GHz CW signal generated by an external signal source is split using a power

divider and is fed as input to a PA in the Tx path and as LO input to a down-

conversion mixer in the Rx path. The PA amplifes the input signal, and drives it

to ANTTRx through the Tx port of a QC. QCs, are 3-port 2-way non-magnetic

devices which provide transmission path between Tx port and ANTTRx , and

ANTTRx and Rx port, but isolation between Tx and Rx ports. The transmitted

signal sTx with amplitude ATx and frequency fTx is given by

sTx = ATx cos 2πfTx t. (4.1)

From Fig. 4.1, we can see that sTx is received by the PBT which consists of an

antenna ANTPBT that is terminated with two diferent impedance values Z1 and

Z2, controlled by a periodic signal. The PBT modulates sTX by a subcarrier signal

mb(t) using ASK as illustrated in Fig. 4.2(a). mb(t) encodes data corresponding

to bits b = 0 or 1 within the symbol duration Ts given by 0 ≤ t ≤ Ts. The symbol

rate 1/Ts is relatively low compared to the carried frequency fTx . The resulting

backscatter signal sbs is

sbs(t) = αbssTx mb(t) (4.2)

where mb(t) = Ab, and Ab is one among two possible amplitude levels rep-

resented by data bit b = 0 or 1. αbs determines the amplitude of sbs and is a

function of the RCS σPBT of the PBT.
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Figure 4.2: Passive load modulation: (a) ASK modulated PBT signals corre-
sponding to a data of 5’b01001. (b) PBT equivalent circuit with an-
tenna source impedance.

The impedance and thereby the |ΓL| presented by the PBT changes due to

the periodic closing and opening of the switch S1, and results in modulation of

the refected wave from the transponder. The equivalent circuit of the periodic

switching of the RFID transponder antenna between two termination impedances

Z1,2 can be represented as shown in Fig. 4.2. This impedance modulation results

in a variation in the power scattered by the antenna due to changing RCS σPBT

given by [Han89, NR06]
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σPBT =
Pbs,PBT

Pav,PBT

=
V

2

antRr

Pav,PBT[(Rr + R1,2 + Rant)
2 + (X1,2 + Xant)

2]
(4.3)

where Pav,PBT is the power incident on the PBT, Pbs,PBT is the power backscat-

tered from the PBT, Vant is the voltage across the antenna and Rr is the radiation

resistance. R1/2 and X1,2 are the real and imaginary parts respectively of the ter-

mination impedance Z1,2 and Rant and Xant are the real and imaginary parts

respectively of the loss impedance of the antenna Zant.

The fraction of sbs(t) radiated in the direction of the interrogator is received

by the same interrogator antenna ANTTRx and circulated to the Rx port of the

QC with an integrated loss compensation amplifer (LCA). The direct conversion

receiver front end downconverts sRx to sRx,bb and amplifes sRx,bb for retrieving

the modulated signal and decoding data bits b.

Power Link Analysis

As shown in Fig. 4.1, the signal power from the signal generator Pin is divided

with a loss of LPD and given as input to the PA with gain GPA. The signal power

encounters loss LQC,Tx through the Tx path of the QC, before being radiated
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using ANTTRx with gain GTRx . The corresponding EIRP from the interrogator

can be written as

EIRPTRx
=

PinGPA

LPDLQC,TX

. (4.4)

Using (4.4), the power received and available at the PBT, Pav,PBT can then be

written as

Pav,PBT = EIRPTRx
· GTRx

·
1

4πd

2

PBT

·
λ

2

4π

GPBT. (4.5)

Where GPBT is the PBT antenna gain and dPBT is the distance between PBT

and the interrogator. As illustrated in the equivalent circuit of Fig. 4.2(b), the

PBT periodically switches its impedance between termination impedances Z1 and

Zp = Z1||Z2. The resultant load refection coefcients ΓL,Z1 are ΓL,Zp respectively.

Hence we can defne a diference of refection coefcients [XKK+09] ∆Γ
L

as

∆Γ
L

= ΓL,Z1 − ΓL,Zp. (4.6)

Using (4.6), the backscattered power of the sidebands from the PBT is given

by [XKK+09, KF03]

Pbs,PBT =
Pav,PBT

4

�

�∆ΓL

�

�

2

. (4.7)

Pbs,PBT from (4.7) undergoes attenuation by free space path loss (FSPL) and

the power received by the interrogator PRx,PBT can be determined as

PRx,PBT = Pbs,PBT · GPBT ·
1

4πd

2

PBT

·
λ

2

4π

GTRx . (4.8)

This received power PRx,PBT is amplifed in the Rx path of the QC with GQC,RX

and circulated to the downconversion mixer with a voltage conversion gain of

av,dmix, and is further amplifed by a VGA with a gain av,VGA and digitized by

an ADC. On defning the efective noise fgure (NF) as NFRx , the minimum SNR

needed by the interrogator SNRmin and modulation bandwidth as fBW,m, the

sensitivity of the interrogator Rx path, PRx,PBT,min can be determined using a

similar approach from (3.17) as

PRx,PBT,min =10 log

�

kBTfBW,m

1 mW

�

+ SNRmin. (4.9)

Now based on the defnition of FSPL from from (3.13),
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2Z0

ANT

λ/4 √2Z0

λ/4 √2Z0

PA

P2

LCA

RX

Z0

TX

P1

P3

Figure 4.4: Block diagram of the transmission lines based QC
TL

. (Reused from

*[TPC+21]©2021, IEEE)

FSPLPBT =
�

4πdPBT

λ

�4

. (4.10)

Substituting (4.10) and (4.8) in (4.9), ∆Γ
L

can be derived as

|∆Γ
L

| =
4PRx,PBT,minFSPLPBT

G

2

TRx
G

2

PBT
EIRPTRx

. (4.11)

Since FSPLPBT is a function of dPBT, the |∆Γ
L

| can be plotted as a function

of distance as shown in Fig. 4.3 and the minimum SNR, min required for system

design can be estimated.

4.2 RFIC Designs

The CW interrogator frontend in the system concept envisaged in Fig. 4.1 is

realized by designing a combination of QC IC and downconversion mixer IC. QC

designs are described in Section 4.2.1 and the downconversion mixer design details

are covered in Section 4.2.2.

4.2.1 Quasi-circulator ICs

Analysis, design and characterization of two diferent QC designs is done. Both

QCs are implemented using a Wilkinson power divider (WPD) based passive

compensation technique [RNDK19]. A comparative study of the two QCs is done

to select the optimum design for the low power interrogator frontend IC.

125



4 60 GHz Single Antenna RFID Interrogator based Identifcation System

VANT

R1

VPA

VRx

VDD

TL3

TL2

TL5

TL4

TL6

C3 

C4 

C1 

M2 

M1
Iadj

M3 

L1 

C2 

TL1 
P1 

P2

P3

VDD = 1 V 

Cpar 

Cpar 

Cpad 

Cpad 

Cpad 

TL2a

TL3a

Figure 4.5: Schematic of the transmission line based QC
TL

. (Reused from

*[TPC+21]©2021, IEEE).

4.2.1.1 Transmission Lines based Quasi-Circulator IC

The block diagram of a RF front end interfaced to a single antenna using a 3-port

2-way QC is shown in Fig. 4.4. The design is based on a WPD formed by quarter

wavelength (λQC/4) transmission lines TL2-3 at the center frequency fQC and

resistor R1. Under impedance matched conditions, the ideal scattering matrix of

a WPD can be written from [Poz12] as,

[SWPD] =
−j

√
2

2

4

0 1 1

1 0 0

1 0 0

3

5

. (4.12)

According to (4.12), when a Tx signal with power PTx is fed directly at P2,

PTx /2 is delivered into the antenna port P1. Similarly, power received by ANT

at port P1 is divided equally between ports P2 and P3. Also inherent to WPD

is the bilateral isolation between ports P2 and P3, resulting in S23 = S32 = 0.

Now, if two unilateral amplifers, a PA with gain GPA and a LCA with gain GLCA

are added at ports P2 and P3, respectively, the scattering matrix of the resulting
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Figure 4.6: Isometric view of the 70 Ω GCPW transmission line used for the WPD.

(Reused from *[TPC+21]©2021, IEEE).

network shown in Fig. 4.4 can be written as

[SQC] =
−j

√
2





0 GPA 0

0 0 0

GLCA 0 0





. (4.13)

From (4.13), it can be seen that the reverse isolation of PA and LCA makes the

network non-reciprocal, and corresponds to the QC scattering matrix defned in

[RNDK19]. The gain of these amplifers also compensates for the losses introduced

by the passive WPD on the relatively small received signal power PRx , without

getting the input saturated by the relatively large signal power PTx .

Circuit Analysis and Design: The schematic of the designed QC, for use in com-

bination with an external PA is shown in Fig. 4.5. The characteristic impedance

of the quarter wave transmission lines TL2-3, ZTL2-3 is calculated as

ZTL2-3 =
√

ZANT ∗ Zc (4.14)

where ZANT is the antenna port impedance and the characteristic impedance

Zc = Zout,PA = Zin,LCA = 50 Ω. The WPD is implemented using grounded copla-

nar waveguide (GCPW) transmission lines with characteristic impedance ZTL2-3,

realized in the back end of line (BEOL) of the technology described in [OLC+18].

As shown in Fig. 4.6, the topmost aluminum metal layer is used as the signal

layer, and the lowest intermediate layer is used as bottom ground plane. The

ground plane is also made patterned to meet the local and global metal density

requirements for the technology. EM simulations are used to optimize the bends
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ANT

TX RX

VDD

Iadj

LCAWPD

NC

Figure 4.7: Photograph of the fabricated QC measuring 1150 µm × 430 µm.

(Reused from *[TPC+21]©2021, IEEE).

and T-junctions to create a compact layout as shown in Fig. 4.7.
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Figure 4.8: Measured and simulated QCTL input refection coefcients: ANT

(|S11|), Tx (|S22|) and Rx (|S33|). (Reused from *[TPC+21]©2021,

IEEE).

The value of resistor R1 is calculated as

R1 = 2 · Zc ≈ 100 Ω (4.15)

for maximum passive isolation [Poz12]. Unsilicided N+ difusion resistors used

to implement R1 can have process variations up to 20 %. The implemented struc-

ture also has parasitic capacitances Cpar at each port, which afects the circuit

parameters including isolation. The insertion loss from P1 to P2, which includes

the insertion loss of the WPD, losses due to Cpad, Cpar and R1 variations, TL1-3a

losses and associated interface mismatch determined by EM simulations, amount
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Figure 4.9: Measured and simulated QCTL transmission coefcients: Tx to ANT.

(♣S12♣), ANT. to Rx (♣S31♣) and Tx to Rx (♣S32♣). (Reused from

*[TPC+21]©2021, IEEE).

to ≈ 5.2 dB. In order to compensate for both the process variations and conductor

losses, a two stage common gate (CG) LCA with gain GLCA and tunable input

impedance Zin,LCA is implemented using grounded back-gate nFETs M1-2.

The variations in WPD input impedance at the LCA input is compensated by

the frst stage CG amplifer implemented using M1 which is biased using a current

mirror with input current Iadj. The real part of the input impedance, which is a

function of transconductance gm,M1 ∝
p

kIadj, is calculated as

ReRe(Zin,M1) ≈
1

gm,M1

+
Rp,L1 ∥ 1/gm,M2

1 +
gm,M1

go,M1

≈ 50 Ω, (4.16)

where gm,M1-2 is the transconductance of M1−2 and go,M1 is the output con-

ductance of M1. Rp,L1 is the loss of the inductor L1 and is calculated from the

unloaded quality factor QL1 ≈ 20 and series resistance Rs,L1 as

Rp,L1 = Rs,L1 · (1 + Q

2

L1) (4.17)

at fQC = 60 GHz. The inductor L1 is added to optimize gain and noise fgure

(NF ), and together with the gate source capacitances Cgd,M1 and Cgs,M2 in the

decade femtofarad range, form an artifcial transmission line, with characteristic

impedance,
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Figure 4.10: Block diagram of the lumped elements based QCLC.

Z0,LC =

r

L1

Cgd,M1 + Cgs,M2

. (4.18)

The output impedance transformation network, implemented using transmis-

sion lines TL5-6 and capacitors C3 and the equivalent capacitance of C4 in the

hundred femtofarad range and pad capacitance Cpad, with an impedance Zout is

used to obtain a cascaded gain CG cascode amplifer, |av,LCA,TL| according to,

av,LCA,TL = gm,M1Zout ≈ 5 (4.19)

4.2.1.2 Lumped Elements WPD based Quasi-Circulator

When the transmission lines in the QCTL of Fig. 4.4 are replaced with equivalent

LC networks as shown in Fig. 4.10, a lumped element WPD (LWD) based QCLC

can be designed. LWD has the advantage of signifcantly reducing the area of the

QC implementation. The availability of high Q passive elements enable such an

implementation in the used FDSOI technology as described in Section 2.7.2.

From Fig. 4.4, we can see that inductor L together with capacitor C form two

π-networks. At the center frequency fQC = 60 GHz, with a target bandwidth

fBW,QC, the unloaded quality factor required for the network can be determined

as

QLC =

fQC

fBW,QC

. (4.20)
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Figure 4.11: Schematic of the lumped elements based QC
LC

.

Also the characteristic impedance of the LC network is [Poz12]

ZLC =
p

ZANTZc (4.21)

where ZANT is the antenna port impedance and Zc the characteristic impedance

given by Zc = Zout,PA = Zin,LCA = 50 Ω.

The real and imaginary parts of ZLC can determined using (4.20) as,

Re(ZLC) =

r

|ZLC|2

1 + Q

2

LC

Im(ZLC) = QLC · Re(ZLC).

(4.22)

Using (4.22), the inductance and capacitance of the LWD π-network can be

written as

L =
Im(ZLC)

2πfQC

C =
L

Im(ZLC)2
.

(4.23)

Circuit Analysis and Design: The schematic of the designed lumped elements

based QC
LC

is shown in Fig. 4.11. The inductor is L of the LWD is determined

using (4.23) and is implemented as L1,2 using the custom inductive structure

shown in the inset of Fig. 4.11. The topmost copper metal layer in the BEOL of

the technology described in Section 2.7.2 is used as the signal layer, and the lowest
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intermediate layer is used as bottom patterned ground plane. EM simulations are

used to optimize the structure to create the optimized layout shown in Fig. 4.12.

The capacitance C is implemented using APMOM capacitors in the technology.

At port P1, the parallel combination of C1 and Cv1 sets the required equivalent

capacitance

2C ≈ C1 + Cv1(Vt,WD) (4.24)

where Cv1 is an NMOS varactor whose capacitance is tuned by the voltage

Vt.WD to trim phase variations in LWD. Vt.WD is supplied through resistor R1

which interfaces to the fourth port of the inductive structure shown in Fig. 4.11.

Resistor R2 is similar to R1 in Section 4.2.1.1 and is calculated using (4.15) for

maximum passive isolation [Poz12], and has process variations up to 20 %. EM

simulations shows that the LWD introduces ≈ 5.6 dB insertion loss.

The LCA of the LWD is implemented as the cascade of a CG input amplifer M1,

CG tuned amplifer M2 and a common drain (CD) amplifer M3. When compared

to Fig. 4.5, the transmission line TL4 is replaced by inductor L1 at the source

of the CG cascode amplifer input nFET M1. M1 is biased by the current mirror

nFET M3 with input current Ib1. The real part of the input impedance, which is

a function of transconductance of M1, gm,M1 ∝
√

kIb1,can be derived as

Re(Zin,M1) ≈
1

gm,M1(Ib1 )||Rp,L1

, (4.25)

where Rp,L1 is the equivalent parallel resistance of L1 and is determined using

(4.17) with the unloaded quality factor QL1 and series resistance Rs,L1 obtained

from EM simulations at fQC = 60 GHz.

The voltage gain of the LCA, av,LCA is the product of the voltage gains of the

frst stage tuned CG amplifer av,CG and the second stage CD amplifer av,CD.

But since av,CD ≈ 1,

av,LCA =

vLCA

vin,CG

= av,CGav,CD ≈ gm,M1ZCG (4.26)

where ZCG is the impedance of the tuned load which the parallel combination

of the reactance of inductance L4 and the equivalent capacitance Ceq,CG, and can

be derived as

ZCG =

jωL4Rp,eq

Rp,eq(1 − ω

2
Ceq,CGL4) + jωL4

. (4.27)

Ceq,CG is the equivalent capacitance of the tuned load which includes the gate

to drain capacitance of M2,6, Cgd,M2,6, a fraction of the gate to source capacitance
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of M6, Cgd,6, the tuned load capacitor C6 and the transformed parallel varactor

capacitance Cv2,P which is controlled by the tuning voltage Vt,CG, and is given

by

Ceq,CG ≈ C6 + Cv2,P(Vt,CG) + Cgd,M2 + Cgd,M6 + (1 − av,CD)Cgs,M6. (4.28)

Cv2,P is given by

Cv2,P = Cv2

Q

2

v2

1 + Q

2

v2

, (4.29)

with

Qv2 =
1

ωCv2Rs,v2

(4.30)

where Rs,v2 is the series equivalent resistance of Cv2 obtained from simulations.

Rp,eq is the equivalent parallel resistance Rp,L4 of L4 and the equivalent parallel

resistance resulting from the quality factor of the capacitors and varactor Cv2 Rp,C

at the drain of M2. Rp,L4 is determined from the series resistance and unloaded

quality factor calculated in a similar manner as (4.17) as

Rp,L4 = Rs,L4(1 + Q

2

L4), (4.31)

and Rp,C is the parallel network of the transformed series resistance of the varactor

Cv2 and the real part of the input impedance looking into M6.

Rp,C =
1

ωQv2Cv2

||ReZin,M6. (4.32)

By varying Vt,CG, the capacitance of the varactor Cv2 and thereby the center

frequency of the bandpass flter formed by the tuned load can be varied to adapt

to process variations. Ib2 is used to set the bias current and tune the output

impedance of the M6 based CD stage which drives a 50 Ω load, and has an output

impedance Zout,CD which is also the output impedance of the LCA

Zout,CD = Zout,LCA ≈
1

gm,M6

. (4.33)

By substituting parameters extracted from simulation in (4.26), the resultant

cascaded voltage gain is obtained as |av,LCA| ≈ 14.5. The loss of the LWD reduces

the efective gain of the QCLC to around 7.5 as shown in the simulation results

of Fig. 4.13(b).
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Figure 4.12: Photograph of the fabricated QC
LC

measuring 755 µm × 450 µm in-

cluding pads.
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Figure 4.13: Measured and simulated QC
LC

S parameters (a) Input refection

coefcients. (b) Transmission coefcients : Tx to ANT. |S
12

|, ANT.

to Rx |S
31

| and Tx to Rx |S
32

|.

4.2.1.3 Characterization

To prove the design concepts, QC
TL

and QC
LC

are implemented in a 22 nm

FDSOI technology. The QC
TL

IC shown in Fig. 4.7 and QC
LC

shown in Fig. 4.12

are measured on a Süss probe station with 67 GHz Cascade Microtech GSGSG

Infnity probes. S-parameter measurements are done using the R & S® ZVA-67

network analyzer with four port hybrid short-open-load-through (SOLT)-short-

open-load-reciprocal (SOLR) calibration. Linearity measurements are also done
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using the network analyzer, after doing power calibration using the R & S® NRP-

Z57 power meter. Also, the R & S® FSW-67 in combination with a Noisecom

NC5115 noise source is used for noise fgure measurements.

For QC
TL

, the plot of the characterized magnitude of input refection coef-

cients in Fig. 4.8 shows that all three ports are matched to less than −10 dB in

the frequency range of 56 GHz to 64 GHz, aligning well with simulation results.

Fig. 4.9 shows the measured transmission coefcients and comparisons with sim-

ulation. The Tx to ANT insertion loss is around 5.7 dB, ANT to Rx gain is 2 dB

and Tx to Rx isolation is better than 20 dB in the 57 GHz to 63 GHz range, and

better than 30 dB around 60 GHz, aligning well with the simulation results. A

relatively high NF of 14 dB resulting from the combined NF of the WPD and

LCA. The circuit draws 5.4 mA from a 1 V power supply.

For QC
LC

, the magnitude of the refection coefcients is plotted in Fig. 4.13(a)

and shows that ANT port and Tx port are matched to less than −10 dB in the

similar frequency range as that of QC
TL

, from 54 GHz to 64 GHz, while the Rx

port is matched in the narrow band of 56 GHz to 60.5 GHz. Fig. 4.13(b) shows the

measured transmission coefcients and comparisons with simulations. The Tx to

ANT insertion loss is around 6.1 dB, ANT to Rx peak gain is 8.5 dB at 60.9 GHz

and Tx to Rx isolation is better than 10 dB in the 54 GHz to 64 GHz range, and

better than 27 dB from 58.5 GHz to 64 GHz, aligning well with the simulation

results. The measured NF is around 8 dB at 60 GHz and is the combined NF of the

LWD, LCA and the interfacing transmission lines. It is tolerable for the targeted

application of a close range integrated RFID interrogator. QC
LC

consumes around

12.2 mW also from a 1 V power supply. The characterization results of both QCs

are summarized in Table 4.1.

4.2.1.4 Knowledge Gained

Circulators are 3-port 3-way devices that enables a common ANT to be interfaced

simultaneously with the Tx and Rx front ends of the RFID interrogator. They are

typically ferrite based of-chip components which are costly and bulky [Poz12].

One approach to achieve similar functionality is to use a rat-race coupler, which

occupies a large area making it not suitable for integrated applications, and have

a relatively narrow bandwidth [Poz12]. Enabled by advances in semiconductor

technology, recently, there has been quite some research interest on non-magnetic

silicon based integrated circulators [NK19] and 3-port 2-way non-magnetic QCs

[TGX+19, WLW16, TLH+16, FB17, CKLW15, PWJS15]. While many of the inte-

grated active ICs reported in literature are at low frequencies [TGX+19, WLW16,

TLH+16, FB17], RF implementations like [TGX+19, WLW16] have relatively low
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linearity and transmit power handling capability. They also occupy a large area

[NK19] and consume high power [TLH+16].

Both QC
TL

and QC
LC

are compact low power 60 GHz QC implementations

using a passive cancellation technique [RNDK19], where a WPD in combination

with an active LCA is used. The WPD provides passive isolation between Tx

and Rx ports, improved Tx to ANT path linearity, and high bandwidth and

transmit power handling capacity as is evident from Table 4.1. The LCA in the

Rx path compensates the insertion loss in the ANT to Rx path and enables non-

reciprocity and tunable isolation. While both QCs occupy relatively low area, the

use of lumped elements give QC
LC

the upper hand. The two stage approach of

QC
LC

employing a tuned frst stage load also helps to increase the gain compared

to QC
TL

. But the use of a tuned load results in a relatively narrow bandwidth

when compared to QC
TL

.
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4.2.2 Folded Switching Stage Downconversion Mixer IC

The downconversion mixer in Fig. 4.2(a) is implemented using the novel FSSDM

topology *[TSJE21]. The FSSDM is based on a modifed single-balanced Gilbert

cell using a classic cascode amplifer input transconductance stage, a pFET based

folded switching stage and a tunable load IF stage. The output IF stage transistors

make use of the back-gate control of the FDSOI devices for ofset, amplitude

imbalance correction and conversion gain tuning.

4.2.2.1 FSSDM Circuit Design

The schematic of the FSSDM is shown in Fig. 4.14 and the comprehensive small

signal model of the FSSDM excluding balun and the output load tuning circuit

is depicted in Fig. 4.15. The RF input is single-ended while the IF output is dif-

ferential. A single-ended LO input in combination with an integrated transformer

balun generates the diferential LO switching signals.

4.2.2.2 Cascode Transconductance Stage

The RF input voltage VRF is converted to RF current IRF by the transconductance

stage formed by nFETs M1,2, biased at an optimum minimum NF current density

JM1,2,opt. nFETs M1,2 are dimensioned with a channel width WM1,2, and the bias

current Ib,RF is set as Ib,RF ≈ 5.2 mA resulting in corresponding transconductance

gm,M1. The biasing is done using Mm, which mirrors the reference current set

using Vb,RF ≈ 1.4 V in combination with resistor Rm. The corresponding input

impedance of M1 is Z in,M1 = Rin,M1 + jXCin,M1 Ω and is capacitive at 60 GHz.

The RF input port with a source impedance of 50 Ω is conjugate matched to

the input of M1 using transmission line TL1, capacitor C1 and inductance L1.

L1 also functions as a DC feed to bias M1 and has an unloaded quality factor

QL1. TL1 is a GCPW based transmission line, having a signal conductor width

WTL and spacing to ground walls STL, implemented in the thickest copper layer

of the technology. M2 is the CG stage of the cascode amplifer. In addition to

reducing the Miller efect [Ell07, Voi13], which causes high frequency gain roll

of, and reverse transmission to facilitate better input matching, M2 also helps to

improve LO to RF isolation in the mixer, and provides a high output impedance

at the folding node Nfold.

The transcoductance of the RF input stage is defned as

Gm,RF =
IRF

VRF

. (4.34)
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Figure 4.14: Circuit schematic of the designed 60 GHz FSSDM (Reused from

*[TSJE21] © 2021 IEEE).

In order to analyze Gm,RF and other small signal parameters, the simplifed high

frequency equivalent circuit in Fig. 4.16 and Fig. 4.17 is considered. To enable

hand calculation, parameters [Voi13] in the comprehensive model illustrated in

Fig. 4.15 like the transconductance delay τ , the channel access resistance Ri, the

series resistive parasitics Rg, Rd and Rs at the gain, drain and source respectively

of the metal oxide semiconductor FETs (MOSFETs) are not considered. Though

these parameters afect the performance of the circuit at 60 GHz operating fre-

quency of the FSSDM, the compact model simulations are relied for optimization

based on the contribution from each parameter.

From Fig. 4.16 we can see that the input transconductance stage is the cascade

of a common source (CS) amplifer formed by M1 and CG amplifer formed by M2.

The RF input voltage VRF is applied across the input capacitance Cin,1 and equals

the gate to source voltage of M1, Vgs,1. Cin,1 is the equivalent parallel combination

of the gate to source capacitance Cgs,1 and the gate to drain capacitance Cgd,1

scaled by the voltage gain according to Miller’s theorem with
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Figure 4.15: The complete small signal equivalent circuit of FSSDM core exclud-

ing balun and the output load tuning circuit.

Cin,1 = Cgs,1 + (1 − av,1(0))Cgd,1. (4.35)

which controls the output current of M1 as gm,1 driven into node Ncasc given

by,

I1 = −gm,1Vgs,1 = −gm,1VRF. (4.36)

At node Ncasc, I1 is split into three branches. The dominant one being the

input current of the CG amplifer based on M2. Of the other two components,

the current through the equivalent capacitance Ceq leads to losses at 60 GHz. Ceq

is the parallel combination of drain to source capacitance Cds,1, drain to body

capacitance Cdb,1, and gate to drain capacitance Cgd,1 of M1, together with the

gate to source capacitance Cgs,2 and source to body capacitance Csb,2 of M2, and

is given by,

Ceq = Cds,1 + Cdb,1 + (1 −
1

av,1(0)
)Cgd,1 + Cgs,2 + Csb,2. (4.37)

With reference to Fig. 4.16 and applying Kirchhof’s current law (KCL) at node

Nmid, the current I2 is determined according to
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Figure 4.16: The simplifed high frequency small signal equivalent circuit used

for the analysis of the cascode transconductance amplifer based RF

input stage of the FSSDM.

I2 =

−gm,1VRF(ro,1|| 1

jωCeq
)

1

gm,2
+ (ro,1|| 1

jωCeq
)

. (4.38)

When substituting model parameters in (4.38) we can see that Ceq shunts

around 5 % of I1 at node Ncasc, and a 50 % reduction in ro,1 reduces I1 by

another 10 %. An inductor based matching network would signifcantly reduce I1

shunting due to Ceq at the cost of chip area. So as a trade of, narrow inductive

interconnects are used between drain of M1 and source of M2. To increase ro,1,

M1 is biased near weak inversion region. Also since

Vcasc =
I2

gm,2

, (4.39)

the output current IRF can be determined using (4.39) with respect to Fig. 4.16

as,

IRF = −I2

Zcasc

Zcasc + Zfold

. (4.40)

Zcasc is the output impedance of the cascode transconductance stage deter-

mined according to,

Zcasc =
VRF,fold

IRF

�

�

�

�

VRF=0

= (ro,2||
1

jωCgd,2

)[1 + gm,2(ro,1||
1

jωCeq

)]

≈ gm,2r

2

o,

(4.41)
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Figure 4.17: Small signal equivalent circuit used for the analysis of the LC band-

pass flter load of the FSSDM.

assuming identical devices with ro = ro,1 = ro,2.

Substituting (4.38) and (4.34) in (4.40) gives Gm,RF,

Gm,RF =

gm,1(ro,1|| 1

jωCeq
)

�

1

gm,2
+ (ro,1|| 1

jωCeq
)

� ·
Zcasc

Zcasc + Zfold

. (4.42)

Zfold is the equivalent impedance from the parallel combination of the band

pass flter (BPF) and the folded switching stage given by,

Zfold = Zbpf||
1

gm,4,6

, (4.43)

and is described in Section 4.2.2.3.

4.2.2.3 Folded Switching Stage with LC DC Feed

The RF output current from the transconductance stage is directly coupled to the

switching stage current commutation pFETs M4,6. The pFETs not only enable

folding to reduce DC power consumption, but also have lower ficker noise com-

pared to nFETs and enables the switching stage to be biased at an independent

lower current density, which also helps in reducing the output ofset voltage (Vos).

Both the transconductance stage and switching stage transistors are biased

through the inductor L2 with value less than the hundred picohenry range. L2

is designed such that it resonates with Cbpf with a value less than the hundred

femto Farad range at node Nfold,

L2 =
1

(2πfmix)2
Cbpf

. (4.44)
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fmix = 60 GHz is the center frequency of the bandpass flter from by the com-

bination of L2Cbpf as shown in Fig. 4.17. Here Cbpf is the equivalent parallel

combination of APMOM capacitance C2 and the parasitic capacitances to ground

given by

Cbpf = C2 + Cf,par. (4.45)

Where Cf,par ≈ 0.8C2 is defned as the efective parasitic capacitance including

the drain to gate and and drain to body capacitances of M2 and the gate to source

and source to body capacitances of M4,6 given by

Cf,par = Cds,M2 + Cdb,M2 + Cgs,M4 + Csb,M4 + Cgs,M6 + Csb,M6. (4.46)

The L2Cbpf BPF also presents a high efective parallel resistance Rp,L2 at Nfold

given by

Rp,L2 = QL2ωmixL2. (4.47)

QL2 is the unloaded quality factor of the inductance L2. The BPF also shunts

the unwanted harmonics including the second harmonics and intermodulation

products as a result of LO switching. A high value of Rp,L2 is desired because it

prevents loss of IRF at node Nfold and results in better conversion efciency and

gain, trading of with bandwidth at Nfold.

pFETs M4,6 are dimensioned for efcient switching and to minimize the current

division losses at node Nfold and biased near subthreshold region using bias voltage

Vb,LO ≈ 0.72 V. The corresponding source to gate input impedance of M4,6, Zin,4-6,

with reference to Fig. 4.17 is is around 13 times lower than Rp,L2 from simulations

and is given by,

Zin,4-6 ≈
1

gm,4,6

. (4.48)

The schematic of Fig. 4.17 also helps to deduce the expression for the impedance

of the bandpass flter Zbpf constituted by the parallel combination of L2, Cbpf and

Rp,L2 according to

Zbpf =

jωL2Rp,L2

Rp,L2(1 − ω

2
CbpfL2) + jωL2

. (4.49)

Now using (4.49), the current commuted M4,6 in each LO half period can be

determined from Fig. 4.17 as
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Figure 4.18: Plot of the magnitude of transcondutance Gm,eq versus frequency for

diferent inductor L2 quality factor values.

I4,6 = IRF

Zbpf

1

gm,4,6
+ Zbpf

. (4.50)

Also,

I4,6 = gm,4,6Vfold = IIF,p,n. (4.51)

After substituting (4.49), (4.40) and (4.38) in (4.51), a modifed expression of

the transconductance is obtained using the defnition as

Gm,eq =
IIF,p,n

VRF

=

gm,1(ro,1|| 1

jωCeq
)

1

gm,2
+ (ro,1|| 1

jωCeq
)

·
Zbpf||Zcasc

1

gm,4,6
+ Zbpf||Zcasc

.

(4.52)

It can be deduced from (4.52) that in order to maximize the transconductance

Gm,eq, in addition to maximizing gm,1 and gm,4,6, Zbpf around ωmix should also

be maximized. The frst term of (4.52) is a low pass fltering term with a cut

of frequency set by gm,4,6, ro,1and Ceq. The second term of (4.52) describes the

bandpass characteristics of the L2Ceq DC feed stage. Fig. 4.18 shows the combined

efect of both terms and the corresponding dependence of transcondutance Gm,eq
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Figure 4.19: LO balun design: (a) schematic and equivalent circuit. (b) LO input

matching (c) stacked balun implementation (Reused from *[TSJE21]

© 2021 IEEE).

on the quality factor of inductance L2.

4.2.2.4 LO Balun

The diferential LO signals VLO,p,n required to drive pFETs M4,6 in Fig. 4.14 are

generated using a balun X1 as shown in the schematic of Fig. 4.19(a). The single

ended primary input inductor L3 receives power from an external source VLO,s

through transmission line TL2 and capacitor C1 and couples it to secondary in-

ductor L4 and the corresponding coupling factor k. The gate bias voltage of M4,6,

Vb,LO, is fed through the center tap of L4. As depicted in right half of Fig. 4.19(a),

L3,4 are transformed using the equivalent circuit with an addition of inductor LM

to model the mutual coupling [Voi13], and combined with the gate to source in-

put impedance of the pFETs given by, Zin,gs,M4,6 = Ri,4,6 + jXCgs,4,6Ω to transfer

maximum LO power from the 50 Ω VLO,s port to the diferential VLO,p,n signals

with minimum insertion loss. The corresponding impedance matching trajectory
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is shown in Fig. 4.19(b). The LO balun implementation is done as the stack of

octagonal inductors using overlapped thickest copper metal layers from the tech-

nology and the corresponding layout is shown in Fig. 4.19(c). A mutual coupling

factor of k ≈ 0.72 is determined using EM simulations.

4.2.2.5 Backgate Tunable IF Stage and Ofset Correction

The FSSDM IF output stage converts the current commuted by pFETs M4,6

to the IF output voltage. This stage is implemented using the fxed resistors

R1-4 in parallel to the nFETs M3,5 in series with R1,3 respectively as depicted in

Fig. 4.20. R1,3 ≈ 10 Ω sets the minimum load and R2,4 ≈ 600 Ω sets the maximum

load, while M3,5 functions as a voltage variable resistor. The efective resistance

presented by M3,5 varies as a coarse function of the gate bias voltage Vtune and

as a fne function of the backgate bias voltage Vtune,f. The equivalent output load

resistance Rload seen by the IF node can then be derived as

Rload =

�

VDS,3,5

ID,3,5

+ R1,3

�

||R2,4

=

�

VDS,3,5

βn

2
(Vtune − Vth,n(Vtune,f))2(1 +

VDS,3,5

VA
)

+ R1,3

�

||R2,4.

(4.53)

ID,3,5 is the drain current in the saturation region of M3,5 [Voi13]. Vth,n(Vtune,f)

is the threshold voltage of M3,5 which varies as a function of Vtune,f. VA is the

Early voltage and βn is the transistor dimension constant given by

βn = µnCox

W3,5

L3,5

, (4.54)

where µn is the electron mobility, Cox is the gate oxide capacitance, W3,5 is the

gate width and L3,5 is the gate length of M3,5.

Fig. 4.21(b) shows the variation of Rload when Vtune is varied and Fig. 4.21(b)

shows Rload change with respect to Vtune,f. A efective linear resistance variation

in the range of ≈ 33% is obtained using this method.

The total output capacitance at the IF output Cload is the parallel combination

of the parasitic capacitances internal to the IC, CL,par and the external capaci-

tances on the PCB used for characterization, CPCB, given by

Cload = CL,par + CPCB. (4.55)

The IF output parasitic capacitance CL,par is relatively small, the external
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Figure 4.20: Schematic of the backgate tunable output stage of the FSSDM.

capacitance when the FSSDM is wirebonded for measurements on a PCB, Cext,

sets the 3 dB IF bandwidth fIF,BW according to,

fIF,BW =
1

2πRloadCload

≈ 30 MHz. (4.56)

The IF stage DC output ofset voltage Vos is dependent on the mismatch be-

tween R2,4 due to process variations. The independent control of R2,4 using sep-

arate Vtune and Vtune,f enables the correction of Vos within ±500 µV to account

for the process mismatch. It is observed from mismatch simulations that a lower

IL results in lower Vos, but this decreases the output common mode voltage. To

account for this trade of, an optimum IL ≈ 375 µA is used to obtain a lower Vos

while maintaining mid-rail output common mode voltage.

4.2.2.6 Voltage Conversion Gain

The voltage conversion gain of the FSSDM av,FSSDM can be determined by con-

sidering the time domain signal based defnition [Raz12],

av,FSSDM =
V̂ IF(t)

V̂ RF(t)
. (4.57)

When the LO signal power level is large enough to emulate square wave like

switching iIF,p(t) is commuted between M4 and M6 in every cycle of LO signal.

The resulting diferential vIF,t can be written as,
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vIF,t = ZL,piIF,p(t) − ZL,niIF,n(t)

= ZLiIF,p,n(t)

�

s(t) − s(t −
1

2fLO

)

�

(4.58)

where iIF,p(t) and iIF,n(t) are 180◦ out of phase IF signals, commuting the RF

current iRF(t) for half LO period [Raz12]. ZL,p = ZL,n = ZL,p is the efective load

impedance at the IF output node constituted by the parallel combination of R4,6

and CL. Using the Fourier series expansion of a square wave switching between

+1 and -1, it can be seen that [Raz12],

s(t) − s(t −
1

2fLO

) =
4

π

(cos ωLOt +
1

3
cos 3ωLOt +

1

5
cos 5ωLOt + ...). (4.59)

substituting (4.59) in (4.58), and truncating all the higher order harmonics and

intermodulation products at the IF output as the result of low pass fltering efect

of ZL, vIF,t can be written as,

vIF(t) =
2

π

zLgm,eqV̂ RF cos (ωRF − ωLO)t (4.60)

and using the defnition (4.57), the conversion gain can be written as [Ell07,

Raz12],

av,FSSDM =
2

π

gm,eqZL. (4.61)

Applying approximations, gm,2(ro,1♣♣ 1

jωCeq
) ≫ 1, and Zbpf ≫ Zcasc, to (4.52),

the expression for conversion gain can then be derived as the convolution (defned

in Appendix B) of the frequency domain equivalent transconductance from (4.52)

and load impedance contributed by Rload and Cload as,

av,FSSDM ≈
2

π

gm1

�

�

�

�

gm4,6

gm4,6 + Zbpf

�

�

�

�

∗

�

�

�

�

Rload

1 + jωRloadCload

�

�

�

�

. (4.62)

When FSSDM operates at the resonant center frequency of the bandpass flter

ωmix = 1/

p

L2Cbpf, and Zbpf defned in (4.49) reduces to RP,L2 and the corre-

sponding voltage conversion gain becomes,

av,FSSDM,max ≈
2

π

gm1Rload

�

�

�

�

gm4,6

gm4,6 + RP,L2

�

�

�

�

. (4.63)

The control of Rload using Vtune and Vtune,f can also be used to tune the voltage
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Figure 4.21: Variation of FSSDM load resistance versus tuning voltages (a)

Coarse tuning. (b) fne tuning using backgate. (c) Corresponding

variation of conversion gain and (d) linearity.

conversion gain and linearity. A coarse tuning is achieved by varying the gate

voltage Vtune from 0 to 0.8 V and fne tuning is done by varying the backgate

voltage Vtune,f from 0 to 2V. As depicted in Fig. 4.21(c), the conversion gain can

be varied from a maximum of 22 dB to around 7 dB, and the resulting IP-1dB

varies from −19 dBm to −9 dBm and corresponding IIP3 varies from around

−9 dBm to 1 dBm as depicted in Fig. 4.21(d).
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Figure 4.22: Die micrograph of the FSSDM measuring 1090 µm x 620 µm inlcuding

pads, and a core area of 260 µm x 250 µm (Reused from *[TSJE21]

© 2021 IEEE).

4.2.2.7 Characterization

To prove the design concept, the FSSDM IC is implemented in the FDSOI tech-

nology discussed in Section 2.7.2. The IC shown in Fig. 4.22 is characterized on

a wafer prober using 67 GHz GSG Infnity probes for RF and LO signals. All

DC signals and IF outputs are wire-bonded to a PCB. Since the FSSDM has a

high ohmic IF output impedance, an of-the-shelf operational amplifer is used

as an external bufer to drive equipments with 50 Ω input impedance. The R&S®

ZVA67 vector network analyzer (VNA) is used for most of the small signal and

large signal characterization.

Characterization of RF parameters are done after output ofset calibration is

done to bring Vos below 500 uV, and setting an fIF = 1 MHz. The magnitude of

input refection coefcients at the RF port, |S
11

|, and LO port, |S
22

|, are shown in

Fig. 4.23(a). Both ports have a return loss better than 10 dB over the 54 GHz to

64 GHz frequency range, aligning with simulations to within ±5 dB. The minimum

LO power required for peak Gconv is obtained as ≈ −3 dBm from Fig. 4.23(b).

The secondary axis of Fig. 4.23(b) also shows the corresponding current drawn of

≈ 5.25 mA from a power supply forcing Vdd = 1 V, less than 2 % deviation from

simulated values. Fig. 4.23(c) shows that Gconv,dB of FSSDM is within 3 dB of

peak conversion gain across the frequency range of 53 GHz to 64 GHz, a 11 GHz

3 dB RF bandwidth.

The plot of Gconv,dB with a fxed IF frequency of 1 MHz, while sweeping the RF

input power PRF,dBm is shown in Fig. 4.23(d). With Ib,RF varying from 0.3 mA

to 0.6 mA, the input referred 1 dB compression points vary from −16.2 dBm for

Gconv,dB = 21.5 dB, to −10 dBm for Gconv,dB = 16 dB. The measured maximum

IF bandwidth fIF,BW ≈ 30 MHz. fIF,BW is limited by the efective external capac-
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itance Cext ≈ 8 pF. Cext is the sum of PCB trace capacitance and external bufer

input capacitance.

Using the combination of voltages forced at VGp,n and VBGp,n, the amplitude

imbalance at the IF outputs are also corrected to within 50 µV, whereas the IF

output phase imbalance is much less than 5◦. The single sideband noise fgure

(NFSSB) with a minimum of 11.2 dB of the FSSDM is measured using the Y

factor method with the R&S® FSW67 spectrum analyzer, in combination with

Noisecomm noise sources NC5115 for RF frequency range and NC346D for IF

frequency range. The FSSDM also has measured LO to RF isolation better than

38 dB, and an LO to IF isolation better than 50 dB, aligning closely with simula-

tion results.

4.2.2.8 Knowledge Gained

Compared to other folded designs like [SK05], the classic cascode input stage in

this work is the key diferentiator which enables to simultaneously achieve a high

Gconv and isolation, while consuming a low PDC at frequencies around 60 GHz.

As shown in Table 4.2 comparing this work with state-of-the-art 60 GHz CMOS

downconversion mixers, this design has one of the highest reported conversion

gain, tunable from 16 dB to 21 dB with a moderate LO power of -3 dBm and

NFSSB of 11.2 dB. To the knowledge of the authors, the mixer also has one of the

best reported fgures of merit (FoM) resulting from the high conversion gain to

DC power consumption ratio.
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Figure 4.23: Comparison of characterization results with simulation. (a) Mag-

nitude of input refection for RF port |S
11

| and LO port |S
22

|; (b)

Gconv versus and Idd as a function of PLO,dBm; (c) Gconv versus fRF

for a fxed IF frequency of 1 MHz; (d) Gconv as function of PRF,dBm

for diferent bias currents, demonstrating tunable linearity (Reused

from *[TSJE21] © 2021 IEEE).
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4.3 Proof of Principle System Implementation

To prove the system principle, an interrogator frontend integrating QCTL, FSSDM

and a PA [CTCE21] is implemented according to the system block diagram il-

lustrated in Fig. 4.1. The corresponding IC is shown in Fig. 4.24(b). An external

of-the-shelf VGA and ADC is used to amplify and digitize the FSSDM output

signal VIF. A horn antenna is used at the PA output to radiate power in the

direction of the PBT.

The schematic of the implemented PBT is shown in Fig. 4.25. The source and

drain of an nFET M1 available in the FDSOI technology discussed in Section 2.7.2

are connected together to form a diode using bond wires with inductance Lb,1-3.

The antenna ANTPBT is interfaced using microstrip transmission line TL1 to the

drain of M1. Microstrip transmission line TL2 and capacitor C2 forms a quarter

stub, which presents a high impedance to the 60 GHz signals at node NT, and

enables to bias M1 with low frequency switchable modulation signal Vm.

When Vm = 0 V corresponding to a data bit ’0’, nFET M1 is in cut-of region

and presents only parasitic capacitances to the equivalent circuit. The ANTPBT

which presents a relatively inductive impedance is conjugate matched to the rela-

tively capacitive impedance presented by TL1 and capacitor C1. The correspond-

ing impedance ZT,1 is given by

ZT,1 ≈
1

jωC1

. (4.64)

When Vm ≈ 800 mV corresponding to a data bit ’1’, M1 operates in the satura-

tion region and presents an inductive load in parallel with C1, and an impedance

ZP ≈
jωLb,eq

1 − ω

2
Lb,eqC1

, (4.65)

where Lb,eq is the efective inductance at node NT. This change in impedance

shifts the refection coefcient |Γ| as shown in Fig. 4.26(d). This change in |Γ|

changes the RCS of the transponder and thereby the backscatter signal amplitude.

This change is then demodulated by the interrogator, digitized and processed.
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(a)

PA FSSDM
QCLC

(b)

Figure 4.24: Fabricated interrogator frontend. (a) Layout of the integrated de-

signs. (b) The implemented IC occupying an area of 1300 µm ×
1090 µm wire-bonded to a PCB for characterization.

ΓL

Lb,1 
Lb,2 

Lb,3 

C1 
C2

TL1 

TL2

M1

ANT PBT

Vm

Figure 4.25: Schematic of the designed passive backscatter transponder.
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Figure 4.26: Equivalent circuit of the PBT (a) M1 is in cut of (b) M1 is in sat-

uration. (c) PBT and view of the bondwires used in EM simulation.

(d) Shows the impedance trajectories for PBT switching.
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5 Experimental Tests

In order to prove the proposed 24 GHz and 60 GHz system concepts described

in Section 3.3 and Section 4.3, experimental characterization in the laboratory

were done. For the 24 GHz SRT based system, the outcomes from indoor ranging

experiments and SQ-FSK based data transfer experiments are presented in Sec-

tion 5.1.1 and Section 5.1.3 respectively. For the 60 GHz passive transponder based

system, the results from identifcation experiments are presented in Section 5.2.

5.1 24 GHz System

System level experiments are done to characterize ranging error and data transfer

functionality using both SRTdir and SRTbuf described in Section 3.3.1 as transpon-

ders and with the LFMCW secondary radar from Section 3.3.2 as interrogator.

Initially the functionality of the standalone LFMCW radar without antenna is

carried out by loop back of cascaded RF cables of various lengths between the Tx

output and Rx input. The relatively shorter cable lengths result in lower baseband

frequencies when compared to SRT based ranging according to (3.4) and (3.5). In

order to account for this, the lower cut of frequency of the interrogator baseband

flter, fl,bpf is also lowered to 3 kHz from the 300 kHz for SRTs based ranging from

Section 3.3.2.

5.1.1 Ranging Experiments

Ranging experiments in a laboratory environment are carried out using both the

SRTdir and SRTbuf. The experiment setup is shown in Fig. C.5. The LFMCW

interrogator is confgured to transmit chirps with a duration of Tc = 1 ms and a

bandwidth fBW = 250 MHz. The distance to SRTs are then calculated from the

baseband beat frequencies using (3.10). Fig. 5.1(a) and Fig. 5.1(b) shows the peaks

from baseband spectrum for short range measurements starting at 0.7 m, and up

to 10 m for SRTdir and 5 m for SRTbuf respectively. Fig. 5.1(c) and Fig. 5.1(d) plots

the baseband spectrum for long range measurements, and shows that the envelope

of the spectral peaks at constant baseband gain closely matches the results from

the model based on (3.20). The maximum measured range for SRTdir and SRTbuf

are 77 m and 25 m respectively.

In order to determine key statistics and insights from the measurements, rang-

ing is done by sending a sequence of 150 chirps at each distance. A laser-based

distance measurement device with ±1 mm accuracy, Bosch GLM 250 VF®, is used
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to measure the actual distance dlaser to determine the accuracy of the measure-

ments according to [Kay93] as

derr =

v

u

u

t

1

K − 1

K
X

c=1

(dSRT,c − dlaser)
2
. (5.1)

The distance measurement error plots showing mean and standard deviation er-

ror bars for the interrogator ART system is depicted in Fig. 5.2(a) and Fig. 5.2(b).

The worsening of standard deviation as the distance increases correlates well with

the inference using (3.27) described in Section 3.1.3. The SRTdir based system

has a measured accuracy better than 5 cm for a range less than 5 m, 11 cm for

a range less than 10 m, and 94 cm for the entire range as shown in Fig. 5.2(a).

The measured precision is less than 1.5 cm for a range less than 5 m as shown in

the cumulative density function (CDF) of Fig. 5.2(c) and less than 24.4 cm for

the entire range. The measured close range precision is around 3.8 times better

in comparison with the state-of-the-art reported in Table 5.1. For SRTbuf, the

measured precision of less than 1.96 cm for a range less than 5 m shown in the

CDF of Fig. 5.2(d) is around 1.3 times higher than that for SRTdir. For the entire

range, the precision is better than 32.2 cm.

5.1.2 Roll Invariance Experiments

The efectiveness of roll invariance resulting from the use of antennas ANTMB2x

and ANTMB4x described in Section 3.3.1.1 are characterized using a custom mea-

surement setup where the SRTs at a fxed distance from the interrogator are

mounted on a stepper motor shaft shown in Fig. C.4. The corresponding range

measurements are recorded at every 10
◦ step rotation in the horizontal plane of

the ARTs. The peak power at the beat frequencies are then plotted at each step

angle as shown in Fig. 5.3. It is also seen from Fig. 5.3 that SRTbuf with four

antennas show 360
◦ roll invariance, while SRTdir using ANTMB2x has two nulls

around at ±90
◦, aligning closely with simulation results.

5.1.3 Joint Ranging and Data Transfer Experiments

Now, the concept for simultaneous ranging and data transmission described in

Section 3.1.4 is proved by experimental characterization in the laboratory. The

SRTs shifts the quench modulation frequency based on the data to be transmitted.

The interrogator sends the chirps and acquires the data for the duration of at least

two full data frames. Although the SRTs are designed to send data in any of the
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common number systems, in this experiment, the number of digits including a

start bit, N = 5, and the quaternary number system with M = 4 is used. The

spectrogram of Fig. 5.4 plots the quench frequency against the chirp sequence

number, and color grading intensity shows the relative spectral magnitude.

As discussed in Section 3.1.4, each digit received by the interrogator is rep-

resented by a quench frequency fq. For the start bit, fq ≈ 450 kHz. For subse-

quent digits b0-3, the corresponding fxed quench frequencies are 950 kHz, 820 kHz,

710 kHz and 590 kHz respectively. So from Fig. 5.4, the captured data "0123" rep-

resents decimal "27" in quaternary numeral system. The data corresponds to the

integer part of the temperature reading, 27 °C read by SRTbuf from an I2C based

temperature sensor, positioned at a distance of 5 m from the interrogator.

Though the chirp duration of Tc = 1 ms implies a theoretical maximum possi-

ble chirp rate of 1/Tc = 1 k chirps per second, in our experiments, the maximum

chirp rate is limited to 50 chirps per second. This is due to a throughput bottle-

neck in the Ethernet based data acquisition system employed. So with K = 100

chirps per symbol, the achieved symbol rate is 0.5 symbols per second. Fig. 5.5

shows the spectrogram frequencies measured at distances of 1.5 m, 2.5 m, 15 m and

25 m, clearly showing an increase in separation between beat frequency peaks, and

decrease in magnitude as the distance to SRT from the interrogator is increased.

A summary of parameters from the two SRTs are tabulated and are compared

against the state-of-the-art in Table 5.1. As shown, the maximum range of 77 m

for SRTdir is around 2.5 times higher than the second highest reported in [Weh10].

The corresponding maximum range of 25 m for SRTbuf is also double when com-

pared to those reported in works at comparable frequencies like [SCW+13b]. This

results from the combination of high output power and low minimum detectable

input power of the integrated SRAs with integrated quench pulse shaping. For

distances less than 10 m, the measured accuracy for SRTdir is better than 11 cm,

and precision is better than 2.4 cm while the accuracy for SRTbuf is better than

16.6 cm, and precision is better than 2.5 cm. The combination of the maximum

range, precision and accuracy are one of the best reported among similar works in

literature to the authors’ knowledge. While both ARTs feature simultaneous rang-

ing and data transfer, battery powered operation and on-PCB antenna, SRTbuf

also features 360
◦ roll invariance in the horizontal plane. The knowledge gained

from this experimental study is fruitful for the conception of future systems em-

ploying secondary radar and low power, low data rate, locatable wireless sensor

nodes for civilian automotive applications.
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Figure 5.1: Normalized baseband spectrum corresponding to short range distance

measurements using (a) SRTdir; (b) SRTbuf, and long range measure-

ments using (c) SRTdir; (d) SRTbuf. (Reused from *[TFJE23] © 2023

IET).
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Figure 5.2: Indoor distance measurement error versus ground truth from a laser

based device. (a) SRTdir; (b) for SRTbuf. Measured cumulative density

function at 2.5 m for (c) SRTdir; (d) SRTbuf. (Adapted from *[TFJE23]

© 2023 IET). (Adapted from *[TFJE23] © 2023 IET).
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power variation for diferent angles when the SRTs are rotated in the
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Figure 5.4: Measured baseband frequency spectrogram showing simultaneous

ranging and data transfer at a distance of 5 m. (Adapted from

*[TFJE23] © 2023 IET).
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Figure 5.5: Spectrogram showing baseband frequencies for a single bit at diferent

measured distances: (a) 1.5 m (b) 2.5 m (c) 15 m (d) 25 m. (Adapted

from *[TFJE23] © 2023 IET).
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5.2 60 GHz System Detection Experiments

5.2 60 GHz System Detection Experiments

A very basic detection experiment to prove the system concept is done. The

interrogator IC is mounted on a wafer probe station and contacted using Infnity

probes®. An external signal source, Keysight® E8167D supplies the input signal

to the PA. A power divider sources signal the LO port of the mixer. An antenna

similar to the design in [SQC13] is connected to the TRx port of the QC, and

is mounted at the fxed end of the adhoc guide rail. The PBT is mounted on

the mobile end of the guide rail, which is used to vary the distance between the

interrogator antenna and the PBT. The IF output FSSDM is band pass fltered,

amplifed and digitized to obtain an output signal as shown in Fig. 5.7.

An output voltage VPBT with a peak to peak amplitude of around 5.2 mV is

measured when the PBT is placed at close proximity of approximaely 5 mm to

the interrogator antenna. VPBT is extremely lower than modeled paramters due

to the impact of multiples losses.

The losses in the PBT is mainly due to the modeling inaccuracies for the bond-

wires used. For the interrogator, there are multiple loss components. These include

probe losses and cable losses which results in reduced output power delivered to

the interrogator antenna. Losses originate in the very short bondwires between

QC and the FSSDM RF input, and also the relatively longer transmission lines

used in the full chip routing for the PA input to the pads and the QC TRx port to

the pads. Also, distance measurements were extremely difcult due to alignment

issues and the occurrence of nulls, which only an IQ mixer can reliably detect

albeit at the cost of increased power consumption.
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Figure 5.7: Amplifed, fltered and digitized output voltage from the PBT for

dPBT ≈ 5 mm and dPBT ≈ 10 mm after post processing.
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6 Summary and Future Work

This scientifc work presented the analysis, design and characterization of RFICs

for radio frequency identifcation, ranging and communication. System concepts

are hypothesized and experiments devised to prove them.

The key questions posed at the beginning of this thesis are answered:

Is it possible to reduce energy consumption of integrated microwave RFID transpon-

ders that are jointly identifable and localizable at long ranges? Are such transpon-

ders analyzable and implementable using superregenerative amplifer theory?: Yes,

it was proven by the novel 24 GHz SRT topologies analyzed and designed.

Are monolithic IC based components consuming very low power at mmWave

frequency bands feasible for implementing single antenna RFID interrogators? Is

it possible to analyze and understand the characteristics of these components?:

Yes, but more research is needed to optimize the performance as proven by the

60 GHz PBT based designs.

Examples of key scientifc contributions from this work which push the research

state-of-the-art are:

• A novel quench pulse shaping method to simultaneously improve the output

power and minimum detectable input power of SRAs is envisaged *[TLJE18].

24 GHz SRA ICs are designed with an integrated quench pulse shaping cir-

cuit to prove the theoretical considerations. At the system level, this re-

sulted in a maximum range of 77 m for SRTdir *[TLJE18] which is around

2.5 times higher than the second highest reported in [Weh10]. The cor-

responding maximum range of 25 m for SRTbuf *[TJE20] is also double

when compared to those reported in works at comparable frequencies like

[SCW+13b]. For distances less than 10 m, the measured accuracy for SRTdir

is better than 11 cm, and precision is better than 2.4 cm while the accuracy

for SRTbuf is better than 16.6 cm, and precision is better than 2.5 cm. The

combination of the maximum range, precision and accuracy are one of the

best reported among similar works in literature to the author’s knowledge.

• Devised a methodology and theory for using SRA based active refectors

for a novel joint ranging and quench frequency shift based simplex com-

munication. Two ARTs are designed to prove this concept. ARTs feature

simultaneous ranging and data transfer, battery powered operation and cus-

tom bandwidth enhanced on-PCB antenna, SRTbuf also features 360
◦ roll

invariance in the horizontal plane *[TFJE23].
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6 Summary and Future Work

• Analytic expressions including minimum SRA gain required for achieving a

particular maximum range. Equation for the maximum number of symbols

that can be transmitted in data transfer mode is derived as a function of

system parameters. This also corresponds to the maximum number of tags

that can be interrogated simultaneously in a multi-tag ranging scenario. A

formula was derived for output voltage swing incorporating bond-wire losses

in a direct drive SRA with integrated quench pulse shaping.

• A low power single antenna interrogator system concept is also tested using a

passive transponder. The interrogator is based on a 60 GHz downconversion

mixer *[TSJE21], which uses a novel folded switching stage topology which

results in a high conversion gain to DC power consumption ratio, and a low

power quasi circulator *[TPC+21] occupying very low area.

Open questions for future research

Optimization of the multi-disciplinary building blocks including antennas, algo-

rithms, RFICs, and digital signal processing for identifcation and localization

of cooperative targets is an evolving topic and many exciting unsolved research

problems including the following remain for the future:

• One of the key challenges encountered is the losses from the bond-wires,

especially as frequencies move towards 60 GHz. Leveraging on technologies

like Antenna in Package (AiP) or Antenna in Semiconductor (AiS) to build

fully integrated systems from bits to antenna on the same die is an inter-

esting research problem for the future.

• Exploring ways to augment such systems with energy harvesting to make

the tags self sustainable would align well with green technology initiatives

for the future.

• From preliminary investigations, utilizing the phase information of the SRA

baseband signal, along with the use of an in-phase/quadrature (I/Q) down-

conversion mixer is shown to improve the distance estimation accuracy sig-

nifcantly. This looks like a research problem with very good potential.

• In the current system, the optimum duty cycle where the SRA functions

best is done using manually controlling the duty cycle of the quench sig-

nal source. Automating this calibration procedure can improve performance

using machine learning (ML) techniques with SRA in the loop.
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• An SRA based automatic gain control (AGC) where the quench signal slope

is controlled in a feedback loop is an interesting research problem that would

also result in better localization accuracy.

• Three dimensional (3D) integration of SRAs and antennas to include spatial

diversity in all direction and not just in the horizontal plane as implemented

in this work.

• Extending experimental characterization of both SRT and PBT by including

bit error rate measurements.
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A Derivation of Parameters for CB Amplifer

with Base Feedback Capacitance

To determine Zin,2, KCL is applied at the emitter node NE2 to obtain the rela-

tionship,

Iin −
Vin

XCeq

−
Vin

XCo,2

+ gm,2Vbe,2 = 0. (A.1)

Where XCeq is the equivalent capacitive reactance of the branch where C
π,2 is

in series with the parallel network of CB and C
µ,2 calculated as

XCeq =
C

π,2 + C

′

B

jωC
π,2C

′

B

, (A.2)

where C

′

B is defned as,

C

′

B = CB + C
µ,2. (A.3)

XCo,2 is the capacitive reactance of the output capacitance Co,2 given by

XCo,2 =
1

jωCo,2

. (A.4)

gm,2Vbe,2

Vbe,2

VB

Zin,2

+

-

Iout

+

-

Iin,2

Vin

1/jωCo,2

1/jωCB

1/jωCµ,2 

1/jωCπ,2

NB2 NC2

NE2

Figure A.1: Simplifed small signal equivalent circuit of the stacked transistor

CCO half cell for high frequency analysis.
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A Derivation of Parameters for CB Amplifer with Base Feedback Capacitance

The relationship involving base emitter voltage Vbe,2 as a function of Vin is

determined by applying Kirchhof’s voltage law (KVL) as,

Vbe,2 = VB − Vin, (A.5)

where

VB =
Vin

jωC

′

B
XCeq

. (A.6)

On substituting (A.2), (A.3) and (A.6) in (A.5) and solving,

Vbe,2 = Vin

−C

′

B

C
π,2 + C

′

B

. (A.7)

Substituting (A.2), (A.4) and (A.7) in (A.1) and solving, the input admittance

Yin,2 of the CB amplifer with base feedback capacitor can be written as,

Yin,2 =
Iin

Vin

�

�

�

�

Vout=0

= gm,2

C

′

B

C
π,2 + C

′

B

+ jω

C
π,2C

′

B + Co,2(C
π,2 + C

′

B)

C
π,2 + C

′

B

. (A.8)

Taking the reciprocal of admittance, expanding C

′

B and rearranging terms, the

input impedance Zin,2 can be written as,

Zin,2 =
1

Yin,2

=

�

1 +
C

π,2

CB + C
µ,2

�

1

gm,2 + jω

�

C
π,2 + Co,2

(

1 +
Cπ,2

CB+Cµ,2

�

� . (A.9)

The transconductance of the CB amplifer with base capacitor feedback, Gm,2

can be determined using a similar method. At frst, KCL is applied at the collector

node NC2 to obtain the relationship

Iout +
VB

XCµ,2

+
Vin

XCo,2

− gm,2Vbe,2 = 0, (A.10)

where

XCµ,2 =
1

jωC
µ,2

, (A.11)

is the capacitive reactance of the base-collector capacitance C
µ,2.

Substituting for VB from (A.6) and from Vbe,2 (A.7) in (A.10) and rearranging,
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Iout

Vin

=
−C

′

B

C
π,2 + C

′

B

(gm,2 −
1

jωC
µ,2

) − (
1

jωC
µ,2

+
1

jωCo,2

). (A.12)

On defning the base feedback factor KB,fb as,

KB,fb =
C

π,2

C

′

B

=
C

π,2

CB + C
µ,2

, (A.13)

(A.12) can again be solved to obtain the maximum transconductance,

Gm,2 =
Iout

Vin

�

�

�

�

Vout=0

= −
gm,2

1 + KB,fb

− jω

C
µ,2KB,fb + (1 + KB,fb)Co,2

(1 + KB,fb)
. (A.14)

The negative sign indicates that since Iout is fowing into the collector node,

Vin and Iout are 180
◦ out of phase.
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B Defnitions

Special Functions

Rectangular function

The time domain rectangular function rect(t) is defned as:

rect(t) =











0 for |t| >

1

2

1

2
for |t| =

1

2

1 for |t| <

1

2

(B.1)

Dirac Delta function

Properties of Dirac Delta function:

∞
∑

n=−∞

e

−j2πfnb

=

1

b

∞
∑

n=−∞

δ

(

f −
n

b

)

=

1

b

X 1

b

(f)

G(f) ∗ δ (f − a) =G(f − a)

(B.2)

sinc function

The sinc(f) is defned as:

sinc(f) =

sin(πf)

πf

(B.3)

Fourier transform

Some key properties of the Fourier transform:

F {a · g(t) + b · h(t)} = a · F {g(t)} + b · F {h(t)}

F {g(t) · h(t)} = F {g(t)} ∗ F {h(t)}

F {cos (a(t − b))} =

1

2

e

−jab

δ

(

f −
a

2π

)

+

1

2

e

jab

δ

(

f +

a

2π

)

F {sin (a(t − b))} =

1

2j

e

−jab

δ

(

f −
a

2π

)

−
1

2j

e

jab

δ

(

f +

a

2π

)

F {rect (a(t − b))} =

1

a

· sinc

(

f

a

)

e

−j2πfb

(B.4)

177



B Defnitions

High frequency small signal models

Common emitter amplifer

[yCE] =

�

g
π

+ jω(Cbe + Cbc) −jωCbc

gm − jωCbc go + jω(Cce + Cbc)

�

. (B.5)

Common base amplifer

[yCB] =

�

gm + go + g
π

+ jωCbe −go

gm − go go + jω(Cce + Cbc)

�

. (B.6)
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C 24 GHz Experiment Setups

Figure C.1: Frequency domain SRA measurement on probe station, with the char-
acteristic Dirac delta function peaks clearly visible.

(a)
(b)

Figure C.2: Time domain measurement of SRA output using a real time oscillo-
scope (a) SRA in action (b) Phase coherence observation.
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C 24 GHz Experiment Setups

Figure C.3: Time and frequency domain characterization of LFMCW interrogator
chirp sequence.

(a)
(b)

Figure C.4: SRTs mounted on a stepper motor shaft for roll-invariance experi-
ments (a) SRTdir (b) SRTbuf.
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Figure C.5: SRT laboratory testing setup.
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C 24 GHz Experiment Setups
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D 60 GHz Experiment Setups

Figure D.1: Setup used to characterize FSSDM.

(a) (b)

Figure D.2: 60 GHz passive transponder mounted on a linear guide rail.
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