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Abstract

According to the statistics of World Health Organization (WHO), older people are the fastest-
growing age group worldwide. The growing population of elderly people and increasing healthcare
cost coupled with limited availability of trained health-care personnel and well-equipped hospitals and
services (especially in developing countries) have led to the concept of active wellness management
that permits early diagnosis and detection of ailments and follow-up actions through interaction be-
tween patients at their own home and medical experts and health-service providers over an extended
period of time, and when warranted, takes emergent actions. The need for health-care systems using
the technological advancements in wireless communications has witnessed the design of low power,
intelligent and miniaturized invasive /non-invasive medical devices to be used on or around the human
body or implanted in the human body for constant health monitoring and advice. This special type of
wireless sensor networks (WSN) are referred to as Wireless Body Area Networks (WBAN). As the sen-
sors are battery operated, it is of utmost importance that such nodes consume minimal energy. Thus
the design of energy efficient and low-power transceiver architecture which greatly increases battery
life is an important area in WBAN systems. The IEEE 802.15.6 standard is an international stan-
dard in WBANS for low power, short range and extremely reliable wireless communication within the
surrounding area of the human body. This standard supports three physical layers (PHYs), namely,
narrowband (NB) PHY, ultra-wideband (UWB) PHY and human-body communications (HBC) PHY.
It is without a question that the Impulse Radio UWB (IR-UWB) signaling has a major advantage as
regard the transmission power and energy consumption. This thesis focuses on design of an IR-UWB
transceiver for BANs that exhibits satisfactory performance while fulfilling the 15.6 specifications and
maintaining its structural and implementation simplicity - particularly in sub-nanometer technology.

This research work emphasizes the design of a low-complexity IR-UWB transceiver system for

BANs strictly fulfilling the IEEE 802.15.6-2012 specifications and without violating the FCC rules
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and regulations. This thesis attempts to devise an implementation architecture that enables the design
of an energy-efficient and low-complexity 15.6 IR-UWB transceiver system for BANs.

The contributions of the Thesis are detailed in four chapters that may be grouped under two parts:

e IEEE 802.15.6 compliant IR-UWB transmitter using SRRC signaling pulse at the carrier fre-
quency of f.= 3.9936 GHz and a data rate of 0.4875 Mbps (Chapter 3 and Chapter 6)

e IEEE 802.15.6 compliant IR-UWB non-coherent energy detection based receiver at f.= 3.9936
GHz with digital back-end (Chapter 4 and Chapter 5)

A brief description of the Chapters are as follows:

Chapter 3: IR-UWB Transmitter using SRRC Signaling Pulse

This chapter considers a method for approximation of an arbitrary signaling pulse by a piecewise
linear approximation (PWLA) approach and details its practical implementation in simple mixed-
signal circuits. The proposed PWLA approach has the potential to approximate a signaling waveform
with a high degree of accuracy. Various PWLA approximations of the SRRC pulse are considered and
compared in terms of cross-correlation (with the ideal pulse), power spectral density and implemen-
tation complexity. Using a six-segment PWLA SRRC pulse, a complete design of a 15.6 compliant
IR-UWRB transmitter operating at a carrier frequency f. =3.9936 GHz and a data-rate of 0.4875 Mbps
using PPM signaling is given. The transmitter is designed for both 2-ary and 16-ary PPM signaling.

Chapter 4: IR-UWB Non-coherent Energy Detection based Receiver

This chapter considers a design of an energy-efficient, non-coherent, energy-detection based receiver
that uses a windowed integrator and a single-ended SAR ADC for “integration” and “digitization”
followed by a new digital back-end for information extraction. The windowed integrator uses a new
digital switching technique. The proposed single-ended SAR ADC uses a modified merged capacitor
switching scheme for a capacitive reference DAC and works using a novel counter based SAR con-
troller. The RF front-end is implemented using a single-to-differential LNA followed by a cascade
of switchable inverter based gain stages feeding a squarer and an integrator for energy computation.
BER performance of digital back-end are also carried out to validate the proposed energy detection
based receiver. The receiver is designed for detection of information from the transmitter discussed

in Chapter 3.
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Chapter 5: DAC Switching Technique for Single-ended SAR ADCs

This chapter deals with developing an energy-efficient SAR ADC and proposes a new switching
technique for the capacitive reference DAC employed in the SAR ADC. This technique brings down
the switching energy in the first few comparison cycles where the switching energy consumption is the
highest among the ‘N’ comparison cycles. Simulations are carried out to validate the proposed DAC
switching technique and results are compared with the existing state-of-the-art DAC techniques.

Chapter 6: Design Methodology for Event-driven PWLA Waveform Generator

The PWLA approach of Chapter 3 essentially employs a state-machine controller whose clock is
derived from the system clock and hence the durations of the line segments are constrained by the clock.
The final part of the thesis focuses on providing a more accurate piece-wise linear approximation of a
(signaling) waveform. To this end, an event-driven approach for PWLA pulse generator is considered
and its performance evaluated. A set of “events” are generated at the break-points of a suitably
chosen piece-wise linear approximations and these events in turn drives the PWLA segment generator
to realize an arbitrary signaling waveform with a high degree of accuracy. Results show improved
performance as compared to those in Chapter 3. Lastly, as a special case study, this approach is
applied for approximation of a few selected IR-UWB pulses (Gaussian pulse and its derivatives). This
study of the event-driven PWLA approach shows promising potential for applicability of the proposed
pulse generator methodology in transceiver design.

In summary, it may be stated that this thesis has introduced a few circuit techniques along with an
investigative study for design of energy-efficient and low power transceivers for IEEE 802.15.6 Wireless

BANS.
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1.1 Introduction

1.1 Introduction

According to the statistics of World Health Organization (WHO), older people are the fastest-
growing age group worldwide [5]. It is estimated that by 2020 the number of people aged 60 years
and older will outnumber children younger than 5 years and by 2050, the proportion of the world’s
population over 60 years will nearly double from 12% to 22%. As per the United Nations Population
Division report of India [6], the ageing population (60 years or older) is projected to climb from 8%
(in 2010) to 19% (in 2050). In the United Kingdom, the population over 85 years is predicted to
increase three-fold by 2030 [7]; in the United States, the population over 65 years is expected to
increase two-fold by 2040 [§]. In People’s Republic of China, the population over 60 years is expected
to double by 2040 [9]. By 2050, according to World Population prospects reported in [10], Japan
is predicted to have the highest elderly population in human history with average age of 54 years.
These worldwide statistics of ageing population necessitate a shift towards value-based, affordable and
scalable healthcare solutions challenging the conventional and existing healthcare systems.

As people age, they are more likely to have mobility difficulties and suffer chronic ailments. There
is an increasing trend in prevalence of chronic diseases at the global level. Such diseases - commonly
termed as non-communicable diseases (NCD) - cannot be completely cured or eliminated. They tend
to require lengthy and expensive treatments involving complex and ongoing care [I1]. The four main
types of NCDs are cardiovascular diseases (like heart attack and stroke), cancers, chronic respiratory
diseases (such as chronic obstructed pulmonary disease and asthma) and diabetes [12]. Millions of
people die every year as chronic diseases are the largest cause of death in the world. According to
the scientific study of American College of Cardiology [13], cardiovascular diseases are one of the
leading cause of death accounting to about one-thirds of deaths throughout the world. Cancer is the
second leading cause of death globally (8.8 million deaths in 2015) accounting to approximately 70% of
deaths occurring in low-and middle-income countries [14]. Visual impairment and blindness, hearing
impairment and deafness, oral diseases and genetic disorders are other chronic conditions that account
for a substantial portion of the global burden of disease.

The prognosis, however, is positive as a new research study by American Cancer Society [15]
predicts that by 2050 cancer deaths would be eliminated for all age-groups except those over-80s
through recent gains in early detection, prevention and treatment. As per WHO [16], Diabetes will

be the seventh leading cause of death globally in 2030 roughly estimating 1.6 million deaths directly
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caused by diabetes in 2015. Diabetes (Type-II) is the world’s fastest growing chronic disease and is
the leading cause of blindness and visual disability (due to diabetic retinopathy) and kidney failure.
Overweight, obesity, unhealthy diet and lack of physical exercise are the key risk factors for Type-II
diabetes and many other chronic diseases. Child overweight and obesity are increasing worldwide and
incidence of diabetes-II among children is also increasing. Remote monitoring solutions would help
overweight adults seeking ways to reduce overweight and obesity [17].

The growing population of elderly people and increasing healthcare cost coupled with limited
availability of trained health-care personnel and well-equipped hospitals and services (especially in
developing countries) have led to the concept of active wellness management that permits early di-
agnosis and detection of ailments and follow-up actions through interaction between patients at their
own home and medical experts and health-service providers over an extended period of time, and when
warranted, emergent actions are to be taken [I,2]. This points to an increasing access to medical and
assisting devices for people of all ages without affecting the normal life of the person. This has boosted
research, development and production of health-care systems for people in low- and middle-income
countries.

These systems should be capable of helping people living in remote areas to connect to the medical
professionals stationed abroad or in urban areas for monitoring and collecting the information of the
chronic conditions of a patient. Further, it should also help the aged people for medication, diet and
exercise plans in accordance to the individual medical conditions. Such health-care system should be
of minimum-cost, affordable, comfortable and user-friendly for people living in rural and remote areas.

The recent developments and technological advancements in wireless communication have enabled
the use of low-power, intelligent and miniaturized invasive/non-invasive medical devices to be used
on or around the human body or implanted in human body for constant health monitoring and
advice [IL[I8]. This special type of wireless sensor networks (WSN) are referred to as Wireless Body
Area Networks (WBAN).

It is envisaged that the cost-effective WBAN healthcare systems will improve the long-term health
care and constant physical monitoring without affecting the normal life of patients. This will allow
constant physiological monitoring and allow mobility and flexibility to patients. Such a system will
also track sudden life-threatening diseases and avoid in-hospital emergency monitoring of patients.

One of the potential technological innovations making huge difference to WBANS is the utilization
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Table 1.1: Applications of WBANSs

ECG [20H22], EEG [23], EMG and Muscle Fatigue [24],
Parkinson Disease [25], Vital Signals monitoring [26]
Assessing Soldier Fatigue and Battle Readiness [27]
Aiding Professional and Amature Sport Training [18128]
Sleep Staging [29], Asthma [30], Diabetes [31]
Fall Detection [32]133], Electrical Muscle Stimulation for
Rehabilitation [34L[35]

WBANS Cardiac Pacemakers [36], Cardioverter-Defibrillators [37]
for Healthcare Implant WBANs Retina Implants |38], Cochlear Implants [391[40]
Early Cancer detection [41]
Wireless Capsule Endoscope [42]/43], Wireless Capsule for
Drug Delivery [44]
Deep Brain Stimulator [4546], Cortical Stimulator [47/48]
Ambient Assisted Living (AAL) [49)
Remote Control of Medical Devices | Patient Monitoring [18[261/50]
Tele-medicine Systems [51], Hearing Aids [52/53]
Real-time Streaming & Entertainment Applications [1§]
Secure Authentication [5455]
Emotion-Detection using Physiological Signals [56]

Wearable WBANSs

Non-medical WBANSs

of 2G/3G/4G mobile communication technologies for delivering healthcare services throughout the
world [I1]. However, there are numerous non-technical factors such as acceptance, comfort, user
friendliness, regulatory, affordability, ethical and legal issues that would need to be addressed.

The deployment of a collection of finite number of sensor nodes in WBAN creates opportunities
for developing envisioned applications spanning from healthcare (medical) to consumer electronics
(non-medical) [I,[19]. Each node in a WBAN [19] allows continuous monitoring of one’s physiological
parameters data such as electrocardiogram (ECG), electroencephalography (EEG), Electromyography
(EMG), respiratory rate, blood pressure, body temperature etc providing greater mobility, flexibility
and real-time feedback to patients without causing any discomfort [19]. WBANs will be a key solution
for healthcare applications - the most promising field of application in a WBAN scenario. Table
[L.1] presents some of the WBAN applications categorized into medical (healthcare) and non-medical
applications.

Recent WBAN markets have introduced a few available proprietary and open technologies such as
Sensium [57] - a seamless ambulatory monitoring system for early detection of patient deterioration. Z-
wave [58] and Insteon [59] are the smart-home solutions while Wavenis Technology [60] is a well-known
wireless solution for Machine to Machine (M2M) applications, such as environmental and healthcare
monitoring. ANT/ANT+ [61], FitLinxx [62] and CONtinuous Athlete MOnitoring (CONAMO) [63]

are the solutions well-suited for wellness applications, wireless activity monitors and health-tracking.
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RuBee [64] based on the IEEE 1902.1 standard [65] is a solution for Defense and industrial Internet

of Things (IoT) applications.
1.2 Evolution of Body Area Networks

Historically, the first research work on BAN was initiated in 1956 at the Radiology Research
Lab, University of California, by R. Stuart Mackay [66] on radio telemetry from within the body. The
extension of potential innovation of BAN began around 1995 with the work of T.G. Zimmerman on the
early development of Personal Area Networks (PAN). Zimmerman [67] in the year 1996 demonstrated
how electronic devices on and near the human body exchange digital information through near-field
electrostatic coupling for intra-body communications (IBC). Later, around 2001, PAN representing
applications and communications on, in and near the human body was named as BAN [68]. Later, in
2006, Professor Guang-Zhong Yang formally characterized the term “Body Sensor Networks” - also
referred to as BANs - in the book [69].

Early research on BANs started with the work by Alex Pentland at the Massachusetts Institute of
Technology (MIT) Media Lab with the development of a health-wear computing platform MITHril [70]
- a BAN in the sense that multiple sensors are wired to a single processor. Excellent contributions
were made by the academia for the deployment of BAN systems, such as, the CodeBlue Project
at Harvard University [71], the Advanced Health and Disaster Network (AID-N) Project at Johns
Hopkins University [72], Wearable Health Monitoring Systems (WHMS) developed at the University of
Alabama [73], Ubiquitous Monitoring Environment for Wearable and Implantable Sensors (UbiMon)
project at the Imperial College London [74] and AYUSHMAN project at Arizona State University
[75]. Several state-of-the-art projects have contributed in establishing practical solutions for WBANS,
like, LifeMinder [76], Mobi-Health [77.[78], the advanced care and alert portable telemedical monitor
(AMON) [79], Microsystems Platform for Mobile Services and Applications (MIMOSA) [80], NASA-
LifeGUARD [81], MaglIC [82], m-Health [83], HealthGear [84], Wireless Monitoring system (Wi-MON)
for Dengue [85], Medical Remote Monitoring of Clothes (MERMOTH) [86], HUMAN++ [87], Ad-
hoc wireless sensor networks (ASNET) [88], BASUMA []9], eWatch [90], Personal Care Connect
[91], MAHS [92], AlarmNet [93], CareNet [94], Wireless Motion Capture System with Accelerometers
(WiMoCA) [95], Scalable Medical Alert and Response Technology (SMART) [96], VitalJacket [97],
HeartToGo [98], HealthService 24 [99] and Personalized Anxiety Therapy thRough 10ngitudinal &
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User-aware Services (PATRONUS) [100] project.

1.3 Taxonomy of Body Area Networks

The various communication technologies providing appropriate solutions for deployment of BAN

systems can be categorized as follows:

(i) Human Body Communications (HBC): HBC is also referred to as Intra Body Communica-
tions (IBC) or Body-Channel Communications (BCC). IBC exhibits the advantages of intrinsic
security, interference-free communication and coexistence with other HBC WBANSs (as trans-
mission and reception of signals are confined to or close to the person’s proximity) [I]. This
technology [101,102] uses the human body itself as the transmission medium for propagation of
electrical signals. Based on how the electrical signals are transmitted, HBC can be sub-classified

into two basic coupling types:

e Capacitive coupling: The signal is controlled by an electrical potential modeling the human
body as a perfect conductor [103]. The signal quality is influenced by the surrounding

environment (the dominant signal transmission pathway) around the body.

e Galvanic coupling: This is achieved by coupling the alternate current into the human body
modeling the human body as a transmission line (waveguide) [104]. The dominant signal
transmission pathway is the body tissue. This technique is capable of both on-body and

in-body (implantable) device communications [105,[106].

(i) Molecular Communications: These are the communication paradigms referring to the use
of the molecule-level system for exchanging biochemical information between the transmitter
and the receiver using nanotechnology [107] and nanomedicine [108]. Diffusion-based molecular
communications due to its intrinsic biocompatibility have envisaged nanoscience applications,
such as intracellular surgery with nanorobots [I08] and target drug delivery [109]. For example,
(i) a person is diabetic and is to be injected with insulin several times a day, (ii) a person is

diagnosed with cancer and has to undergo chemotherapy with its debilitating side-effects.

(iii) Ultrasonic Communications: This technology explores the use of ultrasound (acoustic waves

at non-audible frequencies nominally above 20 kHz) for transmission in the human body for
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Figure 1.1: Frequency Bands for WBANSs [I]

realization of intra-body area networks. It is well known that the acoustic waves are the pre-
ferred choice of transmission technology for underwater communications [110]. Human body is
composed of up to 656% water [111] and is thus one of the most suitable medium for ultrasonic
communication. Recently, Santagati et al. [112] have demonstrated experimentally the feasibility

of impulsive ultrasonic intra-body communications.

(iv) Radio Frequencies (RF) Technologies: The existing radio technologies can be classified
according to the operating frequency bands (regulated by Worldwide Communication Author-
ities). It is not straightforward for the WBAN designer to choose the most appropriate bands
for the targeted applications. Fig. [[1lillustrates the available frequency bands for WBANs and

are described as follows:

e Medical Implant Communication Service (MICS) band is an universal RF band and is al-
located the frequency band of 401-406 MHz, of which the core-band is 402-405 MHz. This
band is proposed by the U.S. Federal Communications Commission (FCC) in 1999 [113] for
use in implanted medical WBAN applications (such as cardiac pacemaker, implanted defib-
rillator and neurostimulator etc). It supports data rate up to 400 kbps and communication
range up to 2 meters, i.e., for short-range intra-BAN communications [114]. Microsemi Cor-
poration [I15] offers three versions of commercially available MICS transceiver (ZL70101,

ZL70102 and ZL70103) for implanted devices operating in the MICS band.

o Wireless Medical Telemetry System (WMTS) operates in three frequency bands (420-450

MHz, 863-870 MHz and 1395-1429 MHz) as shown in Fig. [ WMTS is designed ex-

clusively for medical telemetry (remote monitoring of a patient’s health). The technology

enables longer-range biosensor communication with the restriction that the technology be

used only in hospitals [I16]. A WBAN device is described in [117] that uses the combina-

tion of MICS and WMTS bands (thus applicable for both short-range and moderate-range
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BAN communications).

The Industrial, Scientific and Medical (ISM) band is an unlicensed band (902-928 MHz
and 2.4- 2.5 GHz) defined by the International Telecommunication Union (ITU) [I1I§] for
purposes other than telecommunications and it supports high-data rate applications. Be-
cause of its world-wide free availability and being unlicensed, this 2.4-2.5 GHz ISM band
is the most commonly used and an over-crowded RF band. Most of the standard solutions
designed for WBANS operate in the ISM band (between 2.4-2.5 GHz). The ISM band appli-
cations are thus prone to significant coexistence issues and are sensitive to high probability

of interference.

The FCC [119] in May 2012 took an interesting action by allocating an operating frequency
band (between 2.36 to 2.4 GHz with a 40 MHz spectrum) for a new Medical Body Area
Networks (MBAN) licensed service. The MBAN band, importantly, is not an ISM band
and thereby makes it possible to effectively mitigate the interference experienced by WBAN

devices operating in the adjacent unlicensed (2.4-2.5 GHz) ISM band.

Ultra Wideband (UWB) radio technology, defined by FCC [3] in 2012, is an unlicensed 3.1-
10.6 GHz frequency spectrum. The only important factor specified by the FCC authorities
[3] is that the mean maximum equivalent isotropic radiated power (EIRP) level or power
spectral density (PSD) of an operating UWB device shall not exceed -41.3 dBm/MHz. The
US mask defined by FCC [3] is the most liberal with the same maximum mean EIRP for
UWRB transmissions in the allowed spectrum of 3.1-10.6 GHz and also at sub-Gigahertz
UWB band below 960 MHz. The European UWB mask [120] allows the same maximum
EIRP limit for low-band (3.4-4.8 GHz) utilizing either ‘detect and avoid’ (DAA) or ‘low duty
cycle’ (LDC) techniques. For high-band Group-1 (6-8.5 GHz), no mitigation techniques are
used while for high-band Group-2 (8.5-9 GHz) only DAA technique is to be used. The
Japanese UWB mask [121] also allows the same maximum mean EIRP limit in the low-
band (3.1-4.8 GHz) with interference mitigation while in the high-band (7.25-10.25 GHz)
devices do not support interference mitigation. The advantage of UWB mask over the ISM
mask is that the maximum mean EIRP in UWB mask is around 30 dB below the maximum

PSD for WBAN devices operating in the 2.4-2.5 GHz ISM band [122].
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Table 1.2: Standard Protocols of different short-range wireless technologies

ergy Long Range [128]

Standard Technology Frequency Band Data Rate
Bluetooth V.1 802.5.1 [123] | 2.4 GHz ISM 780 kbps
Bluetooth V.2 + Enhanced | 2.4 GHz ISM 3 Mbps

IEEE 802.15.1-2002 Data Rate (EDR) [124[125]

Bluetooth V.3 + High | 2.4 GHz ISM, 5 GHz 3-24 Mbps
Speed (HS) [126]
Bluetooth V.4 + Low End | 2.4 GHz ISM 1 Mbps
Extension (LEE) [127]
Bluetooth V.5 + Low En- | 2.4 GHz ISM 2 Mbps

TEEE 802.15.4-2006 [129]

ZigBee [130]

868 MHz, 915 MHz, 2.4 GHz
ISM

20, 40, 250 kbps

ECMA-368 [131]

MB-OFDM UWB 7

3.1-10.6 GHz

Upto 480 Mbps

IEEE 802.15.6-2012% [2

IEEE 802.15.4a-2007 ¥ [132] UWB 3-5 GHz, 6-10 GHz, < 1 GHz | 0.11, 0.85, 6.81, 27.24
Mbps

IEEE 802.15.4-2011 T [133] UWB 249.6-749.6 MHz, 3.1-4.8 | 0.11, 0.85, 6.81, 27.24
GHz, 6-10.6 GHz Mbps

IEEE 802.15.4-2015 ¥ [134] HRP ¥ IR-UWB? 249.6-749.6 MHz, 3.1-4.8 | 0.11, 0.85, 6.81, 27.24
GHz, 6-10.6 GHz Mbps

HBC 5-50 MHz 164.1, 3281, 656.3,

1312.5 kbps

MICS (402-405 MHz)

75.9, 151.8, 303.6, 455.4

kbps

NarrowBand (NB)

WMTS (420-450 MHz, 863-
870 MHz)

75.9, 151.8, 455.4 kbps

TSM (902-928 MHz), 950-958
MHz

101.2, 202.4, 404.8 kbps

MBAN, 2.4 GHz ISM

121.4, 242.9, 485.7, 971.4

kbps
IR-UWB ¥ 3.25-4.75 GHz, 6.25-10.25 | 0.487, 0.975, 1.95, 3.9,
GHz 7.8, 15.6 Mbps
FM-UWB T 3.25-4.75 GHz, 6.25-10.25 | 250 kbps
GHz

T MB-OFDM: Multi-band orthogonal frequency division multiplexing UWB
¥ Target: Low-Rate Wireless Personal Area Networks (WPANs)
# Target: Wireless Body Area Networks (WBANS)

§ IR-UWB: Impulse-Radio UWB

1 FM-UWB: Frequency Modulation UWB
# HRP: High Rate pulse repetition frequency

Table summarizes different standardized versions of wireless communication standards tech-

nologies for short range wireless communication (with allocated frequency bands and possible data

rates). Among all the IEEE standards, the IEEE 802.15.6-2012 standard [2] by the IEEE 802.15.6 Task

Group TG6 is the only formally defined short-range, highly-reliable wireless communication standard

for deployment of BAN systems and is not restricted to medical applications alone.

The IEEE 802.15.6-2012 Standard partitions the allotted UWB spectrum into two frequency

groups: the Low-band (3.25 - 4.75 GHz) and the High-band (6.25 - 10.25 GHz). The two channels —

each of 499.2 MHz bandwidth — centered at 3.9936 GHz and 7.9872 GHz respectively are considered
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to be mandatory channels that a service provider is required to provide. The data rate of 0.4875 Mbps

is considered as the mandatory data rate using the mandatory on-off signaling scheme.

1.4 Objectives of the Thesis

This thesis aims at exploring, developing and analyzing the performance of an IR-UWB transmitter
and receiver for Body Area Networks (BAN) in compliance to the IEEE 802.15.6 [2] standard. The
transmitter and the receiver operate in the mandatory low-band channel at the carrier-frequency of
3.9936 GHz and use the mandatory on-off signaling scheme at the mandatory data-rate of 0.4875

Mbps using a Square root raised cosine (SRRC) pulse.
1.5 Organization of the Thesis

The thesis is organized into seven chapters:

Chapter [I: Introduction to Body Area Networks

This Chapter gives an introduction to BANs/WBANSs in general and the evolution of the latest
WBAN Standard IEEE 802.15.6-2012 [2].

Chapter 2t Introduction to TEEE 802.15.6 Standard and Existing Transceivers for
Body Area Networks (BANSs)

This chapter gives an introduction to the IEEE 802.15.6 Standard specifying the essential features
of the MAC and the PHY layers as a prelude to the design of the Transmitter and the Receiver as per
the broad design specifications outlined in Section [I.3l

Chapter IR-UWB Transmitter using SRRC Signaling Pulse

This chapter develops the design of an IEEE 802.15.6 compliant Impulse Radio Ultra-Wideband
(IR-UWB) Transmitter for Wireless Body Area Networks in 180-nm CMOS technology. The transmit-
ter operates at the mandatory data rate of 0.4875 Mbps in the mandatory low-band channel at 3.9936
GHz and employs a pulse position controller (PPC) to place a Square Root Raised Cosine (SRRC)
pulse for a time-hopping pulse position modulation (TH-PPM) scheme. This transmitter features a
novel piece-wise linear approximation (PWLA) approach for generation of the SRRC signaling pulse.
It is found that the generated PWLA SRRC pulse is fully compliant with the WBAN spectral mask.
The proposed PWLA approach has the potential to approximate an arbitrary signaling waveform with

a high degree of accuracy and hence should be useful in transceiver realizations.
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Chapter [4: TR-UWB Non-coherent Energy Detection based Receiver

For a relatively low data-rate application using PPM signaling considered in Chapter 3, an energy-
detection based non-coherent receiver is an attractive solution for demodulation of information bits as
it avoids local generation of the reference signal. Further, energy computation eliminates the need for
a four-quadrant multiplier resulting in reduced hardware complexity and power consumption. Such an
architecture is suitable in a BAN scenario involving battery-operated nodes. In this chapter, design
and performance evaluation of a low-power energy-detection based non-coherent receiver employing
“integrate and digitize” approach is proposed for demodulation of information bits transmitted by an
IR-UWB transmitter developed in Chapter Bl

Chapter DAC Switching Technique for Single-Ended SAR ADCs

SAR ADC is an attractive solution for signal acquisition in low-power portable and implantable
devices [I35H137] in BANs. The non-coherent energy detection based receiver described in Chapter
[ employs a single-ended SAR ADC. Although differential input SAR ADC is a superior solution
for low-level signal acquisition due to its ability to suppress common-mode noise, single-ended SAR
ADCs can nevertheless be a preferred solution especially when energy conservation is the over-riding
concern and the SNR is at acceptable level. The capacitive reference DAC - employed in SAR ADC -
contributes a significant portion to the total power consumption in SAR ADCs. The consumption of
switching energy (during charging/discharging of the capacitive reference DAC) is the highest in the
first few comparison cycles. Thus it is imperative to bring down the consumption of switching energy
in the first few comparison cycles. Motivated by the work of Hu et al. [138], this thesis attempts to
design a new DAC switching technique which brings down the consumption of switching energy in the
first few comparison cycles. The proposed DAC switching technique digitizes an input signal in the

amplitude range [0, V,¢¢] using a single reference voltage Vrzef . The result shows an energy savings

of 92.21% over the traditional 10-bit single-ended SAR ADC [I39]. Further, as compared to Hu’s
method [I38], the proposed technique shows about 37.6% reduction in switching energy.

Chapter Design Methodology for Event-driven PWLA Waveform Generator

The PWLA approach for generation of a signaling pulse and presented in Chapter [3] assumes that
the duration of each line segment approximating a portion of the given waveform is a multiple of some
basic clock (derived from the system clock) and thereby facilitates the use of a simple state-machine

controller. However, in the most general case, this assumption may not be valid. To overcome this
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constraint an “Event-driven PWLA Approach” is developed and results vis-a-vis the SRRC waveform
approximation are compared. While this method increases the hardware complexity, it has the po-
tential to approximate an arbitrary waveform with a high degree of accuracy. As further examples,
Gaussian waveform and a few of its derivatives are approximated and the goodness-of-fit is compared.
Chapter [7t Conclusions and Scope for Future Work
This Chapter concludes the thesis outlining the main contributions of the Thesis and discusses a

few directions for further work in the area of Transceiver design.
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2.1 The IEEE 802.15.6 Standard

2.1 The IEEE 802.15.6 Standard

The IEEE 802.15.6 standard defines the Media Access Control (MAC) and the Physical (PHY)
layers, the two bottom layers of Open System Interconnection (OSI)-model protocol stack for BANs.
The Nod Management Entity (NME) or Hub Management Entity (HME) exchanges network man-
agement information with MAC and PHY layer as well as other layers. The number of nodes that
can exist in a BAN varies from zero to nMarBANSize (nMaxBANSize= 64). The maximum number
of BANs that can co-exist in a network is four and only one hub is allowed per BAN. Therefore, a
maximum of 256 nodes can exist per network [140]. Each node is addressed by an one-octet BAN
identifier (BAN ID) numbered from 0x00 to OxFF. The network topology can be either a one-hop star

topology or a two-hop extended star topology.

2.1.1 MAC Layer

The TEEE 802.15.6 TG6 group proposes a single MAC protocol, but a very flexible and sophisti-
cated protocol that controls access to channels of all hubs and nodes. For establishment of common
time-reference allocation and regardless of transmission of beacons, the channel (or time-reference
axis) is divided into a series of equal length superframes (or beacon periods). Each superframe is
again sub-divided into 256 allocation slots of equal length numbered from 0 to 255. The hub (or
coordinator) can transmit beacons in any superframe other than inactive or restricted superframes.
The hub operates either in beacorH mode or non—beacorH mode and coordinates the scheduling of
channel access for nodes. This can be done through any one of the three following channel access

modes [1,[141]:

e Beacon Mode with Superframe Boundaries: In this mode, periodic beacons are transmitted at
the beginning of each active superframe. Each active superframe is divided into applicable access

phases and is illustrated in Fig. 2.1l The access phases are:

— Exclusive Access Phase (EAP): EAP1 and EAP2 are used for transmission of high-priority

traffic (emergency data).

— Random Access Phase (RAP): RAP1 and RAP2 are for regular traffic.

Node: An independent device with communication capability

2Beacon Mode: Beacon is transmitted in every superframe for time-reference allocations except in inactive superframe.

3Non-beacon Mode: The time-referencing is established using superframes and allocation slots in place of transmitting
beacons.
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Beacon period (superframe) n N

A

Figure 2.1: IEEE 802.15.6 Superframe Structure with Access Phases [2]

— Managed Access Period (MAP): used for polled allocation intervals, scheduled allocation
intervals (e.g. bi-link allocation, down-link allocation, delay bi-link allocation intervals)

and unscheduled allocation intervals.

— Contention Access Period (CAP): used for resource allocation using either Carrier-sense

multiple access with collision avoidanceH (CSMA/CA) or Slotted ALOHAH technique.

e Non-beacon mode with Superframe Boundaries: In this mode, the superframe is covered only by

MAP and not by any other access phases.

e Non-beacon mode without Superframe Boundaries: In this mode, each node has to establish its
own independent time-schedule since there is no superframe boundaries. The hub provides only

unscheduled bi-link allocation intervals.
The MAC protocol ensures security paradigm with three different levels of security:

o Level 0- Unsecured communication: No measures for message authenticity, encrypted frames

and integrity validation, confidentiality and privacy protection.

o Level 1- Authentication but mo Encryption: Secured authentication but without encrypted
frames; provides measures for authentication and integrity validation but without confidentiality

and privacy protection

o Level 2- Authentication and Encryption: The most secured authentication with encrypted frames;
provides measures for authentication and integration validation with privacy protection and con-

fidentiality

“In CSMA/CA, a node shall transmit by obtaining a contended allocation selecting a backoff counter (BC) among
the equiprobable values in the interval [0-CW(UP)], where CW: Contention Window Value and UP: Upper Priority

5In Slotted ALOHA, a node transmits in a given slot only if z < CP[UP], where CP: Contention Probability value,
UP: Upper Priority and 0 < z < 1.
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2.1.2 PHY Layer

The PHY layer acts as the data interface to the MAC layer under the control of Physical Layer

Convergence Protocol (PLCP). The PHY layer serves three functionalities:
e Activation and deactivation of radio transceivers

e Indication of Clear Channel Assessment (CCA) to the MAC layer for verification of activity in

wireless medium
e Data transmission and reception

The data to be transmitted, i.e., the Physical Layer Service Data Unit (PSDU) is the MAC frame
from the MAC layer. The MAC frame consists of the following three subfields: a 7-octet MAC header,
a variable-length MAC frame body (0-255 octets) and a 2-octet Frame Check Sequence (FCS).

As per Hernandez and Mucchi [142], the data transmission and reception can be sub-divided into
two inter-linked tasks: (i) Construction of the Physical Layer Protocol Data Unit (PPDU) from the
PSDU and (ii) Transformation of the PPDU frames into radio signals for transmission in the wireless
medium. These two inter-linked tasks (construction and transmission of the PPDU frame) for each of

the three PHY layers: HBC PHY, NB PHY and UWB PHY are described as follows.
2.1.2.1 HBC PHY

Fig. 22 presents the HBC PPDU structure. The PPDU frame format or the HBC packet structure
is constructed by concatenation of PLCP Preamble, Start Frame Delimiter/Rate Indicator (SFD/RI),
PLCP Header and PSDU/PHY Payload. The PLCP preamble and SFD/RI are fixed data patterns
(hence they can be pre-generated) and are transmitted prior to the PLCP Header and the PSDU.
The PLCP preamble is formed of four preamble sequences: PR1, PR2, PR3 and PR4. Each preamble
sequence is generated by spreading a 64-bit Gold code sequence using a frequency shift code (FSC).
The FSC for preamble generation is [0,1,0,1,0,1,0,1], since FSC uses a repeated [0,1] code and the
spreading factor (SF) is 8 for HBC PHY. Gold code sequences have better cross-correlation properties
compared to a maximum linear feedback shift-register (LFSR) sequences [143]. The PLCP preamble
aids the receiver in packet synchronization (the start of the packet).

After packet synchronization, the SFD/RI determines the start of the PHY frame (for frame
synchronization). For RI mode, the SFD/RI also indicates the packet data rate to the receiver inde-
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. P
- P

- 7
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L0 MPDU

PR1| PR2| PR3| PR4 PR+ Offset (for RI) MAC Header| MAC Frame Body| FCS

PR: Preamble Sequence PR: Preamble Sequence :‘_ 7-octets _.;‘_ 0-255 0(:tets—>;<- 2-octets _>:
1

64-bit Gold Sequence for PLCP Preamble: 1100010011001010010100000001100011111010111001001011100110000010
64-bit Gold Sequence for SFD/RI: 0101011001011101110110111100101001011000001001100111101011001101

Figure 2.2: HBC PPDU Structure [2]

pendent of the data rate field (DRF) in the PLCP header. The advantage of using RI mode is that it
allows same data rate for transmission of the PLCP header and the PSDU. This increases transmission
efficiency. Unlike the PLCP preamble sequence, the sequence for SFD mode is generated by spreading
a 64-bit gold sequence using the FSC as [0,1,0,1,0,1,0,1] and SF= 1. For RI mode, the sequence is
generated by spreading a 76-bit code (a 64-bit gold sequence pre-appended with 12 zeros to take care
of time offset) using FSC as [0,1,0,1,0,1,0,1].

The PLCP Header of 32 bits contains PHY information. It consists of the following sub-fields:
the data rate of the PSDU (in DRF mode and not in RI mode), Pilot Info (contains information of
optional pilot insertion period in PSDU to prevent loss of synchronization due to clock drift), burst
mode (whether or not the next packet is a part of a burst of packets), scrambler seed (to eliminate long
strings of ones and zeros in PSDU), MAC frame body length, Cyclic Redundancy Check 8 (CRCS)
calculated over the PHY header and reserved bits: ‘r’.

The concatenation of the PLCP Header and the PSDU is next mapped to chip (for frequency-
spreading) using a Serial-to-Parallel (S2P) converter and Frequency Selective (FS)-Spreader structure
as shown in Fig. The serial data are partitioned into 4-bit symbols using S2P converter (Fig.
2.3). This is followed by mapping each 4-bit symbol into 16-bit chip using the Walsh symbol-to-chip
mapper (Fig. 23). Next, each 16-bit chip is spread by applying different FSC (64/32/16/8 bits) for
different input data rate (164/328/656/1312 kbps). This variable selection of FSC results in constant

chip data rate of 42 Mcps regardless of the input data rate.
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Symbol-to-chip Orthogonal Mapping

Bits Orthogonal Code

0000 1111 1111 1111 1111
0001 1010 1010 1010 1010
0010 1100 1100 1100 1100
0011 ] 1001 1001 1001 1001
0100 1111 0000 1111 0000
0101 1010 0101 1010 0101
0110 1100 0011 1100 0011
0111 1001 0110 1001 0110
1000 [ 1111 1111 0000 0000
1001 | 1010 1010 0101 0101
1010 | 1100 1100 0011 0011
1011 | 1001 1001 0110 0110 | === "~~~ =—~" == - ~-=~--~-=-----=-—---—=-=-=—=-=-=-==-~

FS-SPREADER

T100 | 1111 0000 0000 1111 : 64 bits :
1101 | 1010 0101 0101 1010 : 32 bits !
1110 1100 0011 0011 1100 1 16 bits FSC :
1111| 1001 0110 0110 1001 L . !
' 8 bits !
1 1
1 3 1
bit : 16-bit Wals%l :
DATA —— o Serial-to-Parallel ' | symbol-to-chip : 42 Mcps
Converter : Converter :
1 1
164 kbps 41 ksps E 656 keps |
1
328 kbps 82 ksps : 1.313 Mcps !
1
656 kbps 164 ksps : 2.625 Mcps 1
1312 kbps 328 ksps 1 5.25 Mcps :
1 1

Figure 2.3: S2P and FS-Spreader Structure for PLCP Header and PSDU in HBC PHY [2]

The transmission of PPDU frame follows the frequency selective digital transmission (FSDT)

scheme. The band of operation is centered at 21 MHz with the channel bandwidth of 5.25 MHz.
2.1.2.2 NB PHY

Fig. 2.4]illustrates the structure of the NB PPDU constructed by pre-appending the PLCP Pream-
ble and the PLCP Header to the PSDU. The PLCP preamble aids the receiver in packet detection,
timing synchronization and carrier-offset recovery. Two unique PLCP preambles are created for mit-
igation of false alarms from networks operating in the adjacent channels. Each preamble sequence
of length 90 bits is constructed by the concatenation of a length-63 maximum length pseudo-noise
sequence (m-sequence) and a 27-bit extension sequence as shown in Fig. 24l The 63-bit m-sequence
is used for packet detection, coarse-timing synchronization and carrier-offset recovery. The 27-bit
extension sequence is used for fine-timing synchronization.

The PLCP Header consists of the following sub-fields: a PHY Header, a four-bit Header Check
Sequence (HCS) and Bose-Chaudhuri-Hocquenghem (BCH) parity bits for forward error correction
(FEC). The PHY Header consists of the following sub-fields:

e RATE: it contains information of the data rate of the PSDU, the employed pulse shaping, the
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:= PHY Header =E
0 23 4 1112 13 14 15 1819 30

RATE r | MAC Frame Body Length |1 | Burst Mode| Scrambler Seed]| HCS | BCH Parity Bits

Left Right ~~==.__ T
Transmit Order ——» T -7

PPDU — |PLCP Preamble PLCP Header PSDU
- 1 -7 1
It : e MPDU !

length-63 m-sequence | 010101010101101101101101101 MAC Header| MAC Frame Body| FCS

:4— Gfi—l)its—*— 27-bit Extension Sequen(:e—.: :4_ T-octets _*— 0-255 OC‘ECtS—*— 2-octets —.:

1 1 1 1 1 1

15t length-63 m-sequence: { 0101011001101110110100100111000101111001010001100001000001111110

274 Jength-63 m-sequence: 0110100010000101100101010010011110000011011100110001110101111110

Figure 2.4: NB PPDU Structure [2]

type of modulation, the coding rate and the SF for the transmission of the PSDU
e MAC Frame Body Length: it contains information of the length of the MAC frame body
e Burst Mode: whether or not the next packet is a part of a burst of packets
e Scrambler seed: to eliminate long strings of ones and zeros in PSDU

)

Reserved bits: ‘r

The four-bit HCS is generated from the PHY Header (of length 15 bits) by the Cyclic Redundancy
Check 4 (CRC-4) polynomial 1+ 22 + 2*. The BCH parity bits are generated using a shortened
BCH code (n=31, k=19, t=2) — a shortened code derived from a (n=63, k=51, t=2) BCH code. The
concatenation of the PHY Header and HCS are the information bits to the BCH (31, 19, 2) code. The
addition of the BCH parity bits improves the robustness of the PLCP Header.

The PLCP Preamble are directly mapped onto the desired constellation symbols as per the fre-
quency band of operation. However, the PLCP Header and PSDU are configured prior of mapping the
PPDU onto symbols. The PLCP Header are spread, interleaved and scrambled before being mapped
onto symbols as shown in Fig. The MPDU are configured before mapping to PSDU symbols
as shown in Fig. by the following steps: (i) Encoding using BCH (63,51) encoder (ii) addi-

tion of pad bits for alignment on a symbol boundary (iii) spreading with different SF determined by
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BIT
PLCP Header —» A AN ) SYMBOL | Symbol
SPREADER INTERLEAVER SCRAMBLER MAPPER !

7/2- DBPSK
7/4- DQPSK
7/8- D8PSK

BIT "
BCH A ADF AMRT T SYMBOL
MPDU —— EXCODER PAD BITS SPREADER INTERLEAVER SCRAMBLER \MAPPER

— Symbol

7/2- DBPSK
7/4- DQPSK
7/8- DSPSK

(b)

Figure 2.5: Transformation of PLCP Header and PSDU onto symbols for NB PHY structure [2]

frequency band of operation (iv) bit interleaving providing robustness against burst errors and (v)
additive scrambling for elimination of long strings of ‘1’ or ‘0’s. The 2.4 GHz ISM and 2.36-2.4 GHz
MBAN frequency bands use SF of 1, 2 or 4 while all other NB frequency bands use SF of 1 or 2.

The NB PHY employs differentially encoded phase-shift keying (DPSK) constellations, such as
7/2- Differential binary-phase-shift-keying (7/2-DBPSK), 7 /4- Differential Quadrature-phase-shift-
keying (7/4-DQPSK), m/8-Differential-8-phase-shift-keying (7/8-D8PSK) in all the frequency bands
of operation except the 402-405 MHz band. The 402-405 MHz band uses Gaussian Minimum Shift
Keying (GMSK) modulation. For DPSK constellation, the employed pulse shape is a Square Root
Raised Cosine (SRRC) pulse while for GMSK, the pulse is a Gaussian pulse.

The SRRC pulse r(t) is given by (2)) with a roll-off factor 8 and symbol period Ty (both are

implementation dependent).

8 _
1- B 448 t=0

% <1 + %)sm<%> + <1 - %)cas<%>], t= if_é
SRRC Pulse: r(t)= (2.1)

sin ﬂjfs(l—ﬁ):| -‘1—45,1%608 |:7rjfs(1+6):|

2 )
i (o)
\

The Gaussian pulse g(t) is described in (2.2)) with bandwidth-time product (BT) equal to 0.5.

otherwise

—¢2
In(2
Gaussian Pulse : g(t) = %, where 0 = 5 nB(T) (2.2)
7r ™
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2.1.2.3 UWB PHY

~ PHY Header g 28 39 <«— Default Mode
0 23 4 111213 14 151617 18 19 20 21 22 23 24 27 28 90 <«— High QoS Mode
MAC Frame Burst | Pulse | HARQ) Scrambler | Constellation | BCH Parity
Data Rate |t Body Length s Code | Type Seed Mapper v | HCS Bits
Left Right  ~~~. e
Transmit Order ———» el -
PPDU —» SHR PLCP Header PSDU/PHY Payload
MPDU
S; | s 1S |s |5 MAC Header| MAC Frame Body| FCS
, PREAMBLE 'SFD ! :1— T-octets —>:<— 0-255 octets —>:<- 2-octets -D:

Construction of Synchronization symbol (S;)

s [coofo] JoJamlolo] Jo] .. [cion ool o] ij;‘;ﬁﬁgﬁgi‘ﬁlﬂj)

No. of zeros= L-1

Eight Kasami sequences of length 63

€;111111010101100110111011010010011100010111100101000110000100000
C, {000110001001001000101100011001111001100101011100011010101010010
C3(100011111011110001110000110111101110101110111001101000010011001
€, 1010001000010101101011110100000100101001011001011010001001111100
C5[101000011110000011001001101011000000111001110010001101100001110
C | 110100110000010100000010001110110010000000101110100011110110111
C7011010100111011111100111111100001011011100000000110100111101011
C31001101101100111010010101000101010111110010010111111111011000101

Figure 2.6: UWB PPDU Structure [2]

The IEEE 802.15.6 TG6 group defines two categories of UWB PHY: IR-UWB and FM-UWB.
For applicability to a wide range of WBAN applications, the UWB PHY uses both IR-UWB and
FM-UWB for defining two modes of operation. The modes are: (i) Default mode for both medical
and non-medical applications and (ii) High Quality of Service (QoS) mode for high-priority medical
applications only. The default mode supports IR-UWB as a mandatory PHY and FM-UWB as an
optional PHY. However, for high QoS mode, the IR-UWB is the mandatory PHY with no inclusion
of an optional PHY.

The PPDU or the UWB PHY frame format is formed by concatenation of the synchronization
header (SHR), the PLCP Header and the PSDU (or PHY Payload) in that order. Fig. gives a
clear illustration of the UWB PPDU frame structure.

Construction of the SHR: The first component of the PPDU is the SHR. The construction of

the SHR is similar in both the modes of operation. The SHR consists of two sub-fields: (i) Preamble
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intended for timing synchronization, packet detection and carrier frequency offset recovery and (ii)
Start-of-frame delimiter (SFD) for frame synchronization in the receiver. The preamble and the
SFD are built with Kasami sequence of length 63. Kasami sequences have better cross-correlation
properties compared to Gold code sequences [144]. The preamble is formed by four repetitions of the
synchronization symbol S;. Each synchronization symbol S; is constructed from a Kasami sequence
by zero-padding each bit of C; with (L — 1) zeros as illustrated in Fig. The Kasami sequence S;
can be only one of the eight Kasami sequences Ci, Cs, Cs, Cy, C5, Cg, C7 and Cg. The value of L
depends on the employed modulation (L= 16 for OOK modulation or L= 32 for DBPSK modulation)

during transmission of the SHR. Mathematically, the symbol S; can be computed as:
S;=C;® 0, (2.3)

where ® indicates the Kronecker product between Kasami sequence C; and é;, = (1,0,...,0)1xL-
After the construction of the preamble, the SFD (Fig. [28)]) is formed on the synchronization symbol
S;. The symbol S; is formed by zero-padding each bit of the sequence C; (the bit-inversion or one’s
complement of C;) with (L —1) zeros. The bit-inversion of Kasami sequence is chosen for construction
of the SFD, as they provide low cross-correlation with the preamble in order to minimize degradation

during detection of the SFD. Mathematically, the SED (or S;) can be computed as:
S;=C; 1, (2.4)

where ® indicates the Kronecker product between C; and §; = (1,0,...,0)1x1.

For FM-UWB PHY, the SHR is formed only with preamble and no SFD. The preamble is formed
by either one of the C;-Cg Kasami sequences without zero-padding. There is no repetition of the
Kasami sequence in the preamble.

Construction of the PLCP Header: The PLCP Header, the second component of PPDU,
consists of the following sub-fields: a 24-bit PHY Header, a 4-bit HCS sequence over the PHY header
and BCH Parity bits. The PHY Header contains the information regarding data rate, length of the
MAC Frame body, burst mode (decides whether or not the next packet is a part of burst of packets), the
employed pulse waveform for transmission, Hybrid automatic repeat request (HARQ) retransmission
flow, scrambler seed, the employed constellation (or symbol) mapping for on-off signaling and some

reserved bits. The 24-bit PHY header is protected with a 4-bit CRC-4 I'TU HCS. The appended BCH
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BCH
MPDU —» IBLE weaver[ > DSPU
SCRAMBLER ENCODER PAD BITS INTERLEAVER

Figure 2.7: Configuration of MPDU to form PSDU for UWB PHY structure [2]

Table 2.1: Modulation Options of UWB PHYs for the Default and High QoS Modes of Operation [2]

. . . Attribute
Modes of Operation UWB PHY Modulation Options Mandatory | Optional

On-off signaling’ v

IR-UWB DBPSK v

Default Mode (Mandatory PHY) DQPSK v

FM-UWB

(Optional PHY) AL 4

On-off signaling v
. IR-UWB DBPSK v
High QoS Mode |\ 1.0 datory PHY) DQPSK v

. Mandatory Symbol Mapper: Binary Signaling and Optional Symbol Mapper: 16-ary signaling

parity bits in the PLCP Header are generated onto 28 information bits (the concatenation of 24-bit
PHY Header and 4-bit HCS). For the default mode, the PLCP appends 12 BCH parity bits generated
using a BCH (n=40, k=28, t=2) code — a shortened code derived from the mother BCH (n=63, k=51,
t=2) code. For the high QoS mode, the PLCP appends 63 BCH parity bits from a BCH (n=91, k=28,
t= 10) code, a shortened version derived from the mother BCH (n=127, k=64, t=10) code [145].

Construction of the PSDU: The MPDU is configured to form the PSDU following the steps
shown in Fig. 2.7 The first step is the additive scrambling of bits using a scrambler defined by the
polynomial g(z) = 1+ 2%+ 2'2 + 213 + 2!4. This step eliminates the dependency of the signal’s power
spectrum onto the actual MPDU data by eliminating long strings of 0’s and 1’s. The second step is
BCH encoding of the scrambled data. For default mode, a BCH (n=63, k=51, t=2) code is used while
for high QoS mode, a BCH (n=126, k= 63, t=10) code together with Type-II HARQ mechanism
is used. The third step is addition of pad bits for alignment on a symbol boundary with respect
to constellation mapper in the PHY Header. The last step is bit interleaving (using an algebraic
interleaver) to provide robustness against error propagation. The major advantage of adopting bit
interleaving is the effective handling of burst errors, as the correction capability of a BCH code is
limited in case of burst errors. The algebraic interleaver denotes a new interleaved address II(n) of
the index n defined by

II(n) = nbs Mod N (2.5)
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Pulse Options I\/A
1. Single Pulse

2. Burst Pulse
IR-UWB SYMBOL STRUCTURE /

PHR.. PSDU ; ON-OFF PULSE SHR RF
! SIGNALING SHAPING H INSERTION FRONT END
1 1 :
Mandatory: Binary Signaling 00K
Optional: 16-ary Signaling SHR —— MODULATION
(a)

Pulse Options I\/A
1. Single Pulse

2. Burst Pulse
IR-UWB SYMBOL STRUCTURE /

PHR+ PSDU ——+»{ DBPSK/DQPSK IPDILED TG RE
. SHAPING ' INSERTION FRONT END
' | :
Spreading (Optional)
SHR DBPSK
MODULATION
(b)

Figure 2.8: IR-UWB PHY Transmission Structure for (a) Default mode (b) High QoS mode of operation [2]

where Ny = Interleaver length set to 192, b= 37 and Mod Nj represents modulo N arithmetic. The
rule for the last interleaved block is to set Ny = Nyem, if Nypemn = rem (Np, N7) # 0, where Ny is the
total number of bits to be interleaved.

Transmission of the PPDU: The possible modulation options for transformation of the PPDU
into radio signals are: (i) On-off Keying (OOK) modulation (ii) On-off Signaling: Binary signaling
or 16-ary signaling (iii) Differentially encoded Binary-phase-shift-keying (DBPSK) (iv) Differentially
encoded Quadrature-phase-shift-keying (DQPSK) and (v) FM-UWB: a combination of continuous-
phase binary-frequency-shift-keying (CP-BFSK) and wideband FM. Table 2Tl summarizes modulation
options of the UWB PHYs for the default and high QoS modes of operation.

In IR-UWB PHY, the PLCP handles the transmission of the PHR and the PSDU compared to
the SHR. Both PHR and the PSDU employ the same principle of transmission concerning the chosen
modulation option, the data rate, the pulse shape and the timing parameters.

Fig. and Fig. respectively illustrate the transmission structure of IR-UWB PHY for
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Toym Toym Tsym Toym Toym Tsym Toym Toym
2 2 2 2 2 2 2 2

A
\/

Figure 2.9: IR-UWB symbol structure for (a) 2-ary symbol mapper (b) 16-ary symbol mapper

Table 2.2: Symbol Mapper for 2-ary Waveform coding [2]

Data Symbol Decimal | Data symbol binary by | Codeword do, d1
0 0 10
1 1 01

default mode and high QoS mode. A detailed description of the IR-UWB symbol structure for both

the modes of operation is described below:

e On-off signaling: On-off signaling is a combination of M-ary waveform coding with OOK
modulation. This signaling can also be termed as M-ary pulse position modulation (PPM). For
binary signaling, the IR-UWB symbol structure for a 2-ary symbol of duration T, is shown
in Fig. The symbol duration Ty, consists of N,= 32 pulse waveform positions (i.e.
Tsym= NyTy). Each pulse waveform is of duration T3,. Each data symbol is coded into a 2-
bit codeword (dy,d;) as shown in Table 221 If the data symbol is ‘0’, the pulse is placed in
the first half of the symbol duration on any one of the N, /2 hopping positions. On the other
hand, if the data symbol is ‘1’, the pulse is placed on the second half of symbol duration on any
one of the N,,/2 hopping positions. The hopping positions are determined by standard-specific

time-hopping sequence generator [2] to support co-existence of multiple BANS.
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Table 2.3: Symbol Mapper for 16-ary Waveform coding [2]

Data symbol decimal | Data symbol binary (bo, b1,b2,b3) | Codeword (do,d1, ....... dr)
0 0000 00001111
1 0001 00010111
2 0010 00110011
3 0011 00011011
4 0100 01011010
5 0101 00111100
6 0110 01010101
7 0111 01100110
8 1000 01101001
9 1001 10011001
10 1010 10010110
11 1011 10100101
12 1100 10101010
13 1101 11000011
14 1110 11001100
15 1111 11110000

The IR-UWB symbol structure for a 16-ary symbol of symbol duration 47, is shown in Fig.
The symbol duration is divided into eight intervals each of duration T,,/2. Each
data symbol is coded into eight-bit codeword and is shown in Table For example, if the
data symbol is ‘1001°, the codeword is ‘10011001°’. This results in transmission of four pulses,

)

since the ‘1’ and the ‘0’ in the codeword indicates the presence and absence of IR-UWB pulse
respectively. The four pulses are placed in the first, fourth, fifth and eight interval as shown
in Fig. [2.9(b)l The pulse is placed in any one of the N,,/2 hopping positions determined by

time-hopping sequence generator [2].

The pulse waveform can be placed in accordance to either one of the two pulse options: (i)
Single-pulse option or (ii) Burst pulse option: a concatenation of short pulses. For single-pulse
option, a single long pulse of duration 73,= T}, is employed, where T}, is the pulse duration. The
burst pulse option follows the traditional concept of IR-UWB pulse with 7}, less than or equal
to 2 ns [146]. For burst pulse option, a burst of Ny, concatenated and dynamically scrambled
short pulses of duration Tiy= N7} is employed where Nepp> 1 and T,= 1/PPRF, where PPRF
is the peak pulse repetition frequency and is equal to 499.2 MHZH The value of N, varies from

1 to 32. The value Ng,,=1 refers to the single pulse option.

e DBPSK/DQPSK: The IR-UWB symbol structure for a DBPSK/DQPSK symbol of dura-

tion Ty, is shown in Fig. The symbol duration Ty, consists of N,,= 32 pulse waveform

SNote: The PPRF of 499.2 MHz is applicable to the default mode and high QoS modes of operation
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DBPSK/DQPSK symbol

UWB ! :

signal i

/ T '

7, >
Ts’ym: T;JJNIU

Figure 2.10: IR-UWB symbol structure for DBPSK/DQPSK symbol

Table 2.4: Generation of DBPSK symbol [2]

Information Bit (b,,) | Phase (¢m+1)
0 0
1 m

Table 2.5: Generation of DQPSK symbol [2]

Information Bits | Phase
92m 92m+1 Pm+1
0 0 0
0 1 3%
1 0 5
1 1 ™

positions (i.e. Tgym= NyTy,). Each data symbol (one bit for DBPSK and two bits for DQPSK)
is coded in such a way that the information is encoded in the phase-change of the consecutive
DBPSK/DQPSK symbol. Table 2.4l and Table illustrate generation of DBPSK and DQPSK
symbols respectively. The DBPSK/DQPSK symbol is placed on any one of the N, hopping
position determined by time-hopping sequence generator [2]. The spreading of DBPSK/DQPSK
symbol using a 7-bit Barker sequence is an optional feature employed for enhancement of in-
terference rejection by making the amplitude level of side-lobes down to 1/N times (for N-bit
Barker sequence) the peak signal [147]. Although the spreading technique enhances the inter-
ference rejection, the data rate however reduces by seven times the original data rate (without
spreading). The single pulse option follows the same principle as used in on-off signaling. How-
ever, for burst pulse option, a burst of N, concatenated and statically scrambled short pulses
of duration T,,= N1}, is employed. The value of N, varies from 1 to 32. The value Np,=1

refers to the single pulse option.

Transmission of the SHR: An important feature of the SHR is that it is inserted right before

transmission. The transmission of the SHR follows OOK modulation in case of default mode and
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Figure 2.11: Reference pulse

follows DBPSK modulation in case of high QoS mode. The SHR is transmitted at the fixed data
rate of 3.9 Mbps regardless of the data rate of the PHR and the PSDU. For single pulse option, a
single pulse of T;,= 8 ns is employed. In case of burst pulse option, a burst of N.,,= 4 concatenated
and statically scrambled short pulses of duration T',= N1}, is employed for both OOK and DBPSK
modulation.

PULSE SHAPE: There is no mandatory pulse shape for IR-UWB PHY. The Task Group TG6

define a set or a pool of IR-UWB pulse shapes that can be employed for transmission. The pulse

shapes are as follows.

e Short Pulse Shape: Any short pulse shall be considered as a candidate pulse shape p(t) that

is similar to the reference pulse r(t) defined by (2.6]) with a roll-off factor f= 0.5 and Ty= T=
1/499.2 MHz.

;

1-p8+4Z, t=0

eH % <1+%>sin<ﬁ>+<l—
Reference Pulsd!l: r(t) =

2
T
sin 7r—(1 B):| +4BT cos |:7r (1+8 :|

nam)

The reference pulse r(t) is shown in Fig. 2111 However, the pulse p(t) is constrained with

otherwise

"Equation (1)) is repeated as Equation (Z6) for ready reference
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the criterion that the absolute value of its cross-correlation with the SRRC reference pulse r(t)
should be at least 0.8 in the main lobe. This type of pulse shape can be used for OOK, on-off

signaling and DBPSK modulation and is applicable for both single pulse and burst pulse options.

e Chaotic Pulse Shape: Chaotic pulses are signals that are of near constant envelope produced
by addition of different sawtooth or triangular waveforms. Since the addition of waveforms
is frequency modulated, a chaotic pulse waveform p(t) can be expressed by (2.7) in complex
baseband representation, where f;(¢) is the instantaneous frequency deviation described by (2.8))
and (2.9). Here, Ny is the number of sawtooth or triangular waveforms, A; and T; respectively
are the amplitude and period of the it" sawtooth /triangular waveform — defined in the interval

=T T;
- Sts 3.

pty=e \ “Tore 27)
Ny
fit) =) Si(t) (2.8)
i=1
24, T% - LT% +0.5] |, Sawtooth Waveform
Si(t) = (2.9)
A; 4‘% — LT% + 0.5]‘ — 1|, Triangular Waveform

This type of pulse shape cannot be used for DBPSK/DQPSK modulation; however, it can be

used for OOK, on-off signaling and is applicable to single pulse option only.

e Chirp Pulse Shape: Chirp pulses are passband signals that can be generated by highly linear
voltage control oscillators (VCOs) [142]. A compliant chirp pulse in complex baseband repre-
sentation is described by (2.10).

t
7 (27‘( f fi (t/)dt/-i-lgo)
T2

(2.10)
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1, Loy, <t<Te Ty
() = (2.11)
Yat), Le—Ty<t<le
0, elsewhere
\
Ty Tw
fl(t) :Kct“'ferr( )7 T <t< 7 (212)
Tw/2
[ ferr(®)? dt
s < 0.05Af (2.13)

T

Here, 6 is an arbitrary constant phase and ¢ (t) is a window function given by (ZII)). Further,
1y (t) and 14(t) are the arbitrary continuous monotonic non-negative functions that satisfies
the conditions: (i) ¢y, (=Tw/2)= 0, (ii) Yu(—Tw/2 + Ty,)= 1, (iii) ¢y (Tw/2 — Ty)= 1 and (iv)
Uy (Tyw/2)= 0. T, and Ty are transition times bounded by 0 <7, < 2 ns and 0 <7y < 2 ns,
respectively. f;(t) is the instantaneous frequency of the chirp signal described by (2I2]) with
K.= %—U{ as the constant chirping slope. The frequency sweep of a chirp signal is A f= 520 MHz

and fe.(t) is an arbitrary instantaneous frequency error function bounded by the relation ([2.13)).

In case of an ideal chirp (fe,= 0), the pulse shape p(t) can be represented by (2.14)).

2
j (%%wo)

p(t) = ¢(t) e (2.14)

This type of chirp pulse shape can be used only in single pulse option for OOK, on-off signaling
and DBPSK/DQPSK modulations.

FM-UWB PHY: The transmission structure of the FM-UWB PHY is shown in Fig. 2.12 and

is described below:

e For CP-BFSK modulation, a sub-carrier signal s(t) of frequency fs,»= 1.5 MHz is employed.
The signal s(t) defined in (2.I5) generated from the information bearing signal b(¢) — a bipolar
Gaussian pulse shape with bandwidth-symbol duration product of 0.8 and modulating-carrier

signal S(t) that can be either a triangular waveform, a sawtooth waveform, or a sine waveform.
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SUB-CARRIER | S(t)
SHR+ PHR+ PSDU ——» WIDEBAND
CP-BFSK FM

Figure 2.12: FM-UWB Transmission Structure [2]

The signal S(t) is given by (2.16]), where A is the amplitude of the signal, ¢¢ is the initial phase

of the modulating-carrier signal and A fs,; is the peak frequency deviation.

t

s(t) = A s(zw Fath -+ 27 A foup / b(t')dt' + ¢0) (2.15)
4| fsupt — | fsupt + 0.5” — 1, Triangular Waveform
S(t)= 12 (fsubt — | fowpt + 0.5J) , Sawtooth Waveform (2.16)
sin (27 fsupt), Sine Waveform

\
e Next, the sub-carrier signal S(t) is modulated with wideband FM to create a constant-envelope

signal V(t) as described by (2.17).

t
V(t) = A sin (27cht +2rAf / S(t')dﬂ) (2.17)

Here, A is the amplitude of the signal, Af = K,V is the peak frequency deviation, K is the RF

oscillator sensitivity in radian/volt and f. is the central frequency of the UWB frequency band.

OPERATIONAL FREQUENCY BANDS: The 3.1-10.6 GHz UWB frequency band is di-
vided into two frequency groups: low-band (3.25-4.75 GHz) and high-band (6.25-10.25 GHz) group as
shown in Table The low-band is again divided into three sub-bands or channels: Ch.#0, Ch.#1
and Ch.#2 (Table 2:6)). The high-band group is also sub-divided into eight sub-bands or channels:
Ch.#3, Ch.#4, Ch.#5, Ch.#6, Ch.#7, Ch.#8, Ch.#9 and Ch.#10 (Table [2.0]). Each sub-band or
channel is of bandwidth 499.2 MHz (~500 MHz). Ch.#1 and Ch.#6 respectively are the mandatory

channels in the low-band and in the high-band.
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Table 2.6: UWB Operating Frequency Bands [2]

Band Group UWB Channel | Central Frequency | Channel Bandwidth anzaﬁgi; Attgstl;(t;al

Ch. 770 3494.4 Mz 7

Low-band (3.25- 4.75 GHz) Ch.#1 3993.6 MHz v
Ch.#2 4492.8 MHz v
Ch.#3 6489.6 MHz v
Ch.#4 6988.6 MHz 499.2 MHz v
Ch.#5 7488 MHz v

High-band (6.25- 10.25 GHz) glﬁig ;izg:i ﬁgz Y y
Ch.#8 8985.6 Mz 7
Ch.#/9 9484.8 Mz 7
Ch.#10 9984 MHz v

The channels Ch.#0, Ch.#2, Ch.#4, Ch.#6, Ch.#8 and Ch.#10 are even physical channels;
Ch.#1, Ch.#3, Ch.#5, Ch.#7 and Ch.#9 are odd physical channels. Each physical channel has four
possible logical channels, since each physical channel has a possible set of four preamble sequences
(constructed from Kasami sequence shown in Fig. [2.6]). The odd physical channel uses the first pool
of Kasami sequences (C7, C3, C3 and C4) while the even physical channel uses the second pool of
Kasami sequences (C5, Cg, C7 and Cg). The coordinator of a BAN scans all the logical channels of
a particular physical channel and prefers the preamble sequence with minimum received power-level.
As different BANs use different preamble sequences, the Kasami sequence improves coexistence of
multiple BANs and also aids in interference mitigation.

TRANSMIT SPECTRAL MASK: The mandatory transmit spectral mask for both of the
IR-UWB PHY and the FM-UWB PHY is described by

(

0. | f—fo] <%
_GO[yf_fc\T—O.E)], %< f-f| <5

M) — (2.18)
_10[,f_fc\T—o.8] -18, B <|f-fl<7

—20, | f=fe| >%

Here, f. is the central frequency of either one of the physical channels (Ch.#0 to Ch.#10) and T=
1/499.2 MHz. Fig. shows the transmit spectral mask for Ch.#1 (the mandatory low-band UWB
channel).

Fig. [214] shows the relative power spectral density (PSD) of the reference pulse r(t) (Fig. 2.1T).

It is clear that the PSD of the pulse r(t) is within the transmit spectral mask. Hence, the SRRC
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Figure 2.13: Transmit Spectral Mask for the mandatory low-band UWB Channel: Ch.#1
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Figure 2.14: PSD of SRRC reference pulse r(t) centered at 3993.6 MHz (=~ 4 GHz) in the mandatory low-band
UWB Channel (Ch.#1) satisfying the transmit spectral mask

reference pulse r(t) itself can be considered as the pulse shape p(t) for transmission. It may be noted
that the SRRC pulse is not a physically realizable pulse — it can only be approximated.

Rules for the use of UWB PHY in a BAN Transceiver: A transceiver is a unit which
contains a receiver and a transmitter for an effective two-way communication. The use of an IR-UWB

transceiver and a FM-UWB transceiver in a BAN (constructed of a hub and devices) is defined in the

following:
e A hub shall implement either an IR-UWB transceiver only
e A hub shall implement both IR-UWB and FM-UWB transceivers
e A device shall implement an IR-UWB transceiver only
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Table 2.7: Mandatory Procedure of UWB PHYs in Default mode and High QoS mode [2]

.. Default Mode High QoS Mode
UWB PHY Definitions TROWE FCOWE TROWE
Mandatory PPDU v v v
Mandatory Data Rate 0.4875 Mbps 250 kbps 0.4875 Mbps
Mandatory Modulation On-off signaling’ FM-UWB DBPSK/DQPSK
Mandatory Physical Channel (Ch.#1 and Ch.#6)" Ch.#6 (Ch.#1 and Ch.#6)"
Mandatory Transmit Spectral Mask v v v
Mandatory HARQ X X v

f: Mandatory Symbol Mapper: Binary Signaling and Optional Symbol Mapper: 16-ary signaling
*: Implementers can choose any one of the physical channel: Ch.#1 or Ch.#6

Table 2.8: Data Rates for UWB PHYs in Default and High QoS Modes of Operation [2]

Modes of Operation { UWB PHY | Modulation Options Data Rate Nan da?(;crt;butoep Cional
0.4875 Mbps v
0.975 Mbps
1.95 Mbps
3.9 Mbps
7.8 Mbps
15.6 Mbps
FM-UWB FM-UWB 250 Kbps v
0.4875 Mbps v
0.975 Mbps
1.95 Mbps
3.9 Mbps
7.8 Mbps
0.557 Mbps*
15.6 Mbps
1.114 Mbps?

. Mandatory Symbol Mapper: Binary Signaling and Optional Symbol Mapper: 16-ary signaling
i Spreading Factor= 7

IR-UWB On-off signaling’

Default Mode

SNENENENENEN

DBPSK
High QoS Mode IR-UWB

DQPSK

ANENENENENENEN

e A device shall implement a FM-UWB transceiver only
e A device shall implement both IR-UWB and FM-UWB transceivers

From the above definition, it is clear that a hub always needs to support and implement an IR-
UWB transceiver compulsorily, although the IR-UWB transceiver is left unutilized in the same hub.
But, a device can support and implement either one of the IR-UWB and FM-UWB transceivers.

The mandatory procedure of UWB PHYSs for the design of an IR-UWB transceiver or a FM-UWB
transceiver in default mode and high QoS mode of operation is illustrated in Table 2.7l The data rates

for UWB PHYs in both the modes of operation is also illustrated in Table
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2.2 Transceivers for Body Area Networks: A State-of-the-Art Re-
view

Several transceivers on BANs reported in literature in recent years are considered. These imple-

mentations are diverse; hence only a selected few — starting from the year 2000s are presented.
2.2.1 BCC/HBC Transceivers

In 2004, Shinagawa et al. [148] from NTT MicroSystem Integration Laboratories, Japan, developed
a near-field sensing transceiver for intra-body communication based on electrooptic effect. This is the
first successful 10 Mb/s half-duplex communication conforming to the IEEE 802.3 [149] standard
involving human body communication (intra-body communication through clothes and inter-body
communication between two persons by a handshake).

In 2006, Seong-Jun Song et al. [I504151] from Korea Advanced Institute of Science and Technology
(KAIST) presented the first wideband signaling (WBS) transceiver with direct coupling interface
(DCI) exploiting the Bodywire Channel H The transceiver employs a non-return-to-zero (NRZ) data
transmitter and an all-digital clock-and-data-recovery (CDR) based WBS receiver. In 2007, Song et
al. [152] from KAIST proposed a low-power and scalable WBS transceiver adopting direct sequence
spread spectrum (DSSS) technique for narrowband interference rejection and three-level pulse shaping
for PPM signals in analog front-end. This transceiver exploits UWB-like pulse modulation and a 1-
bit analog-to-digital converter (ADC) for pulse detection; however the ADC failed to provide the
required dynamic range for cancelation of the interference. In 2008, Cho et al. [I53,[154] from KAIST
proposed a body channel transceiver (BCT) utilizing adaptive frequency hopping (AFH) technique.
The transceiver is designed to handle in-band interferences higher than -20 dBm. The BCT has four
hopping sub-bands, each sub-band from a 90MHz band (the frequency range of BCC is from 30MHz
to 120MHz as per the channel analysis [102]). In 2009, Cho et al. [I55,156] from KAIST presented a
dual-band transceiver compatible with the 30-70 MHz BCC band and the 402-405 MHz MICS band.
The transceiver employs a variable AFH technique proposed in [153,[154] for interference rejection and
supports the concurrent operation of the BCC and the MICS band signals.

In 2009, Alberto Fazzi et al. [157] from Philips Research Group, The Netherlands, proposed a BCC
transceiver coupling a wideband digital signal to the human body similar to [I52]. The transceiver

employs a Manchester coding data transmitter and a correlation-based receiver for attenuation of

8The frequency range of Bodywire Channel is from 10KHz to 100MHz
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poorly correlated signals to the expected signal and for suppression of interference.
A few IEEFE 802.15.6-compliant BCC transceivers are reported below:

In 2011, Joonsung Bae et al. [158,[159] from KAIST presented an IEEE 802.15.6 compliant BCC
transceiver adopting a highly scalable double-FSK modulation scheme (based on UWB-FM [160]). The
transceiver employs low-power circuit techniques: a reconfigurable LNA (low-noise amplifier) with con-
tact impedance sensing technique, a current-reuse wideband modulator, a divider based local-oscillator
(LO) generation with duty-cycle corrector and a divider based digital double-FSK modulator. Later,
in 2012, Bae et al. [I61] proposed a crystal-less BCC transceiver adopts an injection-locking digitally
controlled oscillator (IL-DCO) [162] in place of a crystal-oscillator (XO). The transceiver employs
an auto-frequency calibration technique using an IL-detector and scalable double-FSK modulation
scheme [158,[159]. In 2012, Shikada and Wang [163] have developed an IR-type HBC transceiver
that employs digital-data modulation using wide-band pulse signals [164] instead of a sinusoidal sig-
nal (which is preferred for narrow-band modulation schemes). A successful solution to the stringent
HBC transmit spectral mask (one of the design challenge in HBC transceiver) was demonstrated by
Liu et al. [I65] by reducing the second-order intermodulation (IM2) products of the transmitting sig-
nal. Hyungwoo Lee et al. [166] from KAIST presented a state-of-the-art HBC transceiver with its
applicability to multi-channel electro—punctureﬁ. The transceiver employs an active-digital-bandpass
filter (ADF) based transmitter to meet the stringent transmit spectral mask [2] and a power-hungry
voltage-controlled oscillator (VCO) based BPSK demodulator at the receiver. Later on, Hyunwoo
Cho [167] from KAIST proposed an HBC transceiver employing three key techniques: (i) An analog
active filter rather than ADF [166] (ii) Delay-locked-loop (DLL) based BPSK demodulator instead of
VCO-based demodulator [166] at the receiver (iii) a received signal strength indicator (RSSI) to mea-
sure the received signal power for low-power mode (LP-mode) receiver and (iv) a reconfigurable LNA
with RSSI. The RSSI in [167] is the first RSSI presented for the HBC transceiver. Later, Jaceun Jang
et al. [168] proposed a low-power adaptive duty-controlled current reusing RSSI for HBC transceivers.
This current-reusing technique reduces the power consumption of the RSSI to 45%.

Two state-of-the-art data rate enhancement techniques for an IEEE 802.15.6-compliant BCC
transceiver are proposed: (i) a modified FSDT (M-FSDT) [169] and (ii) an amplitude modulated

FSDT (AM-FSDT) [170]. The M-FSDT and AM-FSDT techniques provide maximum data rates

9Electro-puncture is a combination of acu-puncture and electro-stimulation for effectiveness in pain-relief, treatment
of depression, addiction, gastro-intestinal disorders and obesity treatment
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of 3.9375 Mbps and 2.625 Mbps, respectively. Later, Junghyup Lee et al. [I71] presented a 60
Mb/s wideband BCC transeeive employing three key techniques: (i) a three-level direct digital
Walsh-coded signaling at the transmitter, (ii) transient-detection based receiver using differentiator-
integrator and IL-based clock recovery and (iii) a high-input impedance (unlike a low-input impedance
in [152,[154,[159,166]) and an equalizer at the receiver front-end. Recently, Ji-Hoon Lee et al. [172]
proposed a 150 Mb/s BCC transceiver employing a decision feedback equalization (DFE) technique
achieving the maximum data rate of 150 Mb/s and 100 Mb/s comunicating through 20 cm and 1 m
respectively through the human body.

Tsou et al. [I73] presented a dual-mode HBC receiver adopting a FSDT-based transmitter [2].
Hyunwoo Cho et al. [I74] presented a full-duplex dual band (40/160 MHz) BCC transceiver and
a 13.56 MHz R-C oscillator based super-regenerative receive The dual-band BCC transceiver
employs 40 MHz sine wave and 160 MHz rectangular wave for modulation in the transmitter and the
shared-loop BPSK receiver. The super-regenerative receiver employs an OOK transmitter and a R-C
oscillator based receiver with interference rejection greater than 60 dB. Chung et al. [I76] presented
a high data rate (1 Mb/s-40 Mb/s) WBS BCC transceiver. The transceiver employs a non-return-to-
zero-inverted (NRZI) data transmitter and a blind 7X oversampling CDR receiver. Recently, Chung
et al. [177] presented an all-digital WBS BCC (1 Mb/s-20 Mb/s) transceiver adopting a NRZI data

transmitter [I76] and proposed a reference-less all-digital CDR receiver.
2.2.2 NB Transceivers

In 2006, Yu et al. [178] from National Chiao-Tung University, Taiwan, presented a multi-tone code-
division-multiple access (MT-CDMA) based WBAN system operating in 1395-1400 MHz WMT'S band
for ubiquitous healthcare monitoring. The MT-CDMA scheme was developed by L. Vandendorpe [179].
Later, in 2011, Shih et al. [I80] proposed an OFDM based wireless-body-on-chip (WiBoC) baseband
transceiver operating in 1395-1400 MHz WMTS band. Later, in 2011, Vidojkovic et al. [I81] from
Ime and Holst Centre presented an ultra-low power (ULP) WBAN transceiver employing an OOK
transmitter and a super-regenerative receiver operating in 2.36-2.4 GHz MBAN and 2.4 GHz ISM
frequency bands. Taris et al. [I82] presented an ULP 2.4 GHz ISM transceiver employing device

optimization approach. Xin Liu et al. [183,[184] presented an ULP 250-kbps baseband transceiver

10The upper bound of the data rate for an IEEE 802.15.6-compliant BCC transceiver is 1.3125 Mbps
"' The super-regeneration technique [I75] was first introduced by Edwin Armstrong in 1922
2Imec is International Medical Equipment Collaborative: An international R&D and innovation hub
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employing a multi-functional digital timing synchronization algorithm (for packet synchronization
and data recovery).

In 2012, Ghosh et al. [I85] proposed a modulation technique - Differential Frequency Shift Keying
(DFSK) for ULP WSNs and WBANS applications based systems operating in the MICS band. This
technique uses the difference of a frequency tone-pair of an RF oscillator for significantly simplifying
the transmitter design complexity presented in [186]. Sjoland et al. [I87,[I88] from Lund University,
Sweden, presented a 2.45 GHz ULP transceiver employing a FSK transmitter (for high efficiency and
low spurious emissions) and a direct-conversion receiver (to achieve minimum power consumption)

architecture for devices suitable in WSNs and WBANSs.
The IEEE 802.15.6-compatible NB transceivers are detailed as follows:

In 2012, Liu et al. [189] from Imec and Holst Centre presented the first ULP 2.3/2.4 GHz transmit-
ter [190] for WSNs and WBANS in compliant with four wireless standards: Bluetooth V.4 [127] and
IEEE 802.15.4 (ZigBee) [129] for WSN, IEEE 802.15.6 NB [2] for WBANs and IEEE 802.15.4g [191] for
smart-metering utility networks (SUNs). Later, in 2013, Liu et al. [192] from Imec and Eindhoven Uni-
versity of Technology presented a multi-standard 2.4 GHz ISM/MBAN transceiver compliant to three
wireless standards: Bluetooth V.4 [127], IEEE 802.15.4 (ZigBee) [129] and IEEE 802.15.6 MBAN [2].
The transceiver employed a 2.3/2.4 GHz polar transmitter [190] and a sliding-intermediate frequency
(IF) receiver architecture. Bachmann et al. [I93] presented a multi-standard digital baseband (DBB)
for transceiver design in [192]. Wong et al. [194] presented a WBAN transceiver chip compatible to both
the IEEE 802.15.6 NB [2] and Bluetooth V.4 [127] operating in the 2.4 GHz ISM and MBAN bands.
The transceiver employed a polar-loop transmitter [195] and a dual-conversion sliding-IF receiver ar-
chitecture [196]. Later, BodySense, a system-on-chip (SoC) — compliant to 802.15.6 NB/Bluetooth
V.4 was demonstrated in [197] — an extension work of [I94] from Toumaz MicroSystems Ltd. Zhang et
al. [198] presented a dual-band half-duplex transceiver compatible to both the IEEE 802.15.6 NB and
IEEE 802.15.4/ZigBee operating in the 400 MHz and 2.4 GHz ISM bands. The transceiver consists
of a re-configurable sliding-IF architecture deploying a 1608-1988 MHz phase-locked-loop (PLL) fre-
quency synthesizer (covering 400 MHz and 2.4 GHz frequency bands) instead of a high-tuning range
frequency synthesizer.

In 2014, Kopta et al. [199,200] from EPFL and CSEM, Switzerland proposed a 2.4 GHz ISM

15.6-compliant polar transmitter, that employs: (i) an Field Bulk Acoustic Resonator (FBAR) oscil-
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lator [201] for generation of a high-frequency reference signal (ii) a DBB for transformation of cartesian
to polar co-rdinate using a COordinate Rotation DIgital Computer (CORDIC) algorithm for low com-
putational complexity. In 2015, Vidojkovic et al. from Imec, Eindhoven University of Technology and
Fujitsu Laboratories, Japan, presented a highly-reconfigurable 15.6-compliant transceiver [202] op-
erating in both the MICS band and the 420-to-450 MHz WMTS band. It employs a PLL-based
transmitter and a zero-IF receiver. The transceiver supports scalable data rates from 11kb/s to 4.5
Mb/s covering all conventional implantable applications and multi-channel EEG applications [203].
Later, Masui et al. presented a 15.6-NB SoC [204] — fully-compliant with MICS and 420-t0-450 MHz
WMTS band. Rahman et al. [205] from the University of Minnesota, USA, proposed a 15.6-compliant
2.4 GHz ISM and MBAN multi-band transmitter. The transmitter employs digital multiplexing of
phases (for 7/4-DQPSK signals) using a passive phase generation technique [206]. Later, in 2016, Rah-
man et al. [207,208] presented a 15.6-NB receiver using a frequency-translated mutual noise cancelling
(FTMNC) technique based on passive coupling unlike the traditional technique [192]. A number of
15.6-compliant NB PHY baseband transceivers on FPGAs and ASICs are presented in [209-212].
Srivastava et al. [213] proposed a receiver front-end for FM or FSK data operating in the (401-406
MHz) MICS band for a transmitter on a body worn device. The front-end employs the principle of
frequency to digital sigma delta modulation (FDSM) avoiding the need of IF amplifiers and ADC in the
receiver chain. Later, Srivastava et al. [214)215] presented a 15.6-compliant MICS band (401-406 MHz)
OOK transmitter making it suitable for both wearable healthcare devices and implantable medical
devices. It employs the principle of edge-combination and injection-locking techniques for low-power
RF carrier generation. Very recently, Srivastava et al. [216] presented a 15.6-compliant low-power
integrated wireless telemetry system (Bio-WiTel) for the emerging M2M communication framework
for healthcare applications. The system uses a transmitter based upon multi-phase injection locking

and edge-combining techniques [217] and a low-IF FSK receiver.

2.2.3 UWB Transceivers

Application of UWB in BANs was first presented in 2003 by Zasowski et al. [218] while investigating
the UWB channel (from 3 GHz to 6 GHz) for a BAN in an anechoic chamber and in an office room
placing both the transmitter and receiver antennas directly on the body. A historical review of research

on UWB for BANSs is presented below:
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2.2.3.1 Performance Studies of UWDB Transceivers

Research groups have significant contributions in development of low-complexity UWB transceiver
solutions for BANs. Fort et al. [219] in the year 2006 evaluated the performance of rake and selective-
rake (s-rake) receivers around a human torso for better understanding of UWB performance in BANs
leading to practical receiver designs. Subsequently, the IEEE 802.15.4a-2007 standard [132] — an
UWB-WPAN standard — brought a paradigm shift in the field of WSNs and WBANs. Domenicali and
Benedetto [220] in 2007 analyzed the behaviour of a BAN composed of at most ten 802.15.4a sensor
node and adopted the 15.4a channel model [221]. In the same year, Rousselot et al. [222] presented
the adequateness of 15.4a based BAN by validating the 15.4a UWB PHY layer and confirmed the
possibility of a larger number of simultaneous transmissions.

Viittala et al. [223] studied the performance of single-band DS-UWB and FM-UWB systems in
two different BAN channel models. The DS-UWB system utilizes an all-rake (a-rake) receive and a
partial-rake (p-rake) receiver. The FM-UWB system uses a delay-line FM demodulator followed by a
PLL. The two BAN channel models are the experimental channel model [224] developed at the Centre
for Wireless Communications (CWC) and the IEEE 802.15.6-2009 [4] channel model. Although both
the channel models are used, the 15.6-2009 channel model [4], however, is not precise enough as the
CWC channel [224] to cover a real hospital environment as presented in [225].

Niemeld et al. [226] presented simulation studies of UWB receivers strictly following the IEEE
802.15.4a signaling format [I132] under the CWC [224] channel model. The receivers employed were
a coherent receiver, a non-coherent receiver (with and without convolutional coding) and an energy-
detector receiver. This work was extended in [227] to study how different surroundings inside of a
hospital influence the performance of 15.4a receivers (for example, in a regular hospital room — either
lying down or standing, standing in hospital corridor or lying down in a surgery room). This was
followed by performance evaluation of different rake receivers (a-rake, p-rake, and s-rake receivers) [228]
and an optimized energy detector receiver adopting the IEEE 802.15.4a [132] transceiver system.
Simulation results show that the p-rake receiver is a practical solution and is the simplest rake receiver.
A detailed performance comparison of p-rake receiver with various number of rake fingers is presented
in [229] under different hospital environments.

A performance study on the different IEEE 802.15.4a signaling format based IR-UWB receivers (a-

13The sensor nodes follow the IEEE 802.15.4a UWB signaling format
The implementation of an all-rake receiver is highly complex
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rake, s-rake, p-rake, and energy detector receivers) under two different BAN channels (on-body channel
for WBAN and off-body channel for WPAN) using the CWC channel model [224] is presented in [230].
Further, the performance of different 15.4a IR-UWB receivers in two UWB hospital channels, the
CWC [224] and the IEEE 802.15.6 CM3 [4] channel models, are presented in [231]. These performance
studies carried out in the non-mandatory mode of 15.4a standard are presented in [232]. Niemela et al.
also present a few suggestions on enhancements of the IEEE 802.15.4a signaling format for its better
usability to UWB BANs [233]. Ekome et al. [234] presented the performance study of 15.6-2010 [235]
signaling format based BPSK-BPPM IR-UWB receivers using an one-finger rake-receiver and a non-
coherent ED receiver under the 15.6 channel model [4]. However, this modulation scheme was later
abandoned by the 15.6-2012 [2] standard. For the first time, Niemeld et al. [236] presented an IEEE
802.15.4-2011 [I33] compliant ED based receiver with OOK and PPM. The detection performance were
evaluated in the CWC and the 15.6 CM3 channel models. This work was extended using the 15.6-
2012 [2] standard in place of 15.4-2011 [133] standard and is presented in [237]. Further, these energy
detector receivers were evaluated for monitoring Parkinson disease [238]. The MUI vulnerability to
these receivers is also studied and presented in [239]. Niemela et al. [240] presented performance of
different IR-UWB receivers with DBPSK adopting the 15.6 transceiver system.

Dotlic and Kohno from NIC presented two differential detection techniques [241], classic DPSK
[242] and the proposed sample-wise DPSK (S-DPSK) using the draft of the 802.15.6-2010 IR-UWB
PHY layer [235]. These techniques were employed on two receiver architectures: duty-cycled sampling
receiver and chirp receiver [243] given by the same authors. An interference study of these receiver
architectures is also carried out in [241,244] under different types of interference sources: NB, FM-
UWB [160], WiMa [245] and other co-located 15.6-2010 IR-UWB devices. An investigation on
possible receiver structures for the preamble and the SFD is carried out in [246] for the IR-UWB 15.6-
2010 PHY layer. Dotlic and Miura [247] applied the same S-DPSK differential detection technique to
non-coherent IR-UWB PPM receivers. Simulation results show better performance in an sample-wise
detection PPM (SD-PPM) receive to that of an ED-PPM receive. The chirp pulse compressio
technique is investigated for ED-PPM and SD-PPM receivers in [248,249] and for S-DPSK receivers

I5NICT: National Institute of Information and Communications Technology, Japan

6WiMax operate in the low-band of the UWB frequency band

17S_PPM receiver correlates signals of different time windows

I8ED-PPM receiver integrates signal energies in a given time window

9Chirp pulse compression technique is utilized if the transmitted waveform is a linear chirp pulse. This lowers the
computational complexity in the case of digital implementation
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in [243]. Dotlic and Miura also analyzed the 802.15.6-2012 [2] IR-UWB transceiver architecture
with and without chirp pulse compression technique [250]. The receivers employed are S-DPSK, SD-
PPM and ED-PPM receivers. Simulation results show that the ED-PPM receiver has acceptable
performance for BANs and is a practical non-coherent receiver over the SD-PPM receiver from the
point of view of implementation. The same authors also analyzed performance of three different types
of receivers architectures: coherent quadrature sampling receiver, envelope-sampling receiver and ED
receiver in [251] for OOK rather than the 15.6 compliant M-ary PPM.

Rousselot and Decotignie [252] from CSE evaluated the performance of three wireless solutions
for BANs: (i) the WideMac [253] protocol with an IEEE 15.4a [132] IR-UWB transceiver (ii) the
wireless sensor MAC (WiseMAC) [254] protocol with a commercially available NB TI-CC1100 [255]
transceiver and (iii) the WiseMAC protocol with an FM-UWB [160] transceiver. Recently, Karvonen
et al. [250] presented a dual-radio solution for BANs employing the 15.6 IR-UWB transmitter-only
radio and a wake-up receiver (WUR). The IR-UWB transmitter is deployed for data transmission
from the sensor nodes to the hub; the WUR is used for receiving control messages in the sensor
nodes from the hub. The generic wake-up radio based MAC (GWR-MAC) [257], a WUR-based MAC
protocol used in this dual-radio is a suitable solution for WSNs and WBANSs. Several solutions of
WUR architectures for WBANSs are presented in [258].

Saadaoui et al. [259] analyzed a transceiver employing Discrete Wavelet Packet Transform (DWPT)
in the transmitter and Inverse Discrete Wavelet Packet Transform (IDWPT) in the receiver. This tech-
nique can be a new method for many-to-one and one-to-many communication among BAN transceivers.
Liu et al. [260] investigated performance of a 15.6-compliant IR-UWB transceiver system employing

an ED receiver (for on-off signaling) and a cross-correlation based receiver (for DBPSK modulation).
2.2.3.2 FM-UWB Transceivers

The use of FM-UWB for medical applications is investigated in a preliminary feasibility study
by Gupta et al. [261]. Some of the reported FM-UWB transceivers for BANs are described in the
following:

Gerrits et al. [262] presented simulation results of an FM-UWB transceiver under the 15.6-2009
CM3 and CM4 channel models [4]. Further, the same authors carried out an interference mitiga-

tion study for in-band interference (from other FM-UWB radios and WiMaX [245]) and out-of-band

20CSEM: Swiss Center for Electronics and Microtechnology
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interference (from WLANs [263] and the 2.4 GHz ISM band). Anis et al. [264,265] presented an
impulse-FM-UWRB transceiver employing an OOK transmitter and a super-regenerative receiver. The
major advantage of this transceiver architecture is it consists of two LC self-quenched oscillators, which
generate and detect the impulse-FM-UWB data pattern in the transmitting and receiving mode.
Zhou et al. implemented a 3.7-4.3 GHz FM-UWB transceiver [266] with digital reconfiguration of
sub-carrier modulation index [, RF bandwidth Brr and RF frequency band. Zhou and Chiang
[267] present an overview of the sub-modules of FM-transceivers, such as, sub-carrier generation, its
calibration and generation of RF FM. The sub-carrier is generated using an relaxation oscillator with
embedded frequency synthesizer [267] while in [268] using a voltage controlled triangular oscillator with
a PLL is employed. Recently, Kopta et al. [269] present an FM-UWB receiver capable of demodulating
multiple FM-UWRB signals in the same frequency band. The architecture employs an “approximate

zero IF” approach.
2.2.3.3 Implant UWB Transceivers

Research groups have studied the promising use of UWB in implant BANs [270] and in the field of
wireless capsule endoscop for real-time imaging. The use of UWB for endoscopy is possible as per
the reports of UTCOMS (COMmunication System for Nano-scale USL designed Endoscope using
UWRB technology) in [271].

Gao et al. [272,273] from Institute of Microelectronics, Singapore, proposed a wireless teleme-
try system for capsule endoscopy and successfully transmitted real-time image data to an external
data station. The system employs an on-off LC VCO based transmitter and a non-coherent ED
based receiver. An ex-vivo experiment with thick meat was performed for validation of the prototype
endoscopy system. Santiago et al. [274] presented a transceiver architecture for capsule endoscopy
integrating in-body transmitter and on-body receiver. The receiver employs a single-branch correlator
with a pre-defined template pulse and supports transmission of uncompressed Video Graphics Array
(VGA) video. This architecture was extended in [275] by adding cognitive radio features. The cogni-
tive radio controller consists of two transceivers: (i) a 15.6-compliant IR-UWB transceiver and (ii) an
MB-OFDM transceiver as per the ECMA-368 interface [131].

To the best of our knowledge, Santiago et al. [276] performed a living-body in-vivo experiment

21 A capsule endoscope is a camera with the size and shape of a pill used for the visualization of the gastrointestinal
tract and record images through the digestive tract for subsequent diagnosis and detection of gastrointestinal diseases
22ULSI stands for Ultra Large Scale Integration
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(in the porcupine chirurgical model) for the first time using an MB-OFDM based transceiver. Later,
Anzai et al. [277] performed the same in-vivo experimental evaluations using the IR-UWB transceiver
with M-ary PPM scheme based transmitter and correlation detection based receiver. This work was
extended as an optimized in-body to out-of-body IR-UWB transceiver [278] employing an M-ary
PPM based transmitter and an FPGA implemented ED receiver. The ED receiver is preferred over
correlation based receiver as there is no need for generation of the carrier and the template signal in an
ED receiver. Performance evaluation of the transceiver was carried out using a biological-equivalent
liquid phantom experiment. Based on these studies, it was surmised that IR-UWB with ED receiver

is preferable over MB-OFDM with ED receiver for implementation of implantable BANs.
2.2.3.4 TIR-UWB Transceivers

Ryckaert et al. from Imec in the year 2005 presented a PPM IR-UWB transmitter [279] that
employs a triangular pulse generator and a ring oscillator (to generate a carrier signal for up-conversion)
that are activated simultaneously for low-power consumption. Takizawa et al. [280] presented a vital-
sign (EEG or ECG) monitoring system employing the 15.4a [132] signaling format. Simic et al. [281]
presented a 15.4a IR-UWB BAN system employing simple pulse generator (for generation of bipolar
pulses) in the transmitter and non-coherent energy-detection (ED) principle in the receiver. Later,
Keong and Yuce [282] implemented a single-channel real-time ECG monitoring system employing non-
coherent ED based receiver and aligned with rough draft of the IEEE 802.15.6-2008 [283] standard.
Reddy and Ganapathy [284] presented the performance of multi-user detection (MUD) based receivers
[285] over conventional rake receiver adopting the 15.4a channel model [221]. Thiasiriphet and
Lindner [286] presented a comb ﬁlte based ED receiver that improves narrow-band interference
(NBI). Helleputte and Gielen [287] presented an ULP complex analog correlating receiver architecture
for WSNs and WBANSs as power consumption is the main criterion.

Nakagawa et al. [288] implemented an IR-UWB transceiver that utilizes pulse pattern generator
(PPG) in the transmitter and low-sampling frequency ADCs in the receiver. Zhao and Kwak [289]
presented a novel PPM UWB transceiver employing Miller encoding of data [290] before PPM in the
transmitter and a non-coherent detection in the receiver. Chae et al. [291] and Yuce et al. [292] pre-

sented UWB transceivers supporting 128-channel neural recording system and 8-channel EEG/ECG

23Rake receivers do not cancel multi-user interference
24 An analog delay feedback loop with unity gain
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system respectively. Kim et al. [293,294] from Kwangwoon University, Seoul, analyzed and imple-
mented a direct-sequence UWB (DS-UWB) system for BANs employing binary zero-correlation dura-
tion (ZCD) code [295] and pseudo-noise (PN) sequence as spreading codes. Simulation results showed
that the system using a binary ZCD code is robust for multiple-access interference (MAI) and multi-
path fading environments.

Dokania et al. [296] presented a non-coherent OOK/BPSK transceiver employing an H-bridge based
transmitter based on Wang et al. [297] and a non-coherent peak polarity detector based receiver. The
architecture uses a pseudo-coherent self-correlated signature generation and a detection mechanism
for classification of data or timing pulses.

Kim et al. [298] proposed a non-coherent ED based synchronization technique adopting the draft
of IEEE 802.15.6-2010 [235] standard. Takei et al. [299] presented a hardware prototype of IR-UWB
body sensor node with DBPSK modulation and MAC specifications of the 15.6-2010 [235] standard.
The performance of this prototype was evualated with a single sensor node and a single hub. This
work was extended in [300] with multiple sensor nodes communicating simultaneously to a single hub.
A prototype of an IR-UWB body sensor node using off-the-shelf components is presented in [301.302].
Thotahewa et al. [303] presented a dual-band IR-UWB sensor node using UWB for data transmission
and NB for data reception. It overcomes the barrier of increased complexity in the UWB receiver since
UWRB receivers require complex hardware and consume comparatively higher power. Another dual-
band sensor node is presented in [304] using UWB link for data transmission and a 433-MHz ISM band
link for data reception. A similar dual-band sensor node is presented in [305] with interoperability of
single-carrier UWB (SC-UWB) [306] and IEEE 15.4 ZigBee [129] for data transmission and reception.

Li and Hamaguchi [307] presented a prototype BAN built on high-band UWB (from 7.25 GHz to
10.25 GHz) adopting the 15.6-2010 draft [235]. Thotahewa et al. [308] presented an IR-UWB body
sensor node that was a combination of IR-UWB receiver front-end and a FPGA-based controller (for
synchronization and MAC communications). Chen et al. [309] implemented a 7.75-8.25 GHz chirp-
UWB transceiver employing a digital-gradient generator (DGG) and a digitally controlled oscillator
in the transmitter and an FSK demodulator (with wideband LNA and dual band-pass filters) in the
receiver unlike that in conventional regenerative FSK receivers.

Im and Kim presented a non-coherent IR-UWB receiver [310] for QoS-sensitive BANs employing

a code-multiplexed transmitted reference (CD-TR) receiver instead of the conventional TR receiver.
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Performance was evaluated using the IEEE 802.15.6-2009 [4] channel model. The advantage of a
CD-TR receiver over a conventional TR receiver is that there is no time-delay between the reference
pulse and the data pulse. The improvement in QoS for UWB-BANS is shown by Yong et al. [311]
using rake-receivers with maximum-ratio combining (MRC) schemes under the 15.6 channel model.
Gao et al. [312] implemented an NBI robust IR-UWB transceiver SoC employing a LC-VCO based
transmitter, a non-coherent ED receiver and a DBB architectur presented by Toh et al. [313].
Vigraham and Kinget presented an NBI robust IR-UWB transceiver SoC in [314]. The authors
present two different receiver architectures: an automatic threshold recovery demodulator based OOK
receiver [315] and a CDR-based self-duty-cycled and synchronized receiver [316]. Another 3-5 GHz RF
transceiver SoC is implemented in [317] robust to 2.4 GHz ISM NBI. The transceiver utilizes a digitally
synthesized impulse generator in the transmitter and an non-coherent OOK ED receiver presented by
Ha et al. [318]. Single and multiple NBI mitigation techniques by the use of pulse shaping for UWB
BANs are presented by Rout and Das [319,1320)].

Vauche et al. [321] implemented a 3.1-4.9 GHz transceiver using an edge combiner [322] (consisting
of a pulse synthesizer and a delay-based BPSK modulator) in the transmitter and a non-coherent peak-
voltage detector in the receiver. Ouvry et al. [323] presented a 15.6-2012 compliant hybrid transceiver
“RUBYLB” chip employing a smart combination of a coherent quadrature receiver [324] and a non-
coherent ED based receiver [325]. The coherent part of the receiver is used for data demodulation and
the non-coherent part is for synchronization. Chougrani et al. presented the DBB architecture for this
dual receivers in [326]. The authors have also presented a 15.6- synchronization technique [327] and its
hardware implementation [328]. Recently, Manchi et al. [329] and Bondok et al. [330] have presented
digital baseband architectures for 15.6 IR-UWB transceivers. A coexistence study of 15.6 IR-UWB
receiver in presence of the 802.15.4a [133], the 802.15.4f [331] and FM-UWB interferers is presented by
Hernandez and Miura [332]. Wang et al. [333] presented a 7-9.8 GHz IR-UWB transceiver compliant
to both the 15.4a [132] and 15.6-2012 [2] standard. The transceiver employs a ring-oscillator based
transmitter and duty-cycled receiver controlled by a DBB developed on a FPGA. Dehaese et al. [334]
also presented a high band 7.2-8.5 GHz IR-UWB receiver covering both the 15.4a and 15.6 standards.
This receiver employs a self-cycled and self-synchronized non-coherent ED based architecture.

Extensive research has been carried out by industry and academia and a number of research

publications have been reported in the area of transceiver design for BANs. IR-UWB transceivers

25This architecture employs a D flip-flop based pulse detection algorithm
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are emerging as an excellent option for on-body, off-body and implantable BAN systems due to its
low-complexity, low-power consumption and low transmission power. The efficient design of an IR-
UWB transceiver (the transmitter and the receiver) depends on its architecture and circuit topology.
The design of an efficient, miniaturized, low power IR-UWB transceiver chip for all conceivable BAN
applications is still a key and active research area. The improvements in the transmitter and the
receiver in terms of advances at individual block-level will certainly give some benefits; however, in
order to exploit the full advantage from system-level perspective, one has to make improvements at
the architectural level.

This research work emphasizes the design of a low-complexity IR-UWB transceiver system for
BANSs — strictly fulfilling the IEEE 802.15.6-2012 [2] specifications and without violating the FCC
rules and regulations [3]. This thesis attempts to devise an implementation architecture that enables

the design of an energy-efficient and low-complexity 15.6 IR-UWB transceiver system for BANs.

2.3 Conclusions

In this chapter, a brief introduction to Wireless Body Area Network Standard - the IEEE 802.15.6
is presented with special reference to the IR-UWB PHY structure vis-a-vis the transmission bands
(the mandatory and the optional bands), the data-rates, modulation schemes, the signaling pulse-
shapes and the Quality-of-Service (Default-mode/High QoS mode). This is followed by an extensive
literature-review of transceivers for BANs (for BCC/HBC PHY, NB PHY, IR-UWB and FM-UWB
PHY) reported in literature and the key issues in WBAN transceiver design, namely, the cost, power

consumption, size and complexity.
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3.1 Introduction

3.1 Introduction

This chapter presents the design and implementation of an IR-UWB transmitter operating in the
mandatory physical channel of the low-band of the UWB frequency band, i.e., Ch.#1. The IR-UWB
transmitter is applicable for the default mode of operation (see the mandatory procedure presented
in Table [277]). This transmitter design is specified for on-off signaling (binary signaling or 16-ary
signaling) at the mandatory data rate of 0.4875 Mbps. The on-off signaling scheme and the data rate
are the mandatory specifications. The transmitter uses an SRRC pulse as the signaling waveform p(t).
A novel method for generation of the SRRC pulse by an N-segment piece-wise linear approximation
(PWLA) approach is presented. The baseband SRRC pulse is up-converted by a double-balanced
mixer, filtered by a simple first-order low-pass filter (LPF) to suppress the harmonics followed by
coupling to an antenna via a balun transformer.

To the best of our knowledge, a few raised cosine (RC) pulse generators [335,336] are reported
in literature. The pulse generator employed in [335] generates a RC envelope directly using multiple
pattern generators, delay-locked loop (DLL) and edge combiners (EDCOM). The pattern generator
generate triangles of certain amplitudes when the delay signals from DLL trigger. The amplitude of
each triangle is the sampling point of a raised cosine pulse at regular intervals of 1/(2x4 GHz). The
design avoids the use of external filter or on-chip passive filters, but the disadvantage of this method
is increase in hardware and high power consumption. The root-raised cosine (RRC) pulse generator
in [336] employs oscillators, on-off switches and RRC filters and consumes high power. The pulse
generators in [335,336] are compliant to the FCC spectral mask [3] with a bandwidth of 1.4 GHz;
however they do not comply with the 15.6 transmit spectral mask [2] of a bandwidth 500 MHz and
hence is unsuitable for use in IR-UWB transmitter for BANs. This work presents a pulse generation
method to generate a SRRC pulse compliant to IEEE 802.15.6 [2] IR-UWB transmitter for BANs
with reduced hardware complexity.

The organization of the chapter is as follows. Section illustrates the PWLA approach and
describes the methodology for generation of an arbitrary signaling waveform. Using this approach,
Section describes three different approximations to the 15.6-compliant SRRC pulse defined in
[21)). Section [3.4] compares their performance in terms of percentage relative error, cross-correlation,
power-spectral density and implementation complexity. Section describes the implementation of

the proposed 15.6 IR-UWB time-hopping PPM (TH-PPM) transmitter using a six-segment PWLA
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3. IR-UWB Transmitter using SRRC signaling pulse
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Figure 3.1: Charging and discharging a capacitor to generate a triangular waveform

SRRC pulse generator. Section provides results and discussions followed by conclusions in Section

B.7

3.2 Generation of Arbitrary Signaling Waveform using PWLA Ap-
proach

An arbitrary signaling waveform can be generated by PWLA of the given waveform followed by
realization of each line segment as a voltage waveform. Each voltage waveform is realized by charging or
discharging a capacitor by an appropriate current source. Assuming that the duration of each segment
is a multiple of some basic time period T in order to facilitate a simple clock driven controller, let us
consider an example for illustration as shown in Fig. B.Il The capacitor C generates the line segments
with positive slopes and negative slopes by alternately switching a positive and a negative current
sources, I7 and -I; respectively, for ‘T’ time duration. The switching of the capacitor from one current
source to the other (equivalently, from one line-segment to another) is accomplished by switches SP;
and SN; controlled by a digital signal.

The general block diagram of an N-segment (N= m-+n)-segment PWLA waveform generator is
illustrated in Fig. It consists of m-positive and n-negative current sources digitally controlled by
(N= m+n) control signals, namely, sigq, siga, - .., Sigm+n—2, SiGm+n—1 and Sigm+n=n. The breakpoint
of each line-segment for the generation of N- PWLA segments is realized by switching the N-current

sources from one state to the next.

TH-2307_11610241

54



3.3 Different Approximations of N-segment PWLA SRRC Pulse Generation

N-segment PWLA Waveform Generator

___________________________________________________________________
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Figure 3.2: (N= m+n) - segment PWLA Waveform Generator with m-positive and n-negative current sources

3.3 Different Approximations of N-segment PWLA SRRC Pulse
Generation

The SRRC pulse given by (2.6]) is not a physically realizable waveform - it can only be approx-
imated. The proposed PWLA approach is a practical approach for “generation” of SRRC pulse
waveform to any desired degree of accuracy (subject to complexity and cost). The N-segment PWLA
pulse waveform is realized following the N-segment PWLA waveform generator illustrated in Fig.
Different PWLA approximation.J;I of the SRRC pulse are considered taking the time duration of each
line segment to be a multiple of some basic time duration T (T= 1/f., where fqy is the clock fre-
quency). Next, the PWLA waveforms are realized by switching the current sources by the control
signals sig1, siga, - .., Si0man—2, StGm+n—1 and sig,1, generated by a clock-driven digital controller.

The various PWLA waveforms are next considered.
3.3.1 Four-segment PWLA SRRC Pulse

The four-segment PWLA SRRC pulse approximating the actual SRRC pulse is shown in Fig.
3.3(a)l This can be generated by using a positive current source I; and a negative current source -Ip
controlled by signals sig; and sigs as illustrated in Fig.

!Note: In this thesis, the acronym “PWLA” is used interchangeably to represent either “Piecewise Linear Approxi-
mation” or “Piecewise Linear Approximated”.

TH-2307_11610241

55



3. IR-UWB Transmitter using SRRC signaling pulse

Vbp

sign [t [T L SP

0 T 2T 3T 4T 5T 6T 7T 8T SZgQ

¥ SN
S B T
N | -1 1
4
Time (ns) —

T 2T 3T 4T 5T 6T 7T 8T

Amplitude (V)

C
~

(a) (b

Figure 3.3: (a) Four-segment PWLA SRRC pulse approximating SRRC pulse (b) Four-segment PWLA SRRC
Pulse Generator
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Figure 3.4: (a) Six-segment PWLA SRRC pulse approximating SRRC pulse (b) Six-segment PWLA SRRC
Pulse Generator

3.3.2 Six-segment PWLA SRRC Pulse

A six-segment PWLA SRRC pulse is shown in Fig. The six-segments are generated by

switching two positive current sources I, Is and two negative current sources -1, -I5 activated by the

control signals sigy, sigs, sigs and sigy as illustrated in Fig.

3.3.3 Eight-segment PWLA SRRC Pulse

An eight-segment PWLA SRRC pulse is shown in Fig. This PWLA SRRC pulse can be

generated using three positive current sources I, Is, I3 and three negative current sources -11, -1y and

-I3 that are switched into the charge/discharge of the capacitor at appropriate instants (Fig. [3.5(b)]).
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Figure 3.5: (a) Eight-segment PWLA SRRC pulse approximating SRRC pulse (b) Eight-segment PWLA
SRRC Pulse Generator
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Figure 3.6: The percentage relative error of four-, six- and eight-segment PWLA SRRC pulse

3.4 Evaluation of the “best” PWLA SRRC pulse generation

The efficacy of various approximations can be evaluated in terms of percentage relative error,

cross-correlation, the number of current sources and power spectral density (PSD):
3.4.1 Percentage Relative Error

The relative error gives the detailed description of discrepancy between the SRRC pulse and the

PWLA SRRC pulse. The percentage relative error of different approximations of N-segment PWLA

SRRC pulse with respect to the SRRC pulse is shown in Fig. The four-segment PWLA SRRC

pulse shows the worst relative error among the three PWLA SRRC approximations with a maximum

relative error of 20%. The relative error of a six-segment PWLA SRRC pulse is in the range of +4%
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Table 3.1: Normalized Cross-correlation of four-, six- and eight-segment PWLA SRRC Pulse

Different PWLA Approximations | Normalized Cross-correlation
Four-segment 0.887
Six-segment 0.927
Eight-segment 0.971

Table 3.2: No. of current sources required for four-, six- and eight-segment PWLA SRRC Pulse

. . . No. of Current Sources
Different PWLA Approximations Positive Negative
Four-segment 1 1
Six-segment 2 2
Eight-segment 3 3

to -6% while that of an eight-segment approximation is in the range of +4% to -8%. The six-segment

PWLA SRRC pulse shows the lowest relative error.
3.4.2 Cross-correlation

Table B.1] shows the normalized cross-correlation of four-, six- and eight-segment PWLA approxi-

mations with SRRC pulse.

3.4.3 No. of Current Sources

Table 3.2] shows the number of current sources required for the generation of four-, six- and eight-

segment PWLA approximations.
3.4.4 PSD

The normalized PSDs of four-, six- and eight-segment approximations with respect to the WBAN
transmit spectral mask are shown in Fig. B It is clear that the PSD of the four-segment approxi-
mation violates the WBAN spectral mask while the PSDs of six- and eight-segment approximations
meet the spectral mask. Further, it is clearly seen from Fig. 3.7 that even by increasing the number
of PWLA segments from six to eight, the PSD is more or less invariant in the main lobe and is well
within the mask in the side lobes.

Thus, it may be concluded that a six-segment approximation is the best choice in terms of perfor-

mance and implementation complexity.
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Figure 3.7: PSDs of four-, six- and eight-segment PWLA SRRC pulse

3.5 Proposed IR-UWB Time Hopping PPM (TH-PPM) Transmit-
ter

The biological signals obtained by bio-sensors in wireless sensor nodes are conditioned and digitized.
The digitized version of the signal are the information bits and serves as the input to the TH-PPM
transmitter. The information bit are coded into 2-bit codeword for binary PPM and 8-bit codeword
for 16-ary PPM. Each bit of the codeword is encoded in terms of position of a pulse p(t) of duration
Tw (Tw= 64 ns) among N,,/2 (N,= 32) positions within half of the symbol duration Tyy,,. The
additional (N, /2 - 1) waveform positions are used for time-hopping and to support multiple-BAN
nodes for co-existence.

The architecture of the proposed IR-UWB TH-PPM transmitter is shown in Fig. B.8 It con-
sists of three blocks: Pulse Position Controller (PPC), six-segment PWLA SRRC pulse generator and
up-conversion circuitry. The SRRC pulse generator contains two sub-blocks: controller and PWLA
pulse generator. The inputs to the transmitter “CODEWORD” (1 or 0) and “PULSE POSITION”
{hs3, ha, h1,ho} - specified by the “time-hopping sequence” come from the baseband processor which
is not considered here. The transmitter is triggered by the signal “CODEWORD”. When CODE-
WORD= 1, a pulse is transmitted and when CODEWORD= 0, no pulse is transmitted. A SRRC
pulse is generated when bby.j;= 1 and is followed by up-conversion to the carrier frequency (f.) at 4

GHz for transmission.
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Figure 3.8: Block Diagram of the proposed IR-UWB TH-PPM transmitter
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Figure 3.9: Timing Chart of the proposed PPC

3.5.1 PPC

The position of the pulse

The PPC generates the signal bbs;; to activate the pulse generator.

is at one of the sixteen positions defined by PULSE POSITION {hs, ha, h1, ho} when CODEWORD

is high (indicated by bbiternar @s shown in Fig. [B9). For example, when CODEWORD is ‘1’ and
{hs3, ha,h1,ho} is ‘0111°, the signal “bb;pterna;” is high at the eighth position for a duration of Ty, (from

7Ty to 8T, as shown in Fig. [3.9).

The advantage of the proposed PPC is that, the SRRC pulse generator is active only for a duration

1). This procedure ensures

1) instead of the total allocated duration of Ty, (bbinternai=

that the peak of the SRRC pulse is placed exactly at the middle of the duration T, (Fig. B.10).

Tw/8 (bbirig
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Figure 3.11: Circuit diagram of the proposed PPC

Fig. B Il shows the proposed PPC that implements the following logic:

ey — (Q3 © h3)(Q2 © h2)(Q1 © hl)(QO © hO)

bbirig = MMy Ny Mo + M3 Mo (M + M)

3.5.2 Six-segment PWLA SRRC pulse generator

The pulse generator produces the PWLA pulse only when bby,4 is high (Fig. BI2). The different

segments are generated by switching on/off the appropriate current sources through the signals sig;,

siga, sigs and sigy (Fig. BI2). The controller and the PWLA pulse generator are explained below.

3.5.2.1 Controller

Fig. [B.13shows the circuit diagram of the controller for generation of the pulse SRRC), of duration

‘8T’ (as per Fig. BI2). The outputs sigy, sigs, sigs and sigy are the inputs to the PWLA pulse

generator.
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Figure 3.12: Timing diagram of six-segment PWLA SRRC pulse generator
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Figure 3.14: Circuit diagram of PWLA Pulse Generator

3.5.2.2 PWLA pulse generator

Fig. B.14] shows the proposed PWLA pulse generator. The pulse generator consists of two charge

pumps C'P; and C'P, for the current flows I; and Is to the capacitive load ’C’. The current source
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Figure 3.15: Up-conversion circuitry using double-balanced Gilbert Mixer

Iy acts as the basic reference current source mirroring the currents I; and Is. The current I; flows
from the load to the first charge pump C'P; when sigo is high (this generates the segments ‘a-b’ or
‘e-f’) as shown in Fig. The same current I; flows from the charge pump to load when sig; is low
(this generates the segments ‘b-¢’ or ‘f-g’). Similarly, the current I flows through the second charge
pump CP, to the load when sigs is low from 2T to 4T (this generates the segment ‘c-d’) and the same

current I flows from load to charge pump when sig4 is high from 4T to 6T for the segment ‘d-e’.
3.5.3 Up-conversion Circuitry

The single-ended baseband pulse SRRC(t) is next converted to differential baseband signals BB+
and BB- as shown in Fig. The differential baseband signal (across BB+ and BB-) is up-converted
by multiplying with a differential sinusoidal carrier at 4 GHz (across LO+ and LO-) that is generated
by a cross-coupled LC-tank oscillator [337] shown in Fig. The multiplier is designed with a
double-balanced Gilbert Mixer [338]. The major advantage of double-balanced Gilbert mixer is that
it provides good isolation between LO and RF ports and leads to reduced LO leakage to RF ports.
The differential RF output of the Gilbert mixer is filtered by a simple RC filter with -3 dB cut-off
frequency at 4.5 GHz and fed to a balun for differential to single-ended conversion. The up-converted

SRRC waveform is finally fed to the antenna for transmission.
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Figure 3.16: Simulated waveforms of (a) the six-segment baseband PWLA SRRC pulse “SRRC(t)” and (b)
the corresponding up-converted RF pulse using double balanced Gilbert Mixer
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Figure 3.17: Normalized Spectral Density of the proposed six-segment PWLA SRRC pulse generator con-
forming to the FCC transmit spectral mask [3] and the 15.6 transmit spectral mask [2]

Fig. [3.16(a)| shows the baseband PWLA SRRC pulse and Fig. shows the corresponding

up-converted RF pulse using double-balanced Gilbert Mixer. Fig. B.I7 shows the normalized power
spectral density of the up-converted PWLA SRRC pulse satisfying both the FCC transmit spectral

mask [3] and the 15.6 transmit spectral mask [2].
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Figure 3.19: Layout of the proposed IR-UWB TH-PPM transmitter (excluding the up-conversion circuitry)
having an active area of W x L= 826 um x 100 pum

3.6 Results and Discussions

In order to validate the proposed transmitter design for BANs, simulations are carried out using

standard foundry MOSFET models in 180 nm CMOS technology. Fig. and Fig. show
TH-2307_11610241

65



3. IR-UWB Transmitter using SRRC signaling pulse

Table 3.3: State-of-the-Art of carrier-modulated IR-UWB transmitter in 180-nm CMOS Technology

Parameters Norimatsu et al. [335] | This Work

Pulse Type RC SRRC

Pulse Duration, T} 1.75 ns 8 ns
Pulse Repetition Frequency, PRF 36 MHz 0.488 MHz
Power Consumption, PC 29.7 mW* 9.48 mWT

Supply Voltage 22V 1.8V
Pulse Bandwidth 1.4 GHz 500 MHz
Modulation DBPSK TH-PPM
Chip Area 0.4 mm? 0.086 mm?

x: Power Consumption of power amplifier = 16 mW;
i: Power Consumption of Up-conversion circuitry using Double Balanced
Gilbert Mixer= 8 mW.

the output of the PPC when CODEWORD is ‘1’ and PULSE POSITION {hs, ho, hy, ho}= {0,1,1,1}.
Fig. shows the pulse generated by the six-segment PWLA SRRC pulse generator.

The layout of the proposed transmitter (excluding the up-conversion circuitry) is shown in Fig.
B.I9 with an active chip area of 826 um x 100 pum. It is very difficult to directly have a fair comparison
of the proposed carrier-modulated transmitter with SRRC signaling pulse and the state-of-the-art RC
signaling pulse based UWB transmitter in [335]. The UWB transmitter in [335] follows the DBPSK
modulation and is intended for an 1.4 GHz bandwidth carrier-modulated IR-UWB applications at a
carrier frequency of 4.1 GHz. Table reports the results of the proposed SRRC TH-PPM transmitter

and the RC DBPSK transmitter presented in [335] which is not intended for WBAN applications.

3.7 Conclusions

A novel IEEE 802.15.6 IR-UWB TH-PPM transmitter featuring a six-segment piece-wise linear
approximation (PWLA) based SRRC pulse generator is designed and implemented in 180 nm CMOS
technology. The transmitter operates at the mandatory data rate of 0.4875 Mbps and employs a pulse
position controller (PPC) to place the Square Root Raised Cosine (SRRC) pulse in a time-hopping
pulse position modulation (TH-PPM) scheme. It is found from simulation results that the generated
PWLA SRRC pulse is fully compliant with the 15.6 transmit spectral mask. The proposed PWLA
approach has the potential to approximate an arbitrary signaling waveform with a high degree of

accuracy and hence should be useful in transceiver realizations.
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4.1 Introduction

4.1 Introduction

The conventional approach [339H341] for designing an IR-UWB energy-detection based receiver is
to sample the RF signal employing a high-speed and high-power analog-to-digital converter (ADC)
operating at clocks at several GHz followed by squaring and integrating the samples in the digital
back-end for demodulation of the data bits. This approach is power-hungry and is not suitable in
BAN scenario involving battery-operated nodes. A better option is to use the “integrate-and-digitize”
approach [314,342]. This approach integrates the square of the received signal for every integration
window of duration T;,; followed by digitization at the clock frequency of fur = 1/Tjpn:. It reduces
the power consumption due to the use of the ADC operating at a much lower frequency. A similar
“Integrate-and-digitize” approach has been followed in energy-detection based receiver [343,[344] to
reduce the receiver complexity.

In this work, an energy-detector based UWB receiver using “integrate-and-digitize” approach for
demodulation of M-ary PPM signal is presented. The proposed energy-detection based receiver passes
the square of the received signal, the output of the RF front end, through a windowed integrator
and successive approximation register analog-to-digital converter (SAR ADC) for generation of dig-
itized samples. These digitized samples representing the received energy at every T;,; duration are
passed to the proposed digital back-end for demodulation of data bits. The proposed demodulator
utilizes a mixed-signal technique for windowed integrator design and employs a new counter-based
SAR controller for the single-ended SAR ADC.

This chapter presents the design, implementation and performance evaluation of a low-power UWB
receiver operating in the mandatory low-band channel (Ch.#1) centered at 3.9936 GHz and employing
the mandatory on-off signaling with a mandatory data rate of 0.4875 Mbps. The organization of the
chapter is as follows. Section [£.2] discusses the link-budget for the default mode of operation. Section
presents the system-level architecture of the proposed energy-detection based receiver for BANs
compliant to the 15.6 standard [2]. Section 4] and Section present the design concepts and an
implementation approach of the RF front-end and the mixed-signal demodulator respectively. This is

followed by conclusions in Section
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4. IR-UWB Non-coherent Energy Detection based Receiver

4.2 Link Budget Analysis

The IEEE 802.15.6 [2] standard emphasizes that the transmission power of WBAN devices should
be limited for reducing interference to other devices and for minimizing the specific absorption rate
(SAR) into human bodies.

A top-level link budget analysis is the preliminary step for validation of feasibility of any wireless
communication system. The received power (Pry) is an important factor in a link budget analysis

for determining the link margin of the system and can be expressed logarithmically as,

Prx = Prx + Gprx —PL + Grx (m dBm) (4.1)
EIRP

where Prx: Transmitter output power, Grx: Transmitter antenna gain, PL: Path loss in the radio
channel and Grx: Receiver antenna gain.
The maximum transmitted power (Pry) is computed as per the FCC specifications [3] and it is
given by
Prx = —41.3 dBm/MHz + 10log1o(BW) = —14.3 dBm (4.2)

for a bandwidth (BW) of 500 MHz.

Two wireless communications links are considered: (i) a body-to-body (BTB) link and (ii) a body-
to-gateway (BTG) link as per the reported 15.6 channel model [4]. On-body UWB links need omni-
directional antenna beam pattern [345], such as monopole antenna [346], ring-slot antenna [347] and
micro-strip antenna [348]. Off-body links require unidirectional radiation patterns [345], for example,
folded antenna [349] and dielectric resonator antenna [350]. For simplicity and for the purpose of
demonstrating the impact of receiver performance, Grx and Grx are assumed to be 0 dBi.

The calculation of the expected path-loss (PL) for BTB and BTG wireless systems is considered
next. We consider a BTB link for a maximum transmitter-receiver distance of 1.7 m (from forehead to
toe) and a BTG link of 5 m. The channel models of the BTB and BTG links for WBAN communication
are CM3 and CM4 respectively [4]. The path-loss (PL) is calculated as per the linear-fitting model [4]
given by

PL(d) = alogio(d) + b+ N (4.3)

where a and b are the coefficients of linear-fitting, d is the transmitter-receiver distance in mm and

N is a normally distributed random variable with mean zero and standard deviation oy (Table [A.T]).
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Table 4.2: Link Budget Analysis for 15.6-compliant receiver design in the default mode of operation

Power (dBm)

[

A

EIRP
Prx + Grx
PL
Prx
Grx Link Margin
_ P sens
NP X,
I
dBH—
SNL
101091()<R) |

Average Thermal Noise Level = -174 dBm/Hz

Figure 4.1: Analysis of Link Budget

Table 4.1: Coefficients of Linear-fitting Model for path loss [4]

a 19.2
b 3.38
ON 4.4

Application Scenario BTB! | BTG?

Parameter Value Unit
Modulation M-ary PPM -

R 0.4875 Mbps
BW 500 MHz
SN Rmin 12 dB
NF 10 dB
Isp 5 dB
PL 65.4° 74.4% dB
Prx’ -79.7 -88.7 dBm
PRX,sens -91 dBm
Link Margin® 11.3 | 23 dB

! BTB= Body-to-body communication link; 2 BTG= Body-to-gateway off-body
communication link; Maximum Distance 3d=1.7 m and *d= 5 m; EIRP = -14.3
dBm, Grx = Grx = 0 dBi; ®Link Margin = Prx - Prx,sens

The path losses for BTB and BTG communication are 65.4 dB and 74.4 dB respectively.
For successful demodulation, the received power (Prx ) must be greater than the receiver sensitivity

PRX,sens given by

PRX,sens =10 lOglo(R) +SNRyin + NF + 1,5 — 174 dBm (4.4)

where Prx sens is the receiver sensitivity (Prx sens=-91 dBm for the data rate (R) of 0.4875 Mbps [2]),

SN Ry is the minimum required signal-to-noise ratio (SNR) at demodulator input [2], NF is the noise
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4. IR-UWB Non-coherent Energy Detection based Receiver

figure of the receiver [2] and Ip is the implementation loss in the receiver [2]. The analysis of the
link-budget is illustrated in Fig. 4.1l

The receiver sensitivity Prx sens 1S the minimum power required at the input to the receiver
antenna that yields a packet error rate (PER) less than 1% with a packet length of 24 octets. Prx sens
depends on the hardware implementation through NF, I;p and PHY receiver design. The 15.6-
compliant IR-UWB receiver design assumes a NF of 10 dB and an I;p of 5 dB for fulfilling the
receiver sensitivity requirements and successful data demodulation. The entire top-level link budget
for IR-UWB transceivers operating at the default mode with data rate of 0.4875 Mbps for BTB and
BTG communications is shown in Table From Table it is clear that the available link margins

for BTB and BTG communications are positive and sufficient for reliable transmission and reception.

4.3 System-Level Architecture of Energy Detection based Receiver

Fig. [4.2] shows a simplified block diagram of the proposed energy detector based receiver. The
various blocks in Fig. can be broadly classified into two sections, namely, the RF front-end and
the mixed-signal demodulator.

The RF front-end of the receiver consists of a low-noise amplifier (LNA), a multi-stage RF ampli-
fier and a squarer. The main target of the RF front end is the amplification of the low level RF signal,
attenuation of the out-of-band interference and conversion of the RF signal to the square of the base-
band signal which is used for energy detection at a later stage. Since the commercially available UWB
antennas are single-ended, the receiver input to the LNA is assumed to be single-ended [342]. The LNA
performs single-ended to differential conversion followed by a cascade of multi-stage RF amplifiers.
The input to the LNA is of the order of ,uV.J;I whereas the minimum input voltage requirement to the
squarer is in mVs [342]. This demands the need of a high voltage gain intermediate stage [342]. The
non-coherent receiver typically employs one of the following configuration [342]: super-regenerative
amplifier [351] or multi-stage RF amplifier [352]. The multi-stage RF amplifier is normally preferred
due to its low RF leakage current [342]. Further, it supports squaring and integrating functions [342].
Finally, the squarer shifts the frequency of RF signal to baseband frequency eliminating the need for
a RF local oscillator [342,[343]. Unlike the local oscillator mixer configuration, the squarer generates

square of the baseband signal and produces the best performance among the possible energy detector

1The minimum input to the LNA is Prx sens= -91 dBm. = This corresponds to a voltage level of 6.3 ¢V for 50 Ohm
system
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Figure 4.2: Block diagram of the proposed energy-detection based receiver
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Figure 4.3: States of windowed integrator

receivers [353]. Next, the baseband signal is passed through the mixed-signal baseband demodulator
described below.

The mixed-signal baseband demodulator is comprised of a windowed integrator, a single-ended
SAR ADC and a digital back-end. The baseband integrator is designed for an integration window of
T,. The total number of integration windows is 2loge (M) for demodulation of M-ary symbol (2 for
binary symbol and 8 for 16-ary symbol). The windowed integrator shown in Fig. is activated only
when en;,; signal is high. The three states of windowed integrator are ‘reset’, ‘integrate’ and ‘hold’.
The ‘reset’ state sets the voltage across the capacitor to Vpp/2 for a duration of T, and the ‘integrate’
state stores the integrated values of energies for the next T, duration. The ‘hold’ state stores the
output of the integrator for the next T, duration to perform digitization when eng;g; is high. The
enable signals (en;n: and engg;) are asserted by the digital back-end. Based on the switching positions

of switches S7 to Sy, the states of the capacitors are changed as shown in Fig.
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For example, during the duration 0 to T, C; goes to ‘reset’ state (i.e. Cy is reset to Vpp/2), Co is
in ‘integrate’ state while Cj3 is in ‘hold’ state. Similarly, during T, to 2T;,, C1 goes to ‘integrate state,
C5 to ‘hold’ state and C'3 to ‘reset’ state and so on. Digitization of the analog samples is performed
using a simplified 10-bit single-ended SAR ADC. The SAR ADC employs a counter-based SAR dig-
ital controller and a modified merged capacitor switching scheme. The digitized energy samples are
passed to the digital back-end for demodulation of data bits. The demodulated bits are forwarded
to the baseband processor which decodes the data bits conforming to the 15.6 specifications [2]. The
design concepts and circuit implementation of the RF front-end and the mixed-signal demodulator

are described in the following sections.
4.4 Implementation of the RF Front-end

The RF front-end of the receiver consists of a LNA, a multi-stage RF amplifier and a squarer. The
main objective of the RF front end is the need for high voltage gain from the input to the LNA (of the
order of ©Vs) to the input of the squarer (of the order of mVs) followed by conversion of the amplified
RF signal to the square of the baseband signal (by the squarer) which is used for energy detection at
a later stage.

The gain to be provided by the LNA and the multi-stage RF amplifier prior to the squarer (Fig.

[4.2) is calculated by taking into account the following factors:
(i) Received power at the input of the antenna: Pgrx

Let Prx mas be the maximum received power for a minimum transmitter-receiver distance of 2
cm in a BTB link and let Pgrx mi, be the minimum received power for a maximum transmitter-
receiver distance of 5 m in a BTG link. Under the assumption that Grx= Grx= 0 dBi, the

values of Prx mar and Prx min are computed as

PrX.maz = Prx — PL(d = 2 cm) = —14.3 dBm — 28.36 dB = —42.7 dBm (4.5)

Prxmin = Prx — PL(d =5 m) = —14.3 dBm — 74.4 dB = —83.7 dBm (4.6)

where,

Prx is the maximum transmitted power equal to -14.3 dBm obtained using the relation

Prx = —41.3 dBm/MHz + 10 log1o(BW) = —14.3 dBm (4.7)
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for a bandwidth (BW) of 500 MHz.
In (£5) and (@6), PL (d= 2 cm) and PL (d= 5 m) are the path losses in the radio channel

corresponding to the transmitter-receiver distance of 2 cm and 5 m respectively using the relation
PL(d) = alogio(d) +b+ N (4.8)

Here, a= 19.2 and b= 3.38 are the co-efficients of linear-fitting, d is the transmitter-receiver
distance in mm and N is a normally distributed random variable with mean zero and standard

deviation ony= 4.4.

(ii) Required power at the input to the squarer: Prx squarer

As stated in [342], the input to the LNA is of the order of Vs while the input to the squarer is
of the order of a few tens of mVs. Accordingly, it is assumed that the maximum amplitude of

the squarer input is 20 mV. This roughly corresponds to Prx squarer =~ -20 dBm.

The minimum and the maximum gain, Gaing,i, and Gain,q, (from the LNA and the multi-stage

RF amplifier) are equal to 23 dB and 71 dB respectively and are computed as

Gaz’nmm = PRX,squarer . PRX,ma:c = —20 dBm — (—42.7 dBm) ~ 23 dB (49)

PRX,squarer i PRX,mz'n = —20 dBm — (—887 dBm) ~ 69 dB
Gaingge = maz (4.10)

Prx squarer — PRX sens = —20 dBm — (=91 dBm) ~ 71 dB
Therefore, the LNA and the multi-stage RF amplifier are to be designed in such a way that it pro-
vides a minimum gain of Gain,;,= 23 dB and a maximum gain of Gain,..= 71 dB for amplification
of received signal prior to the squarer.
Let BW_34p,; be the bandwidth of the ith stage in a cascade of n tuned stages (i= 1, 2,..., n).

Then the overall -3 dB bandwidth can be computed by the relation [354]:

(SIS

1 1 1 1 -
BW—3dB,overall = + + + ot = (411)
B WEBdB,l B WEBdBQ B WE?,dB,B B WEBdB,n

where,
BW_34B overan= Overall -3 dB bandwidth of a cascade of n tuned stages (in Hz),

BW_348n= -3 dB bandwidth of the nt" tuned stage (in Hz),
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Figure 4.4: (a) Normalized WBAN Transmit Spectral Mask and (b) corresponding normalized Gain Spectrum

n= number of stages.

The cascading of the gain stages reduces the overall -3 dB bandwidth of the LNA and the multi-
stage RF amplifier. Therefore, the -3 dB bandwidth of the LNA and the multi-stage RF amplifier
is designed in such a way that it meets the WBAN transmit spectral mask (Fig. . The
corresponding gain spectrum of the WBAN spectral mask is shown in Fig.

The circuit implementation of the RF front-end is described next.
4.4.1 LNA

The LNA is a single-to-differential conversion RF amplifier architecture employing the approaches
presented in [355356]. Fig. presents the circuit schematic of the LNA. The LNA is a common-gate,
common-source (CG-CS) amplifier. It uses the CG stage to provide a wideband impedance matching
of 50 © to the output of the antenna at the receiver for the full frequency band of operation. The CG
stage amplifies the input to the LNA in-phase; the parallel CS stage amplifies the same input with
a phase difference of 180°. The input signal is amplified with the same gain in both the CG and CS
stages. The LNA is designed by proper sizing of the CMOS transistors and by proper choice of the
resistance ‘R’ of the resonant load (Fig. A.5]).

Fig. shows the simulated single-ended gain of the single-to-differential LNA (Fig. [L5]). From
Fig. it is seen that a single-ended gain of 5.68 V/V (= 15.1 dB) is obtained for a -3 dB bandwidth
(BW_34B,Ln4) of 960 MHz:

Gaingpnya ~ 15 dB (4.12)
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The S1; and the noise figure (NF) for frequency span from 3.5 GHz to 4.5 GHz are shown in Fig.
4.7(a)| and Fig. [4.7(b)| respectively. The obtained values of S1; is -15.4 dB and that of NF is 4.31 dB

at the centre frequency.
4.4.2 Multi-stage RF Amplifier

The multi-stage RF amplifier follows the LNA (Fig. 2)). The LNA provides a gain of 15 dB and
the remaining gain is to be achieved by the multi-stage RF amplifier.

The employed multi-stage RF amplifier is a cascade of ‘n’ identical and equal gain stage. Each
gain stage is an inverter-based amplifier with a RLC resonant load. The inverter-based amplifier shown
in Fig. [4.8is the most suitable amplifier structure for gain stages of the multi-stage RF amplifier [342].

Each inverter-based amplifier stage (Fig. [£.8) provides a gain of 2.52 V/V (= 8 dB) as shown in
Fig.

Gainper_stage = 8 dB (4.13)

Hence using (£9) and (£I0]), the maximum and the minimum number of inverter-based amplifier

can be found:

Gainmaer — Gaingya ~ 71dB —15dB
Gaifper _stage 8 dB

No_of_gain_stagesmas = 7 (4.14)

Gainmin — Gainpya 23 dB —15dB
Gainper_stage 8 dB

No_of_gain_stagesyin = 1 (4.15)

Fig. 410 shows the circuit schematic of the implemented multi-stage RF amplifier with a cascade
of seven gain stages followed by a single squarer. Each gain stage for RF amplification is an inverter-
based amplifier with a RLC resonant load (Fig. £8). engr1, ..., engr 7 are the signals (Table A.3)
enabling or disabling the gain stages of the multi-stage RF amplifier. The amplified signals from the
gain stages are output to a single squarer through switches controlled by digital signals engg 1, ...,

engq,7 (Table [A.3).

At the lowest gain setting, the signal is amplified by the first gain stage providing a gain of

2The most energy-efficient way of designing the multi-stage RF amplifier is by cascading equal gain stages [357]. In
case of equal gain stages, with the increase of the number of gain stages, the total gain increases exponentially but the
power consumption increases linearly. However, in case of unequal gain stages, both the gain and power consumption
increases exponentially [357].
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Table 4.3: Digital Settings of the Multi-stage RF Amplifier with seven equal gain stages: Gainper_stage= 8 dB

On/Off States
Gain Stages | Digital Signals Required Gain from Multi-stage RF amplifier
8dB | 16 dB | 24dB | 32dB | 40 dB | 48 dB | 56 dB

Stage: ENnRF,1 d d d O O d d
€Nsg,1 a a a O O a a

Stages ENRF,2 d O d O O d d
€Nsq,2 O O a O O a a

Stages EeNRF,3 d O O O O d d
) €Nsq,3 O a O O O a a
Stages ENRF,4 d O O d O d d
€Nsq,4 O a ad a O a a

Stages ENRF,5 ad O O ad ad ad ad
° €Nsq,5 O O a O a a a
Stagee ENRF,6 O O O O 0O O O
€Nsq,6 O O a O O O a

Stager enRF,7 O a O O O O O
eNsq,7 O a O O O a O

0: Closes the switch; [t Opens the switch

Gaing,= 8 dB and output to the squarer. At the highest gain setting, the signal is amplified by
all the seven stages providing maximum amplification of Gaingm.,= 56 dB and then fed to squarer.
Hence the multi-stage RF amplifier supports gain scalability from Gaing,,= 8 dB to Gainm,g.,= 56
dB by a multiple of Gainye,_stage= 8 dB.

The frequency response of a cascade of the LNA and the multi-stage RF amplifier (No_of _gain_stages
=1,2,...,6,7) is shown in Fig. @11l Fig. £12 Fig. 13| Fig. @14 Fig. 410 Fig. and Fig.
[4TI7 It can be observed from Fig. 17| that the maximum single-ended gain obtained is Gainyera=
3306.7 V/V (= 70.4 dB) for a BW_34B overan= 544 MHz. The overall bandwidth BW_345 overai=
544 MHz is close to the normalized gain spectrum (Fig. [4.4(b)).

Discussions

It is observed that in 180 nm technology (technology employed in this work) the inverter-based
amplifier exhibits a -3 dB cut-off frequency at around 1.5 ~ 2 GHz (Appendix [B.1]). Thus it may be
inferred that an inverter-based amplifier with a resonant load at f. ~ 4 GHz will display a skewed
bandpass characteristic with a much reduced gain. Hence it was felt that an advanced technology
should be explored. Appendix B.2 gives a design of the RF front-end (LNA and Multi-stage RF
amplifier) in 65 nm technology. Though the basic amplifier in 65 nm technology has a wider frequency
response, it is seen that there is no significant improvement in the overall response of the RF stage

and requires around the same number of stages of RF amplification.
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Figure 4.18: Circuit schematic of the squarer

The (voltage) squarer is a useful non-linear block gaining attention of circuit designers for real-
ization of the RF front-ends. The purpose of the squarer used in Fig. is to shift the information
bearing RF spectrum to baseband thereby eliminating the need for a RF local oscillator.

Fig. shows the circuit schematic of the squarer using the approach presented by Giustolisi
et al. [358]. The squarer has a fully differential input (vsq+ and vsy—) at a common-mode voltage
level of Vpp/2. My~ My are the transistors that perform the basic squaring function (by keeping the
transistors biased in the saturation region), Ms- M7 provide the bias currents and Mg- My take care

of the differential to single-ended conversion by forming a cascode current mirror. The details of the
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Figure 4.19: Output voltage against input voltage of the squarer
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Figure 4.20: Simulation response of the squarer: (a) 40 mV V,_, RF input and (b) Output of squarer having
a peak amplitude of around 19 mV

squaring operation is given in Appendix [AT]
The voltage transfer characteristics of the squarer is shown in Fig. It can be observed from
Fig. [4.19] that the circuit performs squaring operation for input signals in the range of -40 mV to 40

mV.

A simulation of the squarer in response to a RF input signal of amplitude 40 mV V,_, (Fig.

4.20(a)) is performed. Fig. [4.20(b)| shows the transient response of the squarer in response to this
TH-2307_11610241

84



4.5 Implementation of the Mixed-Signal Demodulator

V,
po State,

_| E E){ State,
e _So":)(: S; - €Nyt

State 0 3T,
eny  Ces State11 G "

: — State State L
SQ.,\,—o)ro—“—olNTIn INT, Soa)( = 02_4 10 T, 2T, o7,
] Sg

S —

L S INToyr

‘ State, cT State, '

R State, ©2 0 T 21, 3T,
Vpp/2 I/\/\/H’_| |:MN — State,
s - a State,

e S S 0 Tw 2T, 3T,
= =AY State, ¢

Figure 4.21: Windowed Integrator and its timing diagrams
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Figure 4.22: Simulated frequency response of windowed integrator

input (Fig. [£.20(a)).
The output of squarer (the squared baseband signal of the received RF signal) is next fed to the

integrator of the mixed-signal demodulator (Fig. [.2]).

4.5 Implementation of the Mixed-Signal Demodulator

4.5.1 Windowed Integrator

The windowed integrator is designed using mixed-signal techniques employing the integrator design
approach in [343]. However, unlike the switching mechanism in [343], we propose a new digital
switching method for the windowed integrator (Fig. [2]) in order that the method is applicable for

both binary and 16-ary PPM signaling conforming to the 15.6 standard. Fig. [4.21] shows the proposed
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Figure 4.23: Simulated transient response of windowed integrator: (a) INT;, (b) INT, (c) voltage across Cy
(d) voltage across Cy (e) voltage across Cs (f) INToyr

windowed integrator where SQgy is the squared baseband signal at the output of the RF front-end.

The input to the windowed integrator is biased at the switching threshold Vpp/2 through a high
impedance isolation resistance (R). Use of a symmetric inverter ensures that the output /N7, also
gets biased to Vpp/2. By properly sizing of the CMOS transistors Mp and My and by proper choice
of external capacitors: C1= Cy= (3, an integrator is realized with a DC gain of 25.5 dB and a -3 dB
frequency at around 6.3 MHz (Fig. [£.22]).

The input and the output of the integrator are shown in Fig. and Fig. respectively.
The integrated output is available on one of the three capacitors C7, Cy and Cj3 for every T, duration
in accordance to the change of states of the capacitors as shown in Fig. The waveforms across the
capacitors C7, Cy and C5 are shown in Fig. Fig. and Fig. respectively and
the final output is shown in Fig. For example, the capacitor C7 stays in ‘Reset’ state for the
first Ty, duration. This is followed by an increment of T}, duration as integration period at ‘Integrate’

state. Next, the capacitor C holds the final integration value for an additional T;, duration in ‘Hold’
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Figure 4.24: (a) Basic Block Diagram of the proposed single-ended SAR ADC and (b) Timing Diagram of
the proposed counter-based SAR digital controller for single-ended SAR ADCs

state. The time taken during the ‘Hold’ state is the time during which the digitization of integrated
value stored in the capacitor Cy takes place for subsequent demodulation. The I NTpyr connects the

final output of the windowed integrator to the 10-bit single-ended SAR ADC for digitization.
4.5.2 Single-ended SAR ADC

The block diagram of the proposed single-ended SAR ADC is shown in Fig. 1.24[(a). The ADC
core consists of a master reset, a capacitive reference digital-to-analog converter (DAC), a rail-to-
rail dynamic latched comparator and a counter-based SAR controller. The master reset switch acts
as the initialization switch for discharging the top plates of the capacitive DAC to ground at the
start of ADC conversion. The DAC capacitors are implemented using binary weighted capacitors as
[2N=2Cy, 2N=3Cy, ..., 2Cy, Cy, Cp] for N-bit implementation with Cy unit capacitor. When the
MASTER_RESET switch is closed, the top plates of the DAC capacitors connected to the negative
terminal of the comparator are discharged to ground through the switch SWgx. The EOC signal acts
as the enable signal for outputting the “ten-bit” digitized version of an analog sample. The output
“sample-and-hold” integrated value from the windowed integrator (Fig. M.2T]) is connected to the
positive terminal V;y of the dynamic latched comparator. The output of the windowed integrator
serves as the input to the single-ended SAR ADC. The timing diagram of the proposed SAR ADC is

illustrated in Fig. A24|(b). The circuit implementations of the various blocks of the single-ended SAR
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Figure 4.25: Rail-to-rail dynamic latched comparator

ADC are explained below:
4.5.2.1 Rail-to-rail dynamic latched comparator

It is desirable to have a comparator with a small offset and a fast decision time for SAR ADC
design. In order to meet these requirements, the rail-to-rail dynamic latched comparator proposed
in [359] is considered and shown in Fig. .25l The design exhibits good performance upto 500 MHz

with zero static power dissipation. Moreover, the design eliminates the need for pre-amplifier.
4.5.2.2 Capacitive reference DAC

The capacitive reference DAC controls the switching of DAC capacitors using a particular switching
scheme. Several single-ended switching schemes for SAR ADC are reported in literature [138][360,
361]. The single-ended merged capacitor switching (MCS) scheme proposed in [361] uses a three-level
capacitive switching scheme having 50% reduction in the total capacitance value compared to [139].
This is preferable over other DAC switching schemes in terms of implementation, however at the cost of

three reference voltages |0, @, Vresl. For simplicity, this work assumes off-chip reference voltages VT;f

and V,..r. However, on-chip low-power reference voltage generation is possible as presented in [362].
Using the framework of [361], we employed a “modified merged capacitor switching (MMCS)” scheme
to design a single-ended SAR ADC. The proposed MMCS scheme halves the total number of unit
capacitors compared to the single-ended SAR ADC [138,[360] and the traditional SAR ADC [139].
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Figure 4.26: MMCS single-ended switching procedure for 3-bit SAR ADC; V,..y= Vpp= Reference Voltage

Table 4.4: Comparison of average switching energy for 10-bit single-ended SAR ADCs

Switching Method Switching Energy (CoV,%;) | Energy Savings (%)
Traditional [139] 681.65 0% (Reference)
Split Capacitor [360] 425.66 37.55%
Hu et al. [138] 84.7 87.57%
MCS [361] 847 87571%
MMCS (This work) 84.7 87.57%

It uses the same number of unit capacitors employed in [361]. The proposed MMCS scheme results
in two advantages: (a) it nullifies the requirement of sampling the input at the virtual node as the
sampled output is directly available from the windowed integrator to ADC and further (b) there is no
requirement of extra sampling switches thereby resulting in an overall reduction of DAC switches.
Fig. illustrates the modifications in the proposed MMCS scheme, with an example of a 3-
bit SAR ADC. The same procedure can be extended to the 10-bit capacitive reference DAC used in
Fig. Table [£.4] compares the average switching energy of different switching methods for 10-bit
single-ended SAR ADCs. Although the MMCS single-ended switching scheme consumes the same
switching energy as that in [138] and [361], nevertheless it simplifies the design of the controller using

a counter-based SAR controller proposed here.
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Figure 4.27: DNL and INL of the proposed 10-bit single-ended SAR ADC

4.5.2.3 Counter-based SAR Controller

The controller in a SAR ADC consumes approximately upto 80% of the total power [363]. The
asynchronous techniques presented in [364H371] reduce power consumption and improve speed at
the cost of hardware complexity. The major drawback in an asynchronous ADC is that it requires an
internal clock of (N 42) fs, where f; is the sampling frequency. This work presents a new counter-based
synchronous controller that also works at (IV+2) fs using a mod-12 counter, twelve 4-input NOR gates
and a code-register with 10 S-R flip-flops— all at the same frequency of 12f;. The proposed controller
does not require any startup circuitry to initialize the next digitizing cycle (a major advantage) unlike
that in a N-bit shift-register based sequencer in traditional SAR ADC. In the proposed controller the
EOC signal is generated by the mod-12 counter. The other advantage of the counter-based controller
is that it uses only (N+2) NOR gates and [loga V| flip-flops [vs.(N+2) FFs in a traditional SAR
ADC [372,373].

Fig. @27 shows the differential non-linearity (DNL) and the integral non-linearity (INL) of the
proposed SAR ADC. The peak DNL and INL errors are within 4+0.48/-0.3 LSB and +0.76/-0.32 LSB
repsectively. Table summarizes the proposed SAR ADC with other state-of-the-art single-ended
10-bit SAR ADC designs in 180-nm CMOS technology. The proposed ADC attains better trade-off
between power consumption, speed and operating supply voltage. This is the main challenge for
WBAN transceiver design. The Walden figure-of-merit (FOM) [374] — a measure of energy efficiency —
of the proposed single-ended SAR ADC is 134.3 fF/step. The FOM of the proposed technique and the
FOMs of works reported by several researchers at 1.8 V supply voltage [369.370,B375,376] are listed in
Table It may be noted that the improvement in FOM can be achieved by lowering supply voltage

which also results in drastic dynamic power reduction. However, in order to meet the requirements of
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Table 4.5: Comparison Table with the state-of-the-art 10-bit single-ended SAR ADCs using 180-nm CMOS
technology

References Pipelined [369] | Pipelined [370] SAR [375] SAR [376] This work
Comparator - Op-amp Preamp-latch | Preamp-latch | Single-latch
ADC type Differential Differential Single-ended Single-ended | Single-ended
DAC type BW-—step” BW—step” CBW™ BW—step” BW—step”
Technology 180-nm 180-nm 180-nm 180-nm 180-nm
Resolution 10-bit 10-bit 10-bit 10-bit 10-bit
Sampling Rate 50 MS/s 50 MS/s 0.46 MS/s 25 MS/s 15.625 MS/s
Supply Voltage 1.8V 1.8V 1.8V 1.8V 1.8V
Input Range 1 - 1.8 1.8 1.8
SNDRS? 58.2 dB 56.04 dB 54.2 dB 54.01 dBT 56.6 dB
ENOB? 9.4 9.02 8.7 8.687 9.11
Power 9.9 mW 5 mW 0.021 mW 3.834 mW 1.16 mW

FOM= sexomy; 300 192 110 374.4 134.3

{F /step

“CBW: Cascaded Binary Weighted Capacitive DAC; # BW-step: Binary Weighted Step Capacitive DAC;
fCalculated from reported results; $SNDR: Signal-to-noise + distortion ratio; *ENOB: Effective number of
bits

several other blocks discussed earlier that use a Vpp= 1.8 V, the proposed single-ended SAR ADC is

also designed using Vpp or V,.r of 1.8 V.
4.5.3 Digital Back-end

The input to the digital back-end is the 10-bit digital representation of the samples of the received
energy in the integration period of T, (Fig. 4.2)).

Demodulation of 2-ary symbol: We consider N,,= 32 energy samples in the symbol duration
Tsym- The samples are partitioned into two subsets: F; and Ey where E; contains the first sixteen
samples and Ey contains the last sixteen samples. For each 2-bit codeword (dy, d;) for the data symbol
bp € {0,1} in Chapter & Table [Z2] the time-hopping sequence generator [2] generates two hopping
positions Hy and Hy where H; can take any one of the sixteen positions (from 0 to 15). Hj indicates
the hopping position in the first half of the symbol duration while H; indicates the hopping position in
the second half of the symbol duration. Let F g, and F» g, respectively represent the energy samples
at Hy and H; hopping position.

Define a decision metric:

Maga, = (2do — 1)Ev i, + (2dy — 1) Eo (4.16)

If Mg > Myi, the 2-bit codeword is demodulated as ‘10’ and hence the data symbol is ‘0’. Else,

the 2-bit codeword is demodulated as ‘01’ and the data symbol declared as ‘1’.
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Figure 4.28: BER performance (post-layout simulations) of digital back-end under CM3 and CM4 channel
models of digital back-end for (a) 2-ary PPM and (b) 16-ary PPM signaling

Demodulation of 16-ary symbol: We consider 4N,,= 128 energy samples in the symbol dura-
tion 47%y,,. The samples are partitioned into eight subsets: Ej, ..., Eg where E; contains the first
sixteen samples, F5 contains the next sixteen samples and so on. For each 8-bit codeword for the data
symbol {bgy, b1, by, b3} in Chapter 2k Table 2.3, the time-hopping sequence generator [2] generates
eight hopping positions Hy, ..., H7 where H; can take any one of the sixteen positions (from 0 to
15). Note that the symbol duration 47, is divided into eight intervals each of duration Ty, /2 (Fig.
2.9(b)). Here H; represent the hopping position in the (i + 1) interval where i € {0, ...,7}. Let
Eiy1.p, represent the energy sample at H; in the (i + 1) interval.

Define a decision metric:

7

Md0d1d2d3d4d5d6d7 — Z[(Qdi - 1)Ei+1,H¢] (4’17)
=0

The 4-bit data symbol corresponding to the maximum of the sixteen values of Mgyy4,dydsdsdsdgds 1S
declared as the transmitted data symbol. For example, if Migg11001 is the maximum of the sixteen
values, the 8-bit codeword is demodulated as ‘10011001" and the data symbol is declared as ‘1001’
(Chapter 2 Table 23).

Fig. |4.28(a)| shows the BER performance (post-layout simulations) of 2-ary PPM in CM3 and
CM4 channel models (for four different body directions: §=0°,90°,180°,270°). Fig. shows the
BER performance (post-layout simulations) corresponding to 16-ary PPM in CM3 and CM4 channel

models (for four different body directions: §=0°,90°,180°,270°). The power consumption in the 2-ary
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Figure 4.29: Layout of the mixed-signal demodulator (Integrator and SAR ADC)

Table 4.6: Summary of the proposed mixed-signal demodulator

Technology 180 nm
Supply 1.8V
Active Die Size 500 pm x 545 pm
Modulation PPM
Data Rate 0.487 Mbps
Pulse Bandwidth 500 MHz
Power Consumption’ 1.25 mW

"Windowed Integrator and SAR ADC

and the 16-ary demodulators are found to be 85 uW and 215 yW respectively.
The proposed mixed-signal demodulator is implemented in 180 nm technology operating at 1.8 V
supply. The layout of the proposed demodulator is shown in Fig. [4.29] and it occupies an active area

of 500 pm x 545 pym. A summary of the proposed demodulator is given in Table

4.6 Conclusions

An 802.15.6 compliant IR-UWB non-coherent energy-detection based receiver for BANs is de-
signed. The “integrate-and-digitize” approach is adopted for the implementation of the receiver and
this simplifies and reduces the implementation complexity. The RF front-end of the receiver is im-
plemented using a single-to-differential LNA, a multi-stage RF amplifier (a cascade of multiple gain
stages which are switchable to implement a step-wise variable gain stage) and followed by a single
squarer. The output of the RF front-end (the square of the received signal) is passed through a win-
dowed integrator that uses a new switching technique. The samples are digitized by a single-ended
SAR ADC for generation of digitized samples. The proposed single-ended SAR ADC uses a modified

TH-2307_11610241

93



4. IR-UWB Non-coherent Energy Detection based Receiver

merged capacitor switching scheme for a capacitive reference DAC and works using a novel counter
based SAR controller. Digital back-ends for demodulation of 2-ary and 16-ary PPM signaling are
designed. The performance evaluation of the demodulators in different WBAN channels (CM3 and

CM4 channels) has been carried out. The BER performance is found to be acceptable.
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5.1 Introduction

5.1 Introduction

The Non-coherent Energy Detection based Receiver described in Chapter 4l employs a single-ended
SAR ADC (Section 4.5.2). SAR ADC is an attractive solution for signal acquisition in low-power
portable and implantable devices [I35-137] in BANs. This has rejuvenated research interests in
designing low-power SAR ADCs having highly digital architecture and exploiting shrinking CMOS
technologies. SAR ADCs have advanced towards achieving sampling rates from kS/s to hundreds of
MS/s [136],138,[360% 364, B75,377]. Although differential input SAR ADC is a superior solution for
low-level signal acquisition due to its ability to suppress common-mode noise, single-ended ADCs can
nevertheless be a preferred solution especially when energy conservation is the over-riding concern
and the SNR is at acceptable level. Further, common-mode output voltage variation in single-ended
SAR ADCs can be mitigated by using a low-offset comparator [378] as shown in [I38]. The capacitive
reference DAC (Fig. [£24|(a) and Section [£5.2.2)) - employed in SAR ADC - contributes a significant
portion to the total power consumption in SAR ADCs. The consumption of switching energy (during
charging/discharging of the capacitive reference DAC) is the highest in the first few comparison cycles.
Thus it is imperative to bring down the consumption of switching energy in the first few comparison
cycles.

Several recent studies have been carried out for reduction of switching energy of single-ended
SAR ADCs [138,1360,1361]. The split capacitor method [360] uses the method of recycling charge
while the merged capacitor technique [361] employs merged capacitor switching resulting in switching
energy reduction of 37.55% and 87.51% respectively as compared to conventional single-ended SAR
ADC [139]. In [138], a pseudo-differential method is proposed. This method uses two DACs with
a single reference voltage of % (rather than V,..r) to digitize an input voltage in the range of [0,
Vrer] with the total capacitance value being the same as that in the traditional single-ended SAR
ADC. One of the DACs (the top DAC) is essentially a “dummy” DAC—it merely mimics a differential
operation. This technique results in zero switching energy consumption in the first comparison cycle,
i.e., during the computation of the most-significant-bit (that incurs the maximum energy consumption
in a traditional SAR ADC). In the proposed method, a similar technique is employed with two major
differences: (a) top-plate sampling is used as opposed to bottom-plate sampling used in [138], (b) even
in the second switching cycle, i.e., during the computation of (MSB-1), no switching energy is drawn

from the supply voltage. The traditional technique [139] and the split capacitor technique [360] use
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Viep as the reference voltage for digitizing an input signal in the amplitude range of [0, V,¢f]. The
merged capacitor technique [361] uses two reference voltages V., % while the technique in [13§]
uses only a single reference voltage % for digitizing an input signal within the amplitude range of
[0, Viey]:

This work presents a new energy-efficient DAC switching technique which also uses a single ref-
erence voltage % similar to the method in [I38] for digitizing an analog signal in the amplitude
range of [0, V,¢¢]. This technique shows savings in switching energy of 92.21% over the traditional
single-ended DAC switching technique.

The organization of the chapter is as follows. Section discusses in details the proposed DAC
switching technique. Section gives a comparison with the existing state-of-the-art DAC switching

techniques. The conclusions are drawn in Section [5.4]

5.2 Proposed DAC switching technique in N-bit Single-ended SAR
ADCs

The differential SAR ADC uses a reference voltage of V,..y for digitizing an input analog signal
within the range of [-Vicf, +V,cf|. In other words, in a differential SAR ADC, the absolute range of

input signal voltage 2V,..r is twice the reference voltage V,.r. Analogously, the proposed single-ended

‘/T'ef
2

V’";f for digitizing an input signal of amplitude 2.

SAR ADC uses a single reference voltage of

i.e., Vier. The digitizing voltage % for generation of the MSB in a traditional single-ended SAR

ADCs is based on binary-weighted capacitor array configuration using a single reference voltage V..
However, in the proposed SAR, the largest digitizing voltage % is the reference voltage itself. The

remaining (N-1) digitizing voltages are also generated using Vrzef and appropriate DAC configurations.

Fig. Bl illustrates the proposed DAC switching technique for a 3-bit single ended SAR ADC.

The reference voltage V’";f and the input voltage V;, are sampled onto the top plates of the upper

and the lower DACs, DAC1 and DAC?2 respectively— each with 2V~! unit capacitors resulting in a

total of 2V unit capacitors-the same as that in the traditional single-ended SAR ADCs. The bottom

Vr'ef Vref ]

plates of the capacitors in both the DACs are connected to [0, 5L, —5L]. The top-plate sampling

ensures zero-switching energy in the first switching cycle as shown in [361,377,379]. During the first

comparison cycle, if Vj;, < Vrzef , the bottom plates of DAC1 are switched to [0, 0, 0]. Otherwise, these
are connected to % This, in turn, results in zero switching energy during the second switching cycle

(i.e. after the first comparison) as shown in Fig. i and as explained below:
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[

Viero
Vin<—£L9

ToT!

,f‘ri

9(‘ ;C

COMPARISON CYCLE “1”  COMPARISON CYCLE “2” COMPARISON CYCLE “3”
(j=1) (i=2) (i=3)

Figure 5.1: Proposed DAC Switching technique applied to a 3-bit single-ended SAR ADC

Using equation (21) of [375] and applying superposition theorem, the net switching energy incurred
during j™ to (j + 1)** comparison cycle may be computed as

Ejsjt1= NZ:: [ { Vii—Voi) — Viis1 — %,i—l—l)}‘fb,i—i-l} (5.1)

where V;; and Vj; are the voltages at the top-plate and the bottom-plate of C; with Ci= 2C, Co=
Cs=C, je {1,2}.
Comparison Cycle “17 (3= 1):

(a) When Vj,, <=5t Yeer , the switching energy may be computed as

i =[20{ (Vi = 0) = (V2 = 0)}.0 + C{(Vin - V’“;f) ~(Via = 0)}0

+ C.{(v+,1 - V";f) — (Vo — 0)}.0} ~0 (5.2)
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(b) When V;;, >+ Yrer , the switching energy is

L (o IR e

2 2 2 2
ngf> (Via = 2} 2] = 5.3

+cd v, -

Thus, the switching energy in the second switching cycle (i.e., after the first comparison) is zero. In

contrast the method proposed in [I38] exhibits a non-zero switching energy as verified below:

(a) For Vm<VT26f using (5.0)), the switching energy is

2
V;“ef C‘/;ef

By = 20,V = Vo ). 7% e 40 (5.4)
(b) For Vm>v’;f , the switching energy is
By =4C. (Vi — V;ef —Vy2).0+2C.(V_; — V_,z).V;ef = C%Tif £0 (5.5)
Comparison Cycle “2”7 (j= 2):
(a) For Vi, <=4 Vret the switching energy is
Fyss = {3C.(Vog — V_3) + 2C. V’“;f }.V’“;f _ 501‘2“2”” (5.6)

(b) For Vi, >-"¢L Yoer , the switching energy is

Vies _ CVie
Ep3=C(V_2— V—,3)-Tf = Tf (5.7)

(c) For Vm<3V”’f , the switching energy is

Viery Vees _ 5CVie
By s = {3C.(V_y — V_3) +2C. 2f ). 2f = — i (5.8)
(d) For Vm>3V”’f , the switching energy is
Viey _ CV%
Eyy3=C(V_o— V—,3)-—f = ! (5.9)

2 16
5.3 Comparison with state-of-the-art DAC switching techniques

The behavioral simulation of different DAC switching techniques for an N-bit single-ended SAR

ADC is performed in MATLAB and the switching energies are compared with that of the proposed
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Figure 5.2: (a) Sum of switching energy comparison and (b) average switching energy comparison over all
output codes in an N-bit single-ended SAR ADC

Table 5.1: Comparison of sum of switching energy with reported 10-bit single-ended SAR ADCs

Switching Methods Sum of switching energy (CV;fef) Energy Savings (%)
Traditional differential [380] 1352873 -
Traditional single-ended [139] 698027 0% (Reference)
Split Capacitor [360] 436395 37.48%
Merged capacitor [361] 87126 87.51%
Hu e al. [138] 87126 87.51%
This work 54294 92.21%

technique.

The sum of switching energies in the proposed DAC switching technique over all output codes for
an N-bit single-ended SAR ADC is shown in Fig. and compared with the reported techniques
[138,139,360,361]. Table Bl shows the sum of switching energy values of various DAC switching
techniques [138]139,360,361] for a 10-bit single ended SAR ADC. The average switching energy of
the proposed switching technique for an N-bit capacitive DAC can be expressed as

N-1

Eavg(proposed) = Z 2N_2i_3(2i - 1)0‘/;"281” (510)
1=2

Fig. shows the average switching energies over all output codes of the proposed technique
in comparison to [138,[139,360.361] for an N-bit single-ended SAR ADC. Table shows the average
switching energy values of various DAC switching techniques [138] 139,360} 361] for a 10-bit single

ended SAR ADC. Thus, there is 92.21% reduction in switching energy in the proposed switching
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Table 5.2: Comparison of average switching energy with reported 10-bit single-ended SAR ADCs

Switching Methods Switching Energy (Cerf) Energy Savings (%)
Traditional differential [380] 1363.3 -
Traditional single-ended [139] 681.65 0% (Reference)
Split Capacitor [360] 425.66 37.55%
Merged capacitor [361] 84.7 87.57%
Hu et al. [138] 84.7 87.57%
This work 53.08 92.21%
1000 [~ Traditonal "[—>— Traditional
—o— Split Capacitor 1000} —o— Split Capacitor
—*— Hu et al. —*—Hu etal.
— Merged Capacitor| 800 —— Merged Capacitor
e " —&— Proposed —— Proposed

Switching Energy (CV'_ef 2)

Switching Energy (CVI_ef 2)

400) oo™ ; 400}
200t 1 200¢ |
:l | | | v,, L L | V00 0 1 1 1 L 1 |
0 128 256 384 512 640 768 896 1024 0 256 384 512 640 768 896 1024
Output Code Output Code
(a) (b)

Figure 5.3: Switching energy comparison for a 10-bit single ended SAR ADC with (a) Ideal capacitor (b)
Non-ideal capacitor

technique in comparison to the traditional single-ended SAR ADC. Further, as compared to the result
in [138], this corresponds to a reduction by an amount of 32C er iz equivalent to a reduction by 37.6%.

The switching energy in the proposed DAC switching technique over all output codes for a 10-bit
single-ended SAR ADC is shown in Fig. |5.3(a)l and compared with the reported switching techniques
[138/139,/360J361]. Moreover, the non-idealities of the capacitors in DAC have an effect on the switching
energy over all output codes; since the switching energy is directly proportional to the unit capacitor
‘C’. Fig. shows the switching energy over all output codes for a 10-bit single-ended SAR ADC
taking these into account. Simulations are based on the assumption that the unit capacitor ‘C’ follows

the Gaussian distribution having the standard deviation of 1%.
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5.4 Conclusions

An energy-efficient capacitive reference DAC switching technique for a 10-bit single-ended SAR
ADC is presented. The proposed DAC switching technique exhibits 92.21% savings in switching energy
in comparison to the traditional DAC switching technique. Unlike the methods that use two reference

voltages of V.. and Vr;f or a single reference voltage V,.. ¢, the proposed switching technique uses only

a single reference voltage of % for digitizing an input signal within the amplitude range of [0, V,¢¢].
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6.1 Introduction

The shape of a pulse is of utmost importance to an IR-UWB transceiver system as it dictates the
frequency spectrum of the transmitted signal. In other words, the generation of such pulse shape is
required to acquire the accurate frequency characteristics. It is necessary to design an IR-UWB pulse
generator, a key component of the transmitter, that provides an accurate pulse shape and follows the
mandatory FCC spectral mask [3].

IR-UWB pulse generation can be classified into two categories. The first category generates the
IR-UWB pulse which directly falls in the 3.1-10.6 GHz frequency band without the need of frequency
translation (up-conversion). In the second category, the pulse is generated at the baseband followed by
an up-conversion (using a LC oscillator and a mixer). Most of the IR-UWB pulse generation topolo-
gies employ one of the following techniques: (i) LC oscillator-switching technique [273,381H383] (ii)
filter-excitation technique [384] (iii) digital pulse-shaping technique [385-389] (iv) edge-combination
techniques [335,390-394] (v) on-chip/off-chip band-pass filtering technique [395396]. The pulse gener-
ation technique presented in [397] employs an accurate approximation of a Gaussian pulse by exploiting
the exponential behavior of a BJT. The pulse generator presented in [389] employed a triangular pulse
generation technique to generate a Gaussian pulse and a first-derivative Gaussian pulse.

In Chapter Bl a method for generation of a SRRC signaling pulse by an N-segment piece-wise
linear approximation (PWLA) approach was presented. The fundamental assumption in the PWLA
approach is that the duration of each line segment is a multiple of some basic time period T that
is related to the System Clock — thereby facilitating a simple clock-driven state-machine controller.
However, in the most general case, duration of a line segment need not be related to the system clock
in a simple manner (i.e. a multiple of some basic clock period T). While the zero-crossings of a SRRC
pulse are indeed multiples of some T, the extrema (the maxima and the minima) are not.

The constraint on the time duration of a segment can be circumvented if the controller can be
made “event-driven” with the “events” designed to occur at the “desired time instants”. Such an
event-driven state machine will permit accurate approximation of a waveform (to any desired degree
of accuracy subject to complexity and cost) as compared to that achievable by a simple clock-driven
controller. This work presents an event-driven PWLA methodology for an accurate approximation of
an arbitrary signaling waveform.

The organization of the chapter is as follows. Section illustrates the event-driven PWLA
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approach and describes the methodology for generation of an arbitrary signaling waveform. Section
describes six different approximations of the 15.6-compliant SRRC pulse. Their performance
in terms of percentage relative error, cross-correlation, power-spectral density and implementation
complexity are compared in Section Section presents a comparison of the “best-fit” clock-
driven SRRC PWLA waveform approximation (in Chapter B]) and the “best-fit” event-driven SRRC
PWLA waveform approximation. Section presents the implementation methodology of a “best-fit”
event-driven PWLA SRRC pulse generator. Using the event-driven PWLA approach, the generation
of the “closest-fit” N-segment Gaussian pulse and its derivatives (first-, third- and fifth-derivatives of

the Gaussian pulse) is also presented in Section The conclusions are drawn in Section

6.2 Event-Driven PWLA Approach for generation of Arbitrary Sig-
naling Waveform

Consider an arbitrary waveform p(t) to be approximated. Let p(t) be the N-segment piecewise

linear approximated waveform as shown in Fig. The approximated waveform p(t) can be expressed

as:
N
= st (6.1)
=1
where
— Vinit
Vinit + < > t - tznzt =1
znzt
Sz(t) _ slo;l;ez (6 2)
UZ—1+< - 1> :273a 7N
-y tz 1
slopel

Here, v+ initial voltage at time ¢;,;; and v;: voltage breakpoint at time t;.

The breakpoint of each line segment (Fig. [6.1]) is realized by a comparator with appropriate
reference voltage (known-a-priori) switched-in through a multiplexer controlled by select lines (trig;,
trigs, . .., trigr) generated by an event-driven controller. As time proceeds, a set of events {sig;_,g and
sigo—1} are generated at the desired breakpoints by an event generation block, which in turn, drives
the event-driven controller. This controller generates the control signals sigy, siga, ..., SiGm+n—1,
$igm+n that drives the PWLA waveform generator (Chapter B} Fig. B.2) to realize the approximated

waveform p(t).
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N-segment Event-Driven PWLA Waveform Generator
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Figure 6.1: (N= m+n) — segment Event-Driven PWLA Waveform Generator

6.3 Event-Driven Approximations of N-segment PWLA SRRC Pulse
Generation

The event-driven PWLA approximations of the SRRC pulse given by (2.0) is considered for six

cases. A detailed description is given in the following.
6.3.1 Case-I: 10-segment PWLA SRRC Pulse

The Case-I PWLA pulse approximating the actual SRRC pulse is shown in Fig. The ten-
segments are generated by switching five positive current sources I, Is, I3, I4, I5 and five negative
current sources -1y, -Io, -I3, -I4, -I5 (Appendix [Ck Table [C]) activated by the event-driven control

signals sigi, sige, Sigs, Siga, Sigs, Sige, Stg7, Stgs, Sige and sigig as illustrated in Fig.
6.3.2 Case-1I: 8-segment PWLA SRRC Pulse

An eight-segment Case-II PWLA SRRC pulse (Fig. [6.2(b)) can be generated by switching four
positive current sources Iy, Iy, I3, I4 and four negative current sources -1y, -1, -I3, -I; (Appendix
Table that are switched into the charge/discharge of the capacitor ‘C’ by the event-driven control

signals sigy, sige, Sigs, Siga, sigs, sige, sigr and sigg at appropriate instants (Fig. [6.4)).
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Figure 6.2: (a) Case-I: 10-segment (b) Case-II: 8-segment (c) Case-III: 8-segment (d) Case-IV: 8-segment (e)
Case-V: 6-segment and (f) Case-VI: 6-segment PWLA SRRC pulse approximating SRRC pulse (Equation (2.0])

6.3.3 Case-III: 8 segment PWLA SRRC Pulse

This eight-segment Case-III PWLA pulse (Fig. [6.2(c)) is generated by switching four positive

current sources Iy, I, I3, I and four negative current sources -Iy, -Is, -I3, -I; (Appendix [C} Table

[C.3) activated by the event-driven control signals sigy, sigo, sigs, Sigs, Sigs, Sigs, sigr and sigg as

illustrated in Fig.

TH-2307_11610241

110



6.3 Event-Driven Approximations of N-segment PWLA SRRC Pulse Generation

sigry Pl

sigy [ L

oL Sigs -

8igs ! b

sigy 5193 L L I I Iy

sigs | 194 P, 5P, SP, 5P, sp,

' - Y osigr —> i —> Sig0 —>

516 5105 5191 | sigs > | sigs > | S1g7 | 5149 | SRRC(1)

sigy %.g k E\ , b\@ b N, Lf\ C Output Waveform
Sit(]gE sigr & Sl SigL T N sigs T sigs ™ sign T N ™~

L —_—

o @ " @ I@ @ @

51910 1 Si010 _L_
Figure 6.3: Case-1: 10-segment PWLA SRRC Pulse Generator

R , Lo s T -
s L 0y i
5ig2 | i A N A A . 7/

NS n I I I
8293 Tl i 3
i S sp SP, SP, s,

5294 L ! ! ,—l_; %,i sigy " | sigs > | Sigs > | sigr > |
sigs RN Sigs

. ’ . H . . ; SN SN I Output Waveform
5196 . |_| 5196, sigy—> oy 5Lq1—’ 5zg6 szgg o ==

o Vo Sigg
sigs T | gs ¥

A BCD E F HI J

Figure 6.4:

o L [ T . ] A O YT
sige D e L4 S s
BRI I Ty
L | % sigs | I I I I
szq;; o | 3
L . o 0 SPy SPy SPy SPy
3294 5 5 L e ] %. si.fh—’| 87793—’| sigs | sigr = |
sigs F o Ssigs
) QE . fa . : ‘ SN SN, I Output Waveform
5106 : | iy SZgG sigy—> SN szg4—’ ) szgﬁ szgg =
o U e A R/ _ 1 1,
P P sigg )
sigsy 4 1 L p 5 i
A BC DEF HI J  oomeeesosoomsssooooooooen B LR LR P ERE LR EEE R RS

Figure 6.5:

Case-III: 8-segment PWLA SRRC Pulse Generator

6.3.4 Case-1V: 8-segment PWLA SRRC Pulse

The Case-IV PWLA pulse (Fig. [6.2(d)) of eight-segments can be generated by using four positive

current sources Iy, I, I3, I, and four negative current sources -1y, -I5, -I3, -I (Appendix [C} Table

[C4) activated by the event-driven control signals sigy, sige, sigs, Sigs, Sigs, Sigs, sig7 and sigg as
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Figure 6.7: Case-V: 6-segment PWLA SRRC Pulse Generator

illustrated in Fig.
6.3.5 Case-V: 6-segment PWLA SRRC Pulse

The Case-V PWLA SRRC pulse as shown in Fig. [6.2(e)| can be generated by switching three
positive current sources Iy, I, I3 and three negative current sources -Iy, -5, -I3 (Appendix [C} Table
[C.H). The current sources are controlled by the switching signals sig1, sige, sigs, sigs, sigs and sige

as illustrated in Fig.
6.3.6 Case-VI: 6-segment PWLA SRRC Pulse

A six-segment Case-VI PWLA SRRC pulse as shown in Fig. [6.2(f)| can be generated by three
positive current sources Iy, Iz, I3 and three negative current sources -1y, -I2, -I3 (Appendix [Ct Table

[C6) that are switched by the event-driven control signals sigy, siga, sigs, sigs, sigs and sigs (Fig.

6.8).
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Figure 6.9: The percentage relative error of (a) Case-I: 10-segment (b) Case-II: 8-segment (c) Case-III: 8-
segment (d) Case-IV: 8-segment (e) Case-V: 6-segment and (f) Case-VI: 6-segment PWLA SRRC pulse
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6. Design Methodology for Event-driven PWLA Waveform Generator

6.4 Evaluation of the “best-fit” event-driven PWLA SRRC pulse
generation

Table 6.1: Percentage Relative Error of event-driven PWLA SRRC Pulse

Different PWLA Approximations | Percentage Relative Error
Case-I: 10-segment +3% to -2%
Case-11: 8-segment +3.5% to -2%
Case-I1I: 8-segment +3% to -2%
Case-IV: 8-segment +3% to -2.5%
Case-V: 6-segment +4% to -7%
Case-VI: 6-segment +3.5% to -1.5%

Table 6.2: Normalized Cross-correlation of event-driven PWLA SRRC Pulse

Different PWLA Approximations | Normalized Cross-correlation
Case-I: 10-segment 0.979
Case-1I: 8-segment 0.924
Case-III: 8-segment 0.981
Case-1V: 8-segment 0.980
Case-V: 6-segment 0.931
Case-VI: 6-segment 0.978

Table 6.3: No. of current sources required for event-driven PWLA SRRC Pulse

. . . No. of Current Sources
Different PWLA Approximations Positive Negative
Case-I: 10-segment 5 5
Case-II: 8-segment 4 4
Case-III: 8-segment 4 4
Case-IV: 8-segment 4 4
Case-V: 6-segment 3 3
Case-VI: 6-segment 3 3

The “best-fit” among the six cases of event-driven PWLA SRRC pulse generation are evaluated

in terms of percentage relative error, cross-correlation, the number of current sources and PSD:
6.4.1 Percentage Relative Error

The percentage relative error of different event-driven PWLA SRRC pulse approximations with
respect to the SRRC pulse is shown in Fig. Table shows the percentage relative error in the

six cases.
6.4.2 Cross-correlation

Table shows the normalized cross-correlation of various event-driven PWLA approximations

with the SRRC pulse.
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Figure 6.10: PSDs of (a) Case-I: 10-segment (b) Case-II: 8-segment (c¢) Case-III: 8-segment (d) Case-IV:
8-segment (e) Case-V: 6-segment and (f) Case-VI: 6-segment PWLA SRRC pulse

6.4.3 No. of Current Sources

Table shows the number of current sources required for the generation of the PWLA SRRC

approximations.

6.4.4 PSD

The normalized PSDs of the six different approximations with respect to the WBAN spectral mask

are shown in Fig. It is clear from Fig. 6.10(a) and Fig. 6.10(c)| that the PSDs in the Case-I:
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6. Design Methodology for Event-driven PWLA Waveform Generator

10-segment and the Case-III: 8-segment PWLA approximations closely fit the PSDs of the SRRC
pulse and the WBAN spectral mask. Further, even by increasing the PWLA segments from eight
(Case-III) to ten (Case-I), the PSDs are more or less invariant in the main lobe and are well within
the WBAN spectral mask in the side lobes. The Case-V: 6-segment PWLA SRRC pulse shows the
worst PSD among the six approximations (Fig. . Further, the PSDs in Case-1I, Case-IV and

Case-VI approximations fit the WBAN spectral mask fairly well in the main lobe, however, the values

are not low enough in the side lobes (Fig. [6.10(b)} Fig. [6.10(d)| and Fig. [6.10(f)]).

Thus, it may be concluded that the Case-III: 8-segment approximation is the best choice in terms

of performance and implementation complexity.

6.5 Comparison of the “best-fit” Clock-driven and the ‘“best-fit”
Event-Driven PWLA SRRC Pulse Approximations

The comparison of efficacy between the “best-fit” clock-driven and the “best-fit” event-driven
PWLA SRRC pulse approximations are evaluated in terms of cross-correlation and PSDs.

Table shows the normalized cross-correlation of the “best-fit” clock-driven (6- and 8-segment)
and the “best-fit” event-driven (Case-VI: 6-segment and Case-III: 8-segment) PWLA SRRC pulse
approximations.

It may be observed from Fig. that the event-driven (Case VI: 6-segment) PWLA SRRC pulse
approximation closely fits the PSDs of the SRRC pulse and the WBAN spectral mask as compared
to the clock-driven (6-segment) PWLA SRRC pulse approximation. Further, by increasing the no. of
segments from six to eight, the PSD of the event-driven (Case-III: 8-segment) fits the WBAN spectral
mask very well in the main lobes as compared to the clock-driven (8-segment) PWLA SRRC pulse as
shown in Fig.

Thus, it can be concluded that the event-driven PWLA approximations has higher potential to
approximate a desired pulse with a high degree of accuracy as compared to the clock-driven PWLA

approximations.

6.6 Implementation Methodology for Case-III: 8-segment PWLA
SRRC Pulse Generator

As a proof of concept, a design procedure for the generation of the control signals sigi, sigs, sigs,

sig4, Sigs, Sige, sigr and sigg for the Case-III: 8-segment PWLA SRRC pulse generator (Fig. [6.)) is
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Table 6.4: Normalized Cross-correlation of the “best-fit” clock-driven and event-driven PWLA SRRC Pulse

Sl. No. PWLA Approximations Normalized Cross-correlation
1 Clock-Driven (6-segment) 0.927
Event-Driven (Case-VI: 6-segment) 0.978
9 Clock-Driven (8-segment) 0.971
Event-Driven (Case-III: 8-segment) 0.981
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Figure 6.11: PSDs of the clock-driven (6-segment) and the event-driven (Case-VI: 6-segment) PWLA SRRC
pulse
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Figure 6.12: PSDs of the clock-driven (8-segment) and the event-driven (Case-III: 8-segment) PWLA SRRC
pulse

next considered. The design methodology is explained in the following.
The event-driven approach proposed in Section is employed to generate the segments ‘AB’,
‘BC’, ‘CD’, ‘DE’, ‘EF’, ‘FG’, ‘GH’ and ‘HI’ of the PWLA SRRC pulse (Fig. [6.2(c)). The output of
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Figure 6.14: A detailed actual view of six 0—1 transitions and six 1—0 transitions

Table 6.5: Digital states of sig;-sigg with respect to @), @),..., © and , , . @ transitions

Serial No. Change of Digital States of sigi1-sigs PWLA
Transition States s191 S1g2 5193 5194 s19s Stg6 s1g7 5198 Segment

1. From A | Till @ | High | High | High | Low | High | Low | High | Low AB

2. After @ | Till High | Low | Low | Low | High | Low | High | Low BC

3. From @ | Till High | Low | High | Low | Low | Low | High | Low CD

4. From @ | Till High | Low | High | Low | High | Low | Low | Low DE

5. After Till @ | High | Low | High | Low | High | Low | High | High EF

6. From Till ® | High | Low | High | Low | High | High | High | Low FG

7. From Till ® | High | Low | High | High | High | Low | High | Low GH

8. After ® | Till @ Low | Low | High | Low | High | Low | High | Low HI

the comparator ‘compe,:’ is generated by comparing the voltage ‘p(t)” with an appropriate reference
voltage ‘V,..;” obtained through a multiplexer that selects one among the possible reference voltages :

Vinits Vo, Ve, .., Vi (Fig. [6.I3]). A close observation of ‘compy,:’ shows that the signal has six 1—0
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Figure 6.16: Circuit diagram of transition counters: T'C; and T'Co

and six 0—1 transitions. The 1—0 transitions are marked as D, @), @, @, ® and 6) while the 0—1
transitions are marked as , , , , and @ It may be noted that in a practical circuit the

view of ‘compyys’ signal in reference to ‘p(t)’ illustrating the twelve transitions is more like the one
shown in Fig. [6.14l These transitions provide a practical solution to design an event-driven controller

for the generation of control signals sig;-sigs (Table [6.5).
The block diagram of the proposed event-driven PWLA SRRC pulse generator is shown in Fig.

6.151 The pulse generator consists of the following blocks: an analog comparator (COMP), an event
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Figure 6.17: Circuit diagram of digital logic for generation of sigy, sigs, ...,
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Figure 6.19: Circuit Diagram of 8-segment PWLA Waveform Generator

generation block and an event-driven controller. The event-generation block consists of a 1—0 transi-
tion detector (T'D;) and a 0—1 transition detector (7'D3). The event-driven controller core consists of
a 1—0 transition counter (7'C), a 0—1 transition counter (7'C5) and digital logic circuitry. The refer-
ence switches SWy, SWsy, SW3, SWy, SW5 and SWyg act on a multiplexer for selecting the appropriate
reference voltage V. triggered by the select lines trig, trigs, trigs, triga, trigs and trige. The T'D;
and T Ds respectively detect an 1—0 transition and a 0—1 transition in the signal comp,,; by flagging
the respective digital outputs sig;_o and sigy—1. The transition detector circuit presented by Wang
and Singh [398] is considered. The transition counters T'C; and T'C count the number of occurrence
of ‘1’ state in sig;_,o and sigo—,1 by outputting the digital signals {OZ;, OZ,, OZ3, OZy, OZ5, OZs}
and {ZO01, ZOs, ZO3, ZOy4, ZOs, ZOg} respectively. For example, the occurrence of transition (I) or
transition 2) are indicated by T'Cy as ‘100000’ or ‘110000’ respectively. Similarly, as an example, the
occurrence of transition | 5 | is indicated by T'Cy as {ZO1, ZOy, ZO3, ZOy4, ZO5, ZOg}= {1,1,1,1,1,0}.
Fig. shows the proposed transition counters T'C; and T'Cy. The outputs from the transition
counters serve as the inputs to the digital logic circuitry (Fig. [6.17) for generation of sigy, sigs, ...,
sigg and trigy, trigs, ..., trigs. Fig. shows the timing diagram of the event-generation block
and the event-driven controller. The PWLA waveform generator block (in Fig. [6.15]) for generation
of Case-III: 8-segment SRRC pulse is detailed in Fig. The waveform generator consists of four
charge pump circuits CP;, CP,, C'P; and C'P, for the corresponding current flows I, Is, I3 and Iy

to the same capacitive load ‘C’. The current source Iy serves as the basic reference current source

TH-2307_11610241

121



6. Design Methodology for Event-driven PWLA Waveform Generator

mirroring the currents I, Io, I3 and I,.

6.7 Event-driven Approximation of N-segment PWLA IR-UWB Pulse
Generation

For additional illustration, the proposed event-driven approximation approach is applied to a few
selected IR-UWB pulse shapes, such as a Gaussian pulse and its derivatives (first-, third- and fifth-

derivatives of a Gaussian pulse). The details are as follows:
6.7.1 N-segment PWLA Gaussian Pulse

The Gaussian pulse given by (Appendix Equation (C.IJ)) can be approximated by an eight-
segment PWLA Gaussian pulse shown in Fig. [6.20(a)l This can be generated by switching four
positive current sources Iy, I3, I3, Iy and four negative current sources -1y, -I2, -I3 and -1, (Appendix

Table [C.7). The normalized PSD of this approximation is shown in Fig. [6.20(b)|
6.7.2 N-segment PWLA First-derivative Gaussian Pulse

The (N=13)- segment PWLA first-derivative Gaussian pulse approximating the first-derivative
Gaussian pulse Gy (t) given by (Appendix [Ct Equation (C.2))) is shown in Fig. This approxi-
mation can be generated using five positive current sources I, Is, I3, I4, I5 and two negative current
sources -I; and -I5 that are switched into the charge/discharge of the capacitor (Appendix [C} Table
[C). Fig. shows the normalized PSD of the thirteen-segment approximation with respect to

the FCC spectral mask [3].
6.7.3 N-segment PWLA Third-derivative Gaussian Pulse

A seventeen-segment PWLA pulse for the third-derivative Gaussian pulse G3(t) (Appendix
Equation (C.3])) is shown in Fig. [6.22(a)l The seventeen-segments are generated by switching six
positive current sources I, I, I3, 14, I5, I and seven negative current sources -1y, -Is, -I3, -14, -I5,

-Is and -I; as illustrated in Appendix [Ck Table The normalized PSD of this approximation is
shown in Fig.
6.7.4 N-segment PWLA Fifth-derivative Gaussian Pulse

The “closest-fitting” 22-segment fifth-derivative Gaussian pulse approximating the fifth-derivative
Gaussian pulse G5(t) given by (Appendix [CI Equation (C.4)) is shown in Fig. This can be
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Figure 6.22: (a) (N= 17) - segment PWLA third-derivative Gaussian pulse approximating a third-derivative

Gaussian pulse and (b) the PSD
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Figure 6.23: (a) (N= 22) - segment PWLA fifth-derivative Gaussian pulse approximating a fifth-derivative
Gaussian pulse and (b) the PSD

generated by using eight positive current sources I, Is, I3, 14, I5, Is, I7, I3 and eight negative current
sources -1, -Io, -I3, -1y, -I5, -Ig, -I7, -Ig and is illustrated in Appendix [Ct Table Fig.

shows the normalized PSD of this approximation.
6.8 Conclusions

An event-driven piece-wise linear approximation (PWLA) approach for generation of an arbitrary
signaling waveform is presented. This design methodology yields an accurate approximation of the
desired signaling pulse. This chapter describes six different types of event-driven approximations of the
SRRC pulse and evaluation of the “best-fit’ PWLA SRRC pulse vis-a-vis the theoretical SRRC pulse.
The implementation details of the “best-fit” SRRC pulse generator is also discussed. Furthermore,
approximations of the Gaussian pulse and its first-, third- and fifth-derivatives are also presented. The
proposed event-driven approach has the potential to approximate a desired pulse with a high degree

of accuracy in a simple architectural implementation.
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7.1 Conclusions

7.1 Conclusions

Keeping in view of some of the requirements of health-care systems in current technologies, this re-
search has attempted to address certain issues in Transceiver design for 15.6 BANs — from methodology
to architectural level — in order to take full advantage from system-level perspective.

The specific contributions made are as follows:

o IR-UWB Transmitter: Generation of an arbitrary signaling waveform is not always physically
realizable; it can only be approximated to a certain degree of accuracy. The thesis presents a
novel piece-wise linear approximation (PWLA) approach for generation of a desired signaling
waveform and considers its practical implementation in simple mixed signal realization involv-
ing mostly digital circuits. The proposed PWLA approach has the potential to approximate a
desired waveform with a high degree of accuracy. Various PWLA approximations of the SRRC
pulse are evaluated in terms of goodness-of-fit (cross-correlation, percentage relative error, PSD
and implementation complexity) along with its efficacies from the point of hardware implemen-
tation. The “best-fit” six-segment PWLA SRRC pulse generator is developed and using this
PWLA SRRC baseband waveform a complete design of an IEEE 802.15.6 compliant IR-UWB
transmitter operating in the mandatory low-band at 3.9936 GHz with a data rate of 0.4875
Mbps is presented. The simulation results demonstrated the applicability and the feasibility of

the proposed PWLA pulse generator in IR-UWB transmitter design.

e IR-UWB Receiver: A non-coherent energy-detection based receiver is a practical approach in
WBAN receiver design due to its energy efficiency and structural simplicity. The RF front-
end is implemented using a single-to-differential LNA, energy-efficient inverter-based RF gain
stages that can be selectively enabled/disabled followed by a squarer. Such an architecture is
attractive in BAN scenario involving battery operated nodes. The implementation simplicity of
the receiver is further enhanced by employing a windowed integrator and a single-ended SAR
ADC for “integration” and “digitization” of the received signal. The single-ended SAR ADC
utilizes a new digital switching technique for the capacitive reference DAC. The ADC works
using a novel counter-based SAR, controller. For demodulation of 2-ary and 16-ary PPM signals

in 15.6 IR-UWB signaling format, a digital back-end has been presented.

Simulations studies and the performance evaluation are also carried out for validation of the
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proposed energy detection based receiver.

e FEnergy-efficient DAC Switching Scheme: Suggestions are made in improving savings in switching
energy in a capacitive reference DAC (employed in N-bit single-ended SAR ADCs) by introducing
a new DAC switching technique. This technique brings down the switching energy in the first
few comparison cycles where the switching energy consumption is the highest among the ‘N’
comparison cycles. Simulations are carried out to validate the proposed DAC switching technique

and results are compared with the existing state-of-the-art DAC techniques.

o (eneralization of the PWLA Approach - Event-driven PWLA Waveform Generator: One limi-
tation of the PWLA generator (Chapter B]) is that the controller is a clock-driven state machine
where the clock is constrained to be related to the system clock. For a more accurate piece-wise
linear approximation, this constraint should be overcome. To this end, an event-driven approach
for PWLA pulse generator is considered and its performance evaluated. A set of “events” are
generated at the break-points of a suitably chosen piece-wise linear approximation and these
events in turn drives the PWLA segment generator to realize an arbitrary signaling waveform
with a high degree of accuracy. A detailed study of six possible cases of PWLA approxima-
tions of SRRC pulse is carried out and the performance evaluated (in terms of cross-correlation,
percentage relative error, PSD and implementation complexity). Lastly, as a special case study,
this approach is applied for approximation of a few selected IR-UWB pulses (Gaussian pulse and
its first-, third- and fifth derivatives). This study of the event-driven PWLA approach shows
promising potential for applicability of the proposed pulse generator methodology in transceiver

design.

7.2 Scope for Future Work

The thesis explores simple yet effective methods for the design of IR-UWB transceivers for 15.6

BAN systems. This research can be further extended in the following directions:

e The work presented in this thesis can be extended along the following directions:

— Transmitter: The data rates (R) can be readily enhanced from the current data rate of
0.4875 Mbps to higher rates (up to 15.6 Mbps) by changing the Clock as depicted in Table

[C1] and the control signals for the generation of the SRRC pulse (Figure B.8]).
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Table 7.1: Enhancements in the Transmitter for Higher Data Rates

Data Rate (Mbps) 0.4875 | 0.975 | 1.95 3.9 7.8 | 15.6

clk’ ck’ | ok | clk® | clk¥ | clk®

Clock clk4 clk4 clk4 - - -

clk64 clk32 | clk16 | clk8 | clk8 | clk8
Slot Duration (T) 64ns | 32ns | 16ns | 8ns | 4ns | 2 ns

SRRC Pulse Duration 8 ns 8 ns 8 ns 8ns | 4ns | 2ns

" fur=1 GHz, * far= 2 GHz, ¥ fur= 4 GHz
feikea= feir /64, forse= for/32, farie= feir/16, fars= fer/8, fara= far/4

Table 7.2: Enhancements in the Receiver for Higher Data Rates

Data Rate (Mbps) | 0.4875 | 0.975 | 1.95 | 3.9 7.8 15.6

fe(MHz) 15.625 | 31.25 | 62.5 125 250 500

Jorw ' (MHz) 1875 | 375 | 750 | 1500 | 3000 | 6000
ifCLK: (N42) feir= 12 feas for 10-bit single-ended SAR ADC

— Receiver: The corresponding modifications in the receiver (Fig. [4.2]) will involve the changes
in fur and forx as depicted in Table Further, the windowed integrator will need to
be redesigned for full-scale at the integrator output as the available integration time is

progressively decreasing.

e Circuit realization of the DAC switching scheme proposed in Chapter [6] and design of a SAR

ADC using this capacitive reference DAC.

Generalized PWLA approach: Complete circuit design, verification and performance evaluation

of the Event-driven Waveform Generator vis-a-vis a variety of signaling waveforms.

Exploration of the Event-driven Waveform Generator for possible high data rate applications

requiring very short duration signaling waveforms. A few examples are [399]:

— Carrier-less Waveforms: Gaussian Pulse and Inverse Fast Fourier Transform (IFFT) Pulse

— Carrier-based Waveforms: Gaussian Raised-Cosine (RC) Pulse, Hann RC Pulse, Sinc RC

Pulse, Rectangular RC Pulse

Recent research has incorporated Internet of Things (IoT) technology in various healthcare
solutions, specifically for m-health solutions. IoT technology is capable of providing excellent
feedback on physical and mental health conditions using real-time monitoring systems [400].
Seamless Integration of WBAN technology in IoT systems is an exciting application area that

opens up a plethora of new and interesting applications of WBAN systems. Recently, Wu et
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al. [401] have introduced enhanced interactive telecare systems (ITCS) adopting IoT technology
aiming for diabetic patients and their caregivers. The current usage of 4G or the upcoming 5G

cellular communications is also to provide promising features in IoT healthcare system.

IR-UWB transceiver systems will emerge as a great option for future global market of IoT due
to its advantages: low-complexity, low-power consumption, low transmission power and high
resistance to eavesdropping. Moreover, health-care specific IoT applications would require IR-
UWRB for long battery life rather than high data rates. Thus, a solution for IR-UWB transceiver

based [oTs is an exciting option that needs to be explored.

e Another area where the proposed transceiver system can be explored is its application as a
compliant device for the proposed IEEE 802.15.4-2015 [134] WPANs. The proposed IR-UWB
transceiver system for WBANSs can be an effective dual-standard 15.6-2012 and 15.4-2015 com-
pliant IR-UWB transceiver solutions that can be used for both WPANs and WBANS.
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A.1 Operation of the Squarer
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Figure A.1: Circuit schematic of the squarer

The mathematical expressions for the operation of the squarer (shown in Fig. [Eﬂ) c

described as follows:

Vpp/2
R

(¢}

an be

Considering the transistors M- My to be in saturation region and neglecting the channel-length

modulation, the mobility degradation and the body effect, the current flowing through the transistors

M7- M4 may be expressed as

M1 = ,Ufpco:c<%)l (V:c - % — (vsg+) + th)z

= 5(ans = Usq+>2

M2 = :U’pcom<%)2 (Vm - % - (Usq—) L V;fp)2

= 5(ans - vsq_>2

ipv3,m4 = HpCon (%)3 A (Vm Yoo + th) i
= BVeons

Here, = 11,Cos (%) is the transconductance of the devices

) 7374

and

A Vi
‘/cons:Vm_%‘F‘/tp

'Fig. @18 is reproduced as Fig. for ready reference
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The current iy flowing through transistors M; and M, is given by
i1 =tp1+ i
2 2
= 5(‘/cons - 'Usq+> + ﬁ(‘/cons - Usq—)
- 2 2
= <‘/cons - Usq—l—) + (‘/cons - 'Usq—> ]

(57,2 2 2
= 2‘/0077/8 + Vsq+ + Vgq— — 2‘/consvsq+ - 2‘/consvsq—]

= 2‘/02077/8 + ,qu—i— + qu_ — 2Veons <Usq+ + Usq—)]

2

2 2
where v;, = v, = v5,_

The current io flowing through transistors M3 and My is given by
iz = inrs + ina = 268V, (A.5)
Using and (A.D) the current i, can be computed as:
lo =11 — I2
= 2B (Vs + ) — 282, (A.6)
= 26},

The current i, is linearly related to the square of the input voltage. Therefore, the output of the

squarer is given by

v, = ioRy = 28R,v7, (A7)
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B.1 Frequency Response of an Inverter-based Amplifier in 180 nm Technology

B.1 Frequency Response of an Inverter-based Amplifier in 180 nm

Technology

Voo Voo Voo
Voo/2 Vop/2 Vpp/2

M M M
< M A

Figure B.1: Circuit schematic of an inverter-based amplifier: (a) Unloaded state (b) Loaded state (where
Gain £ vous/Vin)
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Figure B.2: Simulated frequency response of an inverter-based amplifier in loaded state and unloaded state
using minimum-sized devices in 180 nm technology

It is observed that in 180 nm technology (technology employed in this work) the frequency response

of an inverter-based amplifier (using minimum-sized devices) exhibits a -3 dB cut-off frequency of 1.63

GHz (Fig. B.2) in unloaded state depicted in Fig. whereas, in loaded state (Fig. [B.1(b))), the
cut-off frequency falls to 250 MHz (Fig. [B.2]). Further, it is seen that the inverter-based amplifier

(with device sizes same as that for RF amplifier stages in Section .4.2]) exhibits a - 3 dB cut-off
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Figure B.3: Simulated frequency response of an inverter-based amplifier in loaded state and unloaded state
(with device sizes same as that used for RF amplifier stages in Section Z42) in 180 nm technology

frequency of 1.9 GHz (Fig. [B.3)) in unloaded state (Fig. and a -3 dB cut-off frequency of 247
MHz (Fig. [B.3) in loaded state (Fig. [B.1(b)).

Thus it may be inferred that an inverter-based amplifier with a resonant load at f. ~ 4 GHz will
display a skewed bandpass characteristic with a much reduced gain. Hence it was felt that an advanced

technology should be explored.

B.2 Design of RF Front-end in 65 nm Technology
B.2.1 LNA
Fig. shows the simulated single-ended gain of the single-to-differential LN (Fig. B4). From

Fig. Bt is shown that a single-ended gain of 5.55 V/V (= 14.9 dB) is obtained for a -3 dB bandwidth
(BW_34B,Lna) of 1080 MHz:

Gaingya = 14.9 dB (B.1)

The S11 and the noise figure (NF) for the required frequency span from 3.5 GHz to 4.5 GHz are

shown in Fig. and Fig. respectively. The obtained values of S1; is -16.3 dB and that of
NF is 3.94 dB at the centre frequency.

1Fig. is reproduced as Fig. B4 for ready reference
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Figure B.5: Simulated single-ended gain of the single-to-differential LNA (a) in V/V (b) in dB
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Figure B.6: Simulated (a) S11 and (b) NF performance of the single-to-differential LNA
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Figure B.7: Schematic of the inverter-based amplifier with a RLC resonant load

B.2.2 Multi-stage RF Amplifier

The multi-stage RF amplifier follows the LNA (Fig. [4.2). The LNA provides a gain of 14.9 dB
and the remaining gain is to be achieved by the multi-stage RF amplifier.

The inverter-based amplifier topologyldl (Fig. [B.7) is chosen as a suitable amplifier structure for
gain stages of the multi-stage RF amplifier.

Each inverter-based amplifier stage (Fig. [B.7) provides a gain of 2.57 V/V (= 8.2 dB) as shown
in Fig.

Gainper_stage = 8.2 dB (B.2)

Hence using (£.9) and ([@I0]), the maximum and the minimum number of inverter-based amplifier

can be found:

Gai — Gai 71 dB —14.9 dB
No_of _gain_stagesmar = QMZZ% ijNA = S5 4B =[6.84] ~ 7 (B.3)
per_stage N

Gainmin — Gai 23 dB —14.9 dB
No_of _gain_stagesmin = azg,:;n ijNA = S5 dB = [0.987] ~ 1 (B.4)
per-_stage N

The frequency response of a cascade of the LNA and the multi-stage RF amplifier (No_of _gain_stages
=1,2,...,6,7) is shown in Fig. Fig. Fig. Fig. Fig. Fig. and Fig.

2Fig. @8l is reproduced as Fig. [B1 for ready reference
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Figure B.10:

(No_of_gain_stages= 2) (a) in V/V (b) in dB
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Figure B.13: Simulated single-ended gain of a cascade of the LNA and the multi-stage RF amplifier
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Figure B.14: Simulated single-ended gain of a cascade of the LNA and the multi-stage RF amplifier
(No_of_gain_stages= 6) (a) in V/V (b) in dB
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Figure B.15: Simulated single-ended gain of a cascade of the LNA and the multi-stage RF amplifier
(No_of_gain_stagesma,= 7) (a) in V/V (b) in dB

B.2.3 Discussions

It is observed in 65 nm technology that the frequency response of an inverter-based amplifier (using
minimum-sized devices) exhibits a -3 dB cut-off frequency f_ssp= 4.94 GHz in unloaded state and
f-3ap= 723 MHz in loaded state (Fig. [B.I6). Further, it is seen that the inverter-based amplifier
(with device sizes same as that used for RF amplifier stages in Section exhibits a - 3 dB cut-off
frequency f_3qp= 5.94 GHz in unloaded state and f_33p= 891 MHz in loaded state (Fig. [B.17).

Though the inverter-based amplifier in 65 nm technology has a wider frequency response, it is seen
that there is no significant improvement in the overall response of the RF stage and requires around
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Figure B.16: Simulated frequency response of an inverter-based amplifier in loaded state and unloaded state
using minimum-sized devices in 65 nm technology
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Figure B.17: Simulated frequency response of an inverter-based amplifier in loaded state and unloaded state
(with device sizes same as that used for RF amplifier stages in Section [B.2.2)) in 65 nm technology

the same number of stages of RF amplification.
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C.1 Event-driven N-segment PWLA approach to Generation of SRRC Pulse

C.1 Event-driven N-segment PWLA approach to Generation of SRRC

Pulse
Table C.1: Case-I: 10-segment PWLA SRRC Pulse
PWLA Voltage breakpoint (v) at time (t) love: (V Charge/Discharge Current Source
Segments (i) | ¢; (ns) | vi (V) | tic1 (ns) | vi—1 (V) slopei (V/ns) Charge | Discharge | Positive | Negative
1 1.6 0.84 tinit= 0 | Vinit= 0.9 -0.04 v -1
2 2.25 0.9 1.6 0.84 0.09 v Iz
3 3 1.1 2.25 0.9 0.26 v I3
4 3.55 1.25 3 1.1 0.27 v 1y
5 4 1.3 3.55 1.25 0.11 v I
6 4.45 1.25 4 1.3 -0.11 v -Is
7 5 1.1 4.45 1.25 -0.27 v -1y
8 5.75 0.9 5 1.1 -0.26 v -I3
9 6.4 0.84 5.75 0.9 -0.09 v -1z
10 8 0.9 6.4 0.84 0.04 v I
Table C.2: Case-1I: 8-segment PWLA SRRC Pulse
PWLA Voltage breakpoint (v) at time (t) loves (V Charge/Discharge Current Source
Segments (i) | t; (ns) | vi (V) | tic1 (ms) | vi—1 (V) slope; (V/ns) Charge | Discharge | Positive | Negative
1 1.6 0.84 tim‘tz 0 Vinit=— 0.9 -0.04 \/ -Il
2 2.25 0.9 1.6 0.84 0.09 v Iz
3 3 1.1 2.25 0.9 0.26 v I3
4 4 1.3 3 1.1 0.2 v 1y
5 5 1.1 4 1.3 -0.2 v -1y
6 5.75 0.9 5 1.1 -0.26 v -I3
7 6.4 0.84 5.75 0.9 -0.09 v -1z
8 8 0.9 6.4 0.84 0.04 v I
Table C.3: Case-III: 8-segment PWLA SRRC Pulse
PWLA Voltage breakpoint (v) at time (t) loves (V Charge/Discharge Current Source
Segments (i) | ¢; (ns) | vi (V) | i1 (ns) | vi—1 (V) slopei (V/ns) Charge | Discharge | Positive | Negative
1 1.6 0.84 tinit= 0 | Vinit= 0.9 -0.04 v -1
2 2.25 0.9 1.6 0.84 0.09 v Iz
3 3.55 1.25 2.25 0.9 0.27 v I3
4 4 1.3 3.55 1.25 0.11 v 1y
5 4.55 1.25 4 1.3 -0.11 v -1y
6 5.75 0.9 4.55 1.25 -0.27 v -1
7 6.4 0.84 5.75 0.9 -0.09 v -1I>
8 8 0.9 6.4 0.84 0.04 v I
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Table C.4: Case-IV: 8-segment PWLA SRRC Pulse

PWLA Voltage breakpoint (v) at time (t) loves (V Charge/Discharge Current Source
Segments (i) | ¢; (ns) | vi (V) | i1 (ns) | vi—1 (V) slopei (V/ns) Charge | Discharge | Positive | Negative
1 1.42 0.84 tz‘m‘t: 0 Vinit— 0.9 -0.04 \/ -Il
2 2.25 0.9 1.42 0.84 0.07 v Iz
3 3.55 1.25 2.25 0.9 0.27 v I3
4 4 1.3 3.55 1.25 0.11 v Iy
5 4.55 1.25 4 1.3 -0.11 v -1y
6 5.75 0.9 4.55 1.25 -0.27 v -I3
7 6.6 0.84 5.75 0.9 -0.07 v -1z
8 8 0.9 6.6 0.84 0.04 v I
Table C.5: Case-V: 6-segment PWLA SRRC Pulse
PWLA Voltage breakpoint (v) at time (t) love: (V Charge/Discharge Current Source
Segments (i) | ¢; (ns) | vi (V) | ti—1 (ms) | vi—1 (V) slope; (V/ns) Charge | Discharge | Positive | Negative
1 1.6 0.84 tinit= 0 | Vinit= 0.9 -0.04 v -1
2 3 1.1 1.6 0.84 0.18 v Iy
3 4 1.3 3 1.1 0.2 v I3
4 5 1.1 4 1.3 -0.2 v -I3
5 6.4 0.84 5 1.1 -0.18 v -1
6 8 0.9 6.4 0.84 0.04 v I
Table C.6: Case-VI: 6-segment PWLA SRRC Pulse
PWLA Voltage breakpoint (v) at time (t) loves (V Charge/Discharge Current Source
Segments (i) | ¢ (ns) | v (V) | tic1 (ns) | vi—1 (V) slope: (V/ns) Charge | Discharge | Positive | Negative
1 2.05 0.84 tinit: 0 Vinit=— 0.9 -0.03 \/ -Il
2 3.55 1.25 2.05 0.84 0.27 v 1>
3 4 1.3 3.55 1.25 0.11 v I3
4 4.55 1.25 4 1.3 -0.11 v -I3
5 5.95 0.84 4.55 1.25 -0.27 v -I>
6 8 0.9 5.95 0.84 0.03 v I
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C.2 Mathematical Expressions for (aussian Pulse and its first-,
third- and fifth- derivative

The mathematical expressions for the Gaussian pulse and its derivatives (first-, third- and fifth-
derivatives of the Gaussian pulse) are given as follows [402,403]:

Gaussian Pulse:

A —t?
G(t) = —— exp (ﬁ) (C.1)
First-derivative Gaussian Pulse:
—At —t2
Gi(t) = N exp <@) (C.2)
Third-derivative Gaussian Pulse:
3t t3 —t2
G(t) = A(ma5 . \/%UJ exp (@) (C.3)
Fifth-derivative Gaussian Pulse:
10¢3 15t o —t2
Gs(t) = A _ - <— C.4
5(t) <\/27T0'9 V2o \/2770'11) e 202) (C-4)

where A: amplitude of the pulse; o: Spread of the pulse
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C.3 PWLA approach to Generation of Gaussian Pulse and its first-,
third- and fifth- derivative

Table C.7: Eight-segment PWLA Gaussian pulse G(t)

PWLA Voltage breakpoint (v) at time (t) love: (V Charge/Discharge Current Source
Segments (i) | ¢; (ns) | v; (V) | tiz1 (ns) | vim1 (V) slopei (V/ns) Charge | Discharge | Positive | Negative
1 0.35 0.04 timt: 0.3 Vinit=— O 0.8 \/ I1
2 0.4 0.25 0.35 0.04 4.2 v Iz
3 0.47 0.88 0.47 0.25 9 v I3
4 0.5 1 0.5 0.88 4 v 1y
5 0.53 0.88 0.5 1 -4 v -1y
6 0.6 0.25 0.53 0.88 -9 v -I3
7 0.65 0.04 0.6 0.25 -4.2 v -1
8 0.7 0 0.65 0.04 -0.8 v -Ih

Table C.8: Thirteen-segment PWLA first-derivative Gaussian pulse G (t)

PWLA Voltage breakpoint (v) at time (t) loves (V Charge/Discharge Current Source
Segments (i) | ¢t (ns) | vi (V) | ti—1i (ns) | vi—1 (V) ™) Charge | Discharge | Positive | Negative

1 0.315 0.04 tinit= 0.25 | Vinit=0 0.615 v I
2 0.34 0.125 0.315 0.04 3.4 v Iz
3 0.37 0.34 0.34 0.125 7.16 v I3
4 0.42 0.9 0.37 0.34 11.2 v Iy
5 0.44 1 0.42 0.9 5 v I5
6 0.46 0.9 0.44 1 -5 v -1
7 0.54 -0.9 0.46 0.9 -22.5 v -1
8 0.56 -1 0.54 -0.9 -5 v -1
9 0.58 -0.9 0.56 -1 5 v I5
10 0.63 -0.34 0.58 -0.9 11.2 v 14
11 0.66 -0.125 0.63 -0.34 7.16 v I3
12 0.685 -0.04 0.66 -0.125 3.4 v Iz
13 0.75 0 0.685 -0.04 0.615 v I
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Table C.9: Seventeen-segment PWLA third-derivative Gaussian pulse G3(t)

PWLA Voltage breakpoint (v) at time (t) loves (V Charge/Discharge Current Source
Segments (i) | ¢; (ns) | vi (V) | ti—1 (ns) | vi—1 (V) slopei (V/ns) Charge | Discharge | Positive | Negative
1 0.29 0.05 tinit= 0.22 | Vinit= 0 0.714 v I
2 0.345 0.24 0.29 0.05 3.45 v I
3 0.36 0.27 0.345 0.24 2 v I3
4 0.375 0.24 0.36 0.27 -2 v -1
5 0.397 0 0.375 0.24 -10.9 v -1Is
6 0.44 -0.88 0.397 0 -2.04 v -I3
7 0.456 -1 0.44 -0.88 -7.5 v -1
8 0.47 -0.88 0.456 -1 8.57 v Iy
9 0.53 0.88 0.47 -0.88 29.3 v Is
10 0.545 1 0.53 0.88 8 v Is
11 0.56 0.88 0.545 1 -8 v -Is
12 0.605 0 0.56 0.88 -19.5 v -Is
13 0.627 -0.24 0.605 0 -10.9 v -1
14 0.64 -0.27 0.627 -0.24 -2.31 v -I7
15 0.655 -0.24 0.64 -0.27 2 v I3
16 0.71 -0.05 0.655 -0.24 3.45 v Iz
17 0.78 0 0.71 -0.05 0.714 v I
Table C.10: Twenty-two segment PWLA fifth-derivative Gaussian pulse G5(t)
PWLA Voltage breakpoint (v) at time (t) love: (V Charge/Discharge Current Source
Segments (1) | ¢; (ns) | vi (V) | ti—1 (ms) | vi—1 (V) slopei (V/ns) Charge | Discharge | Positive | Negative

1 0.26 0.025 | tinie= 0.21 | Vinit=0 0.5 v I
2 0.3 0.061 0.26 0.025 0.9 v P
3 0.315 0.045 0.3 0.061 -1.1 v -1
4 0.33 0 0.315 0.045 -3 v -1
5 0.37 -0.355 0.33 0 -8.87 v -1y
6 0.385 | -0.435 0.37 -0.355 -5.33 v -I3
7 0.4 -0.355 0.385 -0.435 5.33 v I3
8 0.418 0 0.4 -0.355 19.7 v Iy
9 0.452 0.9 0.418 0 26.5 v Is
10 0.463 1 0.452 0.9 9.1 v Is
11 0.474 0.9 0.463 1 -9.1 v -Is
12 0.525 -0.87 0 0.9 -3.5 v -Is
13 0.537 -1 0.525 -0.87 -1.1 v -1
14 0.549 -0.87 0.537 -1 1.1 v I7
15 0.582 0.355 0.582 -0.87 2.4 v Is
16 0.612 0.435 0.582 0.355 5.33 v I3
17 0.63 0.355 0.612 0.435 -4.44 v -I7
18 0.67 0 0.63 -0.05 -8.87 v -1
19 0.685 | -0.045 0.67 0 -0.045 v -1y
20 0.7 -0.061 0.685 -0.045 -1.1 v -1
21 0.74 -0.025 0.7 -0.061 0.9 v P
22 0.79 0 0.74 -0.025 0.5 v I

TH-2307_11610241

151



C. Event-driven PWLA Waveforms

TH-2307_11610241

152



Bibliography

[1] R. Cavallari and F. Martelli and R. Rosini and C. Buratti and R. Verdone, “A Survey on Wireless Body
Area Networks: Technologies and Design Challenges,” IEEE Commun. Surveys Tutorials, vol. 16, no. 3,
pp. 1635-1657, Third 2014.

[2] “IEEE Standard for Local and metropolitan area networks - Part 15.6: Wireless Body Area Networks,”
IEEE Std 802.15.6-2012, pp. 1-271, Feb 2012.

[3] “First Report and Order: Revision of Part 15 of the Commission’s Rules Regarding Ultra-wideband
Transmission Systems. Federal Communication Commission,” April 2002.

[4] “IEEE P802.15 Working Group for Wireless Personal Area Networks (WPANs). Channel Model for Body
Area Network (BAN),IEEE 802.15.6 channel modeling subcommittee,” 2009.

[5] “Ageing and Health.” [Online]. Available: http://www.who.int/mediacentre/factsheets/fs404/en/

[6] United Nations Population Division (UN), “World Population Prospects: The 2010 Revision (New York:
United Nations,” 2010. [Online]. Available: http://esa.un.org/unpd/wpp/index.htm,

[7] Office of National Statistics., “Statistical Bulletin National Population Projections, 2012-based Statistical
Bulletin.” [Online]. Available: http://www.ons.gov.uk/ons/dcpl171778.334975.pdf

[8] U.C.B.P.I Office., “Unprecedented Global Aging Examined in New Census Bureau Report Commissioned
by the National Institute on Aging,” U.S. Census Bureau: Washington, DC, USA, 2009.

[9] Wei, C.; Jinju, L., “Future Population Trends in China: 20052050; Centre of Policy Studies/TMPACT
Centre,” Victoria University: Victoria, Australia, 2009.

[10] Department of Economic and Social Affairs Population Division, “World Population Prospects: The 2012
Revision. Methodology of the United Nations Population Estimates and Projections,” Rep. ESA/P/WP.
235; UN: New York, NY, USA,, 2012.

[11] McKinsey & Company, “mHealth: A New vision for healthcare,” 2012. [Online]. Available: https://
www.gsma.com,/iot/wp-content /uploads/2012/03/gsmamckinseymhealthreport.pdf

[12] World Health Organization, “Noncommunicable diseases,” May 2017. [Online]. Available: http://www.
who.int/mediacentre/factsheets/fs355/en/

[13] “Cardiovascular disease causes one-third of deaths worldwide,” June 2017. [Online]. Available: https://
www.sciencedaily.com/releases/2017/05/170517143625.htm

[14] World Health Organization, “Cancer,” February 2017. [Online]. Available: http://www.who.int/
mediacentre/factsheets/fs297 /en/

[15] American Cancer Society, “Cancer Deaths will be Eliminated for all under 80 by 2050,” January
2015. [Online]. Available: http://www.independent.co.uk/life-style/health-and-families/health-news/
cancer-deaths-will-be-eliminated- for-all-except-the-over-80s-by-2050-new-research-predicts-9976263.
html

[16] World Health Organization, “Diabetes,” July 2017. [Online]. Available: http://www.who.int/
mediacentre/factsheets/fs312/en/

[17] IMEC. [Online]. Available: https://www.imec-int.com/en/what-we-offer /research-portfolio/b-slim
TH-2307_11610241

153


http://www.who.int/mediacentre/factsheets/fs404/en/
http://esa.un.org/unpd/wpp/index.htm,
http://www.ons.gov.uk/ons/dcp171778_334975.pdf
https://www.gsma.com/iot/wp-content/uploads/2012/03/gsmamckinseymhealthreport.pdf
https://www.gsma.com/iot/wp-content/uploads/2012/03/gsmamckinseymhealthreport.pdf
http://www.who.int/mediacentre/factsheets/fs355/en/
http://www.who.int/mediacentre/factsheets/fs355/en/
https://www.sciencedaily.com/releases/2017/05/170517143625.htm
https://www.sciencedaily.com/releases/2017/05/170517143625.htm
http://www.who.int/mediacentre/factsheets/fs297/en/
http://www.who.int/mediacentre/factsheets/fs297/en/
http://www.independent.co.uk/life-style/health-and-families/health-news/cancer-deaths-will-be-eliminated-for-all-except-the-over-80s-by-2050-new-research-predicts-9976263.html
http://www.independent.co.uk/life-style/health-and-families/health-news/cancer-deaths-will-be-eliminated-for-all-except-the-over-80s-by-2050-new-research-predicts-9976263.html
http://www.independent.co.uk/life-style/health-and-families/health-news/cancer-deaths-will-be-eliminated-for-all-except-the-over-80s-by-2050-new-research-predicts-9976263.html
http://www.who.int/mediacentre/factsheets/fs312/en/
http://www.who.int/mediacentre/factsheets/fs312/en/
https://www.imec-int.com/en/what-we-offer/research-portfolio/b-slim

Bibliography

[18] S. Movassaghi and M. Abolhasan and J. Lipman and D. Smith and A. Jamalipour, “Wireless Body Area
Networks: A Survey,” IEEE Commun. Surveys Tutorials, vol. 16, no. 3, pp. 1658-1686, Third 2014.

[19] B. Latré, B. Braem, I. Moerman, C. Blondia, and P. Demeester, “A Survey on Wireless Body Area
Networks,” Wirel. Netw., vol. 17, no. 1, pp. 1-18, Jan. 2011. [Online]. Available: http://dx.doi.org/10.
1007/s11276-010-0252-4

[20] X. Liu and Y. Zheng and M. W. Phyu and F. N. Endru and V. Navaneethan and B. Zhao, “An Ultra-
Low Power ECG Acquisition and Monitoring ASIC System for WBAN Applications,” IEEE Journal on
Emerging and Selected Topics in Circuits and Systems, vol. 2, no. 1, pp. 60-70, March 2012.

[21] S. K. Jain and B. Bhaumik, “An Energy efficient application specific integrated circuit for electrocar-
diogram feature detection and its potential for ambulatory cardiovascular disease detection,” Healthcare
Technology Letters, vol. 3, no. 1, pp. 77-84, 2016.

[22] ——, “An Energy Efficient ECG Signal Processor Detecting Cardiovascular Diseases on Smartphone,”
IEEE Transactions on Biomedical Circuits and Systems, vol. 11, no. 2, pp. 314-323, April 2017.

[23] A. von Luhmann and H. Wabnitz and T. Sander and K. R. Muller, “M3BA: A Mobile, Modular, Multi-
modal Biosignal Acquisition Architecture for Miniaturized EEG-NIRS-Based Hybrid BCI and Monitor-
ing,” IEEE Trans. on Biomedical Engineering, vol. 64, no. 6, pp. 1199-1210, June 2017.

[24] J. Heaffey and E. Koutsos and P. Georgiou, “Live demonstration: Wearable device for remote EMG and
muscle fatigue monitoring,” in IEEE Biomedical Circuits and Systems Conf.(BioCAS), Oct 2015, pp. 1-5.

[25] D. De Venuto and V. F. Annese and G. Defazio and V. L. Gallo and G. Mezzina, “Gait analysis and
quantitative drug effect evaluation in Parkinson disease by jointly EEG-EMG monitoring,” in 12th Int.
Conf. on Design Technology of Integrated Systems In Nanoscale Era (DTIS), April 2017, pp. 1-6.

[26] Anuj Batra and Srinath Hosur, “Body Area Networks Standardization,” May 2008. [Online]. Available:
http://venividiwiki.ee.virginia.edu/mediawiki/images/f/ff/TIBAN.pdf

[27] P. Kutilek and P. Volf and S. Viteckova and P. Smrcka and V. Krivanek and L. Lhotska and K. Hana
and R. Doskocil and L. Navratil and Z. Hon and A. Stefek, “Wearable systems for monitoring the health
condition of soldiers: Review and application,” in Int. Conf. on Military Technologies (ICMT), May 2017,
pp. 748-752.

[28] R. Li and D. T. H. Lai and W. Lee, “A Survey on Biofeedback and Actuation in Wireless Body Area
Networks (WBAN),” IEEE Reviews in Biomedical Engineering, vol. PP, no. 99, pp. 1-1, 2017.

[29] N. de Vicq and F. Robert and J. Penders and B. Gyselinckx and T. Torfs, “Wireless Body Area Network
for Sleep Staging,” in IEEFE Biomedical Circuits and Systems Conf., Nov 2007, pp. 163-166.

[30] A. M. Kwan and A. G. Fung and P. A. Jansen and M. Schivo and N. J. Kenyon and J. P. Delplanque and
C. E. Davis, “Personal Lung Function Monitoring Devices for Asthma Patients,” IEEE Sensors Journal,
vol. 15, no. 4, pp. 2238-2247, April 2015.

[31] Pickup, John C. and Ford Holloway, Melissa and Samsi, Kritika, “Real-Time Continuous Glucose
Monitoring in Type 1 Diabetes: A Qualitative Framework Analysis of Patient Narratives,” Diabetes
Care, vol. 38, no. 4, pp. 544-550, 2015. [Online]. Available: http://care.diabetesjournals.org/content/38/
4/544

[32] P. Pierleoni and A. Belli and L. Palma and M. Pellegrini and L. Pernini and S. Valenti, “A High Reliability
Wearable Device for Elderly Fall Detection,” IEEE Sensors Journal, vol. 15, no. 8, pp. 4544-4553, Aug
2015.

[33] A. Ejupi and M. Brodie and S. R. Lord and J. Annegarn and S. J. Redmond and K. Delbaere, “Wavelet-
Based Sit-To-Stand Detection and Assessment of Fall Risk in Older People Using a Wearable Pendant
Device,” IEEE Trans. on Biomedical Engineering, vol. 64, no. 7, pp. 1602-1607, July 2017.

[34] X. Zhao and Y. Chu and J. Han and Z. Zhang, “SSVEP-Based Brain-Computer Interface Controlled
Functional Electrical Stimulation System for Upper Extremity Rehabilitation,” IEFE Transactions on
Systems, Man, and Cybernetics: Systems, vol. 46, no. 7, pp. 947-956, July 2016.

TH-2307_11610241

154


http://dx.doi.org/10.1007/s11276-010-0252-4
http://dx.doi.org/10.1007/s11276-010-0252-4
http://venividiwiki.ee.virginia.edu/mediawiki/images/f/ff/TIBAN.pdf
http://care.diabetesjournals.org/content/38/4/544
http://care.diabetesjournals.org/content/38/4/544

Bibliography

[35] P. Lopes and P. Baudisch, “Immense Power in a Tiny Package: Wearables Based on Electrical Muscle
Stimulation,” IEFE Pervasive Computing, vol. 16, no. 3, pp. 12-16, 2017.

[36] A.J. Greenspon, J. D. Patel, E. Lau, J. A. Ochoa, D. R. Frisch, R. T. Ho, B. B. Pavri, and S. M. Kurtz,
“Trends in Permanent Pacemaker Implantation in the United States From 1993 to 2009,” Journal of the
American College of Cardiology, vol. 60, no. 16, pp. 1540 — 1545, 2012. [Online]. Available: http://www.
sciencedirect.com/science/article/pii/S0735109712028100

[37] Borne, Ryan T. and Katz, David and Betz, Jarrod and Peterson, Pamela N. and Masoudi, Frederick
A., “Implantable Cardioverter-Defibrillators for Secondary Prevention of Sudden Cardiac Death: A
Review,” Journal of the American Heart Association, vol. 6, no. 3, 2017. [Online]. Available: http://
jaha.ahajournals.org/content/6/3/e005515

[38] D. B. Shire*, S. K. Kelly, J. Chen, P. Doyle, M. D. Gingerich, S. F. Cogan, W. A. Drohan, O. Mendoza,
L. Theogarajan, J. L. Wyatt, and J. F. Rizzo, “Development and implantation of a minimally invasive
wireless subretinal neurostimulator,” IEEE Trans. on Biomed. Eng., vol. 56, no. 10, pp. 2502-2511, Oct
2009.

[39] F.G. Zeng and S. Rebscher and W. Harrison and X. Sun and H. Feng, “Cochlear Implants: System Design,
Integration, and Evaluation,” IEEFE Reviews in Biomedical Engineering, vol. 1, pp. 115-142, 2008.

[40] M. Yip and R. Jin and H. H. Nakajima and K. M. Stankovic and A. P. Chandrakasan, “A Fully-Implantable
Cochlear Implant SoC With Piezoelectric Middle-Ear Sensor and Arbitrary Waveform Neural Stimula-
tion,” IEEE Journal of Solid-State Clircuits, vol. 50, no. 1, pp. 214-229, Jan 2015.

[41] Dam Medarski, “Implantable ~ Nanotubes for Early  Cancer Detection,” April
2017. [Online]. Available: https://www.guidedsolutions.co.uk /news/blog/2017/04/03/
implantable-nanotubes-for-early-cancer-detection/

[42] 1. De Falco and G. Tortora and P. Dario and A. Menciassi, “An Integrated System for Wireless Capsule
Endoscopy in a Liquid-Distended Stomach,” IEEE Transactions on Biomedical Engineering, vol. 61, no. 3,
pp. 794-804, March 2014.

[43] Fante, Kinde A. and Bhaumik, Basabi and Chatterjee, Shouri, “Design and Implementation of Compu-
tationally Efficient Image Compressor for Wireless Capsule Endoscopy,” Circuits, Systems, and Signal
Processing, vol. 35, no. 5, pp. 1677-1703, May 2016.

[44] S. P. Woods and T. G. Constandinou, “Wireless Capsule Endoscope for Targeted Drug Delivery: Me-
chanics and Design Considerations,” IEEE Transactions on Biomedical Engineering, vol. 60, no. 4, pp.
945-953, April 2013.

[45] S. T. Lee and P. A. Williams and C. E. Braine and D. T. Lin and S. W. M. John and P. P. Irazoqui, “A
Miniature, Fiber-Coupled, Wireless, Deep-Brain Optogenetic Stimulator,” IEEE Transactions on Neural
Systems and Rehabilitation Engineering, vol. 23, no. 4, pp. 655—664, July 2015.

[46] M. Khan and H. Deng, “Design and Prototyping of Smart Deep Brain Stimulator (SDBS)-An Autonomous,
Smart Electrode System,” IEEE Intelligent Systems, vol. PP, no. 99, pp. 1-1, 2017.

[47] International Neuromodulation Society, “Cortical Stimulation,” October 2016. [Online]. Available:
http://www.neuromodulation.com/cortical

[48] J. Coulombe and M. Sawan and J. F. Gervais, “A Highly Flexible System for Microstimulation of the
Visual Cortex: Design and Implementation,” TEEE Transactions on Biomedical Circuits and Systems,
vol. 1, no. 4, pp. 258-269, Dec 2007.

[49] Dobre, Ciprian and Mavromoustakis, Constandinos x and Garcia, Nuno and Goleva, Rossitza Ivanova
and Mastorakis, George, Ambient Assisted Living and Enhanced Living Environments: Principles, Tech-
nologies and Control, 1st ed. Newton, MA, USA: Butterworth-Heinemann, 2016.

[50] M. Hadjem and O. Salem and F. Nat-Abdesselam, “An ECG monitoring system for prediction of car-
diac anomalies using WBAN,” in IEEFE Int. Conf. on e-Health Networking, Applications and Services
(Healthcom), Oct 2014, pp. 441-446.

TH-2307_11610241

155


http://www.sciencedirect.com/science/article/pii/S0735109712028100
http://www.sciencedirect.com/science/article/pii/S0735109712028100
http://jaha.ahajournals.org/content/6/3/e005515
http://jaha.ahajournals.org/content/6/3/e005515
https://www.guidedsolutions.co.uk/news/blog/2017/04/03/implantable-nanotubes-for-early-cancer-detection/
https://www.guidedsolutions.co.uk/news/blog/2017/04/03/implantable-nanotubes-for-early-cancer-detection/
http://www.neuromodulation.com/cortical

Bibliography

[61] Shaikh, Aamir Z. and Tamil, Lakshman, “Cognitive Radio Enabled Telemedicine System,” Wireless
Personal Communications, vol. 83, no. 1, pp. 765-778, Jul 2015. [Online]. Available: https://doi.org/10.
1007/s11277-015-2423-1

[62] “Fraunhofer develop microsystem for hearing aids.” [Online]. Available: http://www.ageukhearingaids.
co.uk/hearing-aid-news/fraunhofer-develop-microsystem-hearing-aids

[63] W. Saadeh and M. A. B. Altaf and H. Alsuradi and J. Yoo, “A Pseudo OFDM With Miniaturized FSK
Demodulation Body-Coupled Communication Transceiver for Binaural Hearing Aids in 65 nm CMOS,”
IEEE Journal of Solid-State Clircuits, vol. 52, no. 3, pp. 757-768, March 2017.

[64] Hayajneh, Thaier and Vasilakos, Athanasios V. and Almashagbeh, Ghada and Mohd, Bassam J. and
Imran, Muhammad A. and Shakir, Muhammad Z. and Qaraqe, Khalid A., “Public-key Authentication
for Cloud-based WBANS,” in Proceedings of the 9th International Conference on Body Area Networks,
ser. BodyNets '14. ICST, Brussels, Belgium, Belgium: ICST (Institute for Computer Sciences,
Social-Informatics and Telecommunications Engineering), 2014, pp. 286-292. [Online]. Available: http://
dx.doi.org/10.4108/icst.bodynets.2014.257172

[65] Chen, Min and Gonzalez, Sergio and Vasilakos, Athanasios and Cao, Huasong and Leung, Victor C. M.,
“Body Area Networks: A Survey,” Mobile Networks and Applications, vol. 16, no. 2, pp. 171-193, Apr
2011. [Online]. Available: https://doi.org/10.1007/s11036-010-0260-8

[66] Li, Lan and Chen, Ji-hua, Emotion Recognition Using Physiological Signals. Berlin, Heidelberg:
Springer Berlin Heidelberg, 2006, pp. 437-446. [Online]. Available: https://doi.org/10.1007/1194135444

[57] Sensium-Part of THE SURGICAL COMPANY Group. [Online]. Available: https://www.sensium.co.uk/

[58] Z-wave. [Online]. Available: http://www.z-wave.com /shop-z-wave-smart-home-solutions/
smart-homes-welcome-you-home

[59] Insteon. [Online]. Available: http://www.insteon.com/

[60] Elster, Wavenis Technology. [Online]. Available: https://www.elstermetering.com/en/wavenis-technology
[61] ANT+. [Online]. Available: http://www.thisisant.com/

[62] FitLinxx. [Online]. Available: http://www.sportssolutionsllc.com/fitlinxx/

[63] IMEC. [Online]. Available: https://www.imec-int.com/en/what-we-offer /research-portfolio/conamo

[64] RuBee. [Online]. Available: http://ru-bee.com/

[65] “IEEE Standard for Long Wavelength Wireless Network Protocol,” IEEE Std 1902.1-2009, pp. 1-25,

March 2009.

[66] R. S. Mackay, “Radio Telemetering from Within the Human Body,” IRE Transactions on Medical Elec-
tronics, vol. ME-6, no. 2, pp. 100-105, June 1959.

[67] Zimmerman, T. G., “Personal Area Networks: Near-field Intrabody Communication,” IBM Syst.
Journal, vol. 35, no. 3-4, pp. 609-617, Sep. 1996. [Online]. Available: http://dx.doi.org/10.1147/sj.353.
0609

[68] K.V. Dam, S. Pitchers, M. Barnard, “From PAN to BAN: why body area networks?” Proceedings of the
Wireless World Research Forum (WWRF) Second Meeting, Nokia Research Centre, Helsinki, Finland,
May 10-11 2001.

[69] Yang, Guang-Zhong, Body Sensor Networks. Secaucus, NJ, USA: Springer-Verlag New York, Inc., 2006.

[70] A. Pentland, “Healthwear: medical technology becomes wearable,” Computer, vol. 37, no. 5, pp. 42-49,
May 2004.

[71] Shnayder, Victor and Chen, Bor-rong and Lorincz, Konrad and Jones, Thaddeus R. F. Fulford and
Welsh, Matt, “Sensor Networks for Medical Care,” in Proceedings of the 3rd International Conference on
Embedded Networked Sensor Systems, ser. SenSys '05. New York, NY, USA: ACM, 2005, pp. 314-314.
[Online]. Available: http://doi.acm.org/10.1145/1098918.1098979

TH-2307_11610241

156


https://doi.org/10.1007/s11277-015-2423-1
https://doi.org/10.1007/s11277-015-2423-1
http://www.ageukhearingaids.co.uk/hearing-aid-news/fraunhofer-develop-microsystem-hearing-aids
http://www.ageukhearingaids.co.uk/hearing-aid-news/fraunhofer-develop-microsystem-hearing-aids
http://dx.doi.org/10.4108/icst.bodynets.2014.257172
http://dx.doi.org/10.4108/icst.bodynets.2014.257172
https://doi.org/10.1007/s11036-010-0260-8
https://doi.org/10.1007/1194135444
https://www.sensium.co.uk/
http://www.z-wave.com/shop-z-wave-smart-home-solutions/smart-homes-welcome-you-home
http://www.z-wave.com/shop-z-wave-smart-home-solutions/smart-homes-welcome-you-home
http://www.insteon.com/
https://www.elstermetering.com/en/wavenis-technology
http://www.thisisant.com/
http://www.sportssolutionsllc.com/fitlinxx/
https://www.imec-int.com/en/what-we-offer/research-portfolio/conamo
http://ru-bee.com/
http://dx.doi.org/10.1147/sj.353.0609
http://dx.doi.org/10.1147/sj.353.0609
http://doi.acm.org/10.1145/1098918.1098979

Bibliography

[72] T. Gao and T. Massey and L. Selavo and D. Crawford and B. r. Chen and K. Lorincz and V. Shnayder
and L. Hauenstein and F. Dabiri and J. Jeng and A. Chanmugam and D. White and M. Sarrafzadeh and
M. Welsh, “The Advanced Health and Disaster Aid Network: A Light-Weight Wireless Medical System
for Triage,” IEEFE Transactions on Biomedical Circuits and Systems, vol. 1, no. 3, pp. 203-216, Sept 2007.

[73] A. Milenkovié, C. Otto, and E. Jovanov, “Wireless sensor networks for personal health monitoring:
Issues and an implementation,” Comput. Commun., vol. 29, no. 13-14, pp. 2521-2533, Aug. 2006.
[Online]. Available: http://dx.doi.org/10.1016/j.comcom.2006.02.011

[74] Ng, Jason W. P. and Lo, Benny P. L. and Wells, Oliver and Sloman, Morris and Peters, Nick and Darzi,
Ara and Toumazou, Chris and Yang, Guang Z., “Ubiquitous Monitoring Environment for Wearable and
Implantable Sensors (UbiMon),” in UbiComp’0/ — The Sizth International Conference on Ubiquitous
Computing, Poster Proceedings. UbiComp’04, 2004.

[75] K. Venkatasubramanian, G. Deng, T. Mukherjee, J. Quintero, V. Annamalai, and S. K. S. Gupta,
Ayushman: A Wireless Sensor Network Based Health Monitoring Infrastructure and Testbed. Berlin,
Heidelberg: Springer Berlin Heidelberg, 2005, pp. 406-407. [Online]. Available: https://doi.org/10.1007/
11502593-39

[76] K. Ouchi, T. Suzuki, and M. Doi, “LifeMinder: a wearable healthcare support system using user’s con-
text,” in Proceedings 22nd International Conference on Distributed Computing Systems Workshops, 2002,
pp. 791-792.

[77] D. Konstantas and R. Herzog, “Continuous monitoring of vital constants for mobile users: the MobiHealth
approach,” in Proceedings of the 25th Annual International Conf. of the IEEE Engineering in Medicine
and Biology Society (IEEE Cat. No.03CHS37439), vol. 4, Sept 2003, pp. 3728-3731.

[78] K. Wac, R. Bults, B. van Beijnum, I. Widya, V. Jones, D. Konstantas, M. Vollenbroek-Hutten, and
H. Hermens, “Mobile patient monitoring: The MobiHealth system,” in Annual International Conference
of the IEEE Engineering in Medicine and Biology Society, Sept 2009, pp. 1238-1241.

[79] U. Anliker and J. A. Ward and P. Lukowicz and G. Troster and F. Dolveck and M. Baer and F. Keita and
E. B. Schenker and F. Catarsi and L. Coluccini and A. Belardinelli and D. Shklarski and M. Alon and E.
Hirt and R. Schmid and M. Vuskovic, “AMON: a wearable multiparameter medical monitoring and alert

system,” IEEFE Transactions on Information Technology in Biomedicine, vol. 8, no. 4, pp. 415-427, Dec
2004.

[80] I. Jantunen, H. Laine, P. Huuskonen, D. Trossen, and V. Ermolov, “Smart sensor architecture for
mobile-terminal-centric ambient intelligence,” Sensors and Actuators A: Physical, vol. 142, no. 1, pp. 352
— 360, 2008, Special Issue: Eurosensors XX The 20th European conference on Solid-State Transducers.
[Online]. Available: http://www.sciencedirect.com/science/article/pii/S0924424707003068

[81] K. Montgomery, C. Mundt, G. Thonier, A. Tellier, U. Udoh, V. Barker, R. Ricks, L. Giovangrandi,
P. Davies, Y. Cagle, J. Swain, J. Hines, and G. Kovacs, “Lifeguard - a personal physiological monitor
for extreme environments,” in The 26th Annual International Conference of the IEEE Engineering in
Medicine and Biology Society, vol. 1, Sept 2004, pp. 2192-2195.

[82] M. Di Rienzo and F. Rizzo and G. Parati and G. Brambilla and M. Ferratini and P. Castiglioni, “MagIC
System: a New Textile-Based Wearable Device for Biological Signal Monitoring. Applicability in Daily
Life and Clinical Setting,” in IEEE Engineering in Medicine and Biology 27th Annual Conference, 2005,
pp. 7167-7169.

[83] E. Jovanov, “Wireless Technology and System Integration in Body Area Networks for m-Health Applica-
tions,” in IEEE Engineering in Medicine and Biology 27th Annual Conference, Jan 2005, pp. 7158-7160.

[84] N. Oliver and F. Flores-Mangas, “HealthGear: a real-time wearable system for monitoring and analyzing
physiological signals,” in International Workshop on Wearable and Implantable Body Sensor Networks
(BSN’06), April 2006, pp. 4 pp.—64.

[85] S. Nubenthan and C. Shalomy, “A wireless continuous patient monitoring system for dengue: Wi-Mon,”
in 6th National Conference on Technology and Management (NCTM), Jan 2017, pp. 23-27.

TH-2307_11610241

157


http://dx.doi.org/10.1016/j.comcom.2006.02.011
https://doi.org/10.1007/11502593_39
https://doi.org/10.1007/11502593_39
http://www.sciencedirect.com/science/article/pii/S0924424707003068

Bibliography

[86] Weber J, Porotte F, “Medical remote monitoring with clothes,” in 8rd International Workshop on Wear-
able Micro and Nano Technologies for Presonalized Health: pHealth, 2006, pp. 246—252.

[87] B. Gyselinckx, R. Vullers, C. V. Hoof, J. Ryckaert, R. F. Yazicioglu, P. Fiorini, and V. Leonov, “Hu-
man++: Emerging Technology for Body Area Networks,” in IFIP International Conference on Very Large
Scale Integration, Oct 2006, pp. 175-180.

[88] Tarek R Sheltami and Ashraf S Mahmoud and Marwan H Abu-amara, “Warning and monitoring medical
system using sensor networks,” in The Saudi 18th National Computer Conference. Riyadh, Saudi Arabia:
Saudi Computer Society, 2006, pp. 63-68.

[89] T. Falck, J. Espina, J.-P. Ebert, and D. Dietterle, “BASUMA - The Sixth Sense for Chronically Il
Patients,” in Proceedings of the International Workshop on Wearable and Implantable Body Sensor
Networks, ser. BSN ’06. Washington, DC, USA: IEEE Computer Society, 2006, pp. 57-60. [Online].
Available: http://dx.doi.org/10.1109/BSN.2006.12

[90] U.Maurer and A. Rowe and A. Smailagic and D. P. Siewiorek, “eWatch: a wearable sensor and notification
platform,” in International Workshop on Wearable and Implantable Body Sensor Networks (BSN’06),
April 2006, pp. 4 pp.—145.

[91] M. Blount and V. M. Batra and A. N. Capella and M. R. Ebling and W. F. Jerome and S. M. Martin
and M. Nidd and M. R. Niemi and S. P. Wright, “Remote health-care monitoring using Personal Care
Connect,” IBM Systems Journal, vol. 46, no. 1, pp. 95-113, 2007.

[92] E. Kang, Y. Im, and U. Kim, Remote Control Multi-Agent System for u-Healthcare Service. Berlin,
Heidelberg: Springer Berlin Heidelberg, 2007, pp. 636-644. [Online]. Available: https://doi.org/10.1007/
978-3-540-72830-6.66

[93] A. D. Wood, J. A. Stankovic, G. Virone, L. Selavo, Z. He, Q. Cao, T. Doan, Y. Wu, L. Fang, and
R. Stoleru, “Context-aware wireless sensor networks for assisted living and residential monitoring,” IEEFE
Network, vol. 22, no. 4, pp. 26-33, July 2008.

[94] S. Jiang, Y. Cao, S. Iyengar, P. Kuryloski, R. Jafari, Y. Xue, R. Bajcsy, and S. Wicker, “CareNet:
An Integrated Wireless Sensor Networking Environment for Remote Healthcare,” in Proceedings of
the ICST 3rd International Conference on Body Area Networks, ser. BodyNets '08. ICST, Brussels,
Belgium, Belgium: ICST (Institute for Computer Sciences, Social-Informatics and Telecommunications
Engineering), 2008, pp. 9:1-9:3. [Online]. Available: http://dl.acm.org/citation.cfm?id=1460257.1460269

[95] E. Farella, A. Pieracci, L. Benini, L. Rocchi, and A. Acquaviva, “Interfacing human and computer with
wireless body area sensor networks: the WiMoCA solution,” Multimedia Tools and Applications, vol. 38,
no. 3, pp. 337-363, Jul 2008. [Online|. Available: https://doi.org/10.1007/s11042-007-0189-5

[96] D. Curtis, E. Shih, J. Waterman, J. Guttag, J. Bailey, T. Stair, R. A. Greenes, and L. Ohno-Machado,
“Physiological Signal Monitoring in the Waiting Areas of an Emergency Room,” in Proceedings of
the ICST 3rd International Conference on Body Area Networks, ser. BodyNets '08. ICST, Brussels,
Belgium, Belgium: ICST (Institute for Computer Sciences, Social-Informatics and Telecommunications
Engineering), 2008, pp. 5:1-5:8. [Online]. Available: http://dl.acm.org/citation.cfm?id=1460257.1460264

[97] Biodevices SA. [Online]. Available: http://www.biodevices.pt/

[98] Z. Jin, J. Oresko, S. Huang, and A. C. Cheng, “HeartToGo: A Personalized medicine technology for
cardiovascular disease prevention and detection,” in IEEE/NIH Life Science Systems and Applications
Workshop, April 2009, pp. 80-83.

[99] HealthService24. [Ounline].  Available: http://www.healthservice24.com/Internet /external /cms/
index0ed6.html?healthservice24

[100] IMEC. [Online]. Available: https://www.imec-int.com/en/what-we-offer /research-portfolio/patronus

[101] M. Seyedi and B. Kibret and D. T. H. Lai and M. Faulkner, “A Survey on Intrabody Communications
for Body Area Network Applications,” IEEE Transactions on Biomedical Engineering, vol. 60, no. 8, pp.
2067-2079, Aug 2013.

TH-2307_11610241

158


http://dx.doi.org/10.1109/BSN.2006.12
https://doi.org/10.1007/978-3-540-72830-6_66
https://doi.org/10.1007/978-3-540-72830-6_66
http://dl.acm.org/citation.cfm?id=1460257.1460269
https://doi.org/10.1007/s11042-007-0189-5
http://dl.acm.org/citation.cfm?id=1460257.1460264
http://www.biodevices.pt/
http://www.healthservice24.com/Internet/external/cms/index0ed6.html?healthservice24
http://www.healthservice24.com/Internet/external/cms/index0ed6.html?healthservice24
https://www.imec-int.com/en/what-we-offer/research-portfolio/patronus

Bibliography

[102] N. Cho and J. Yoo and S. J. Song and J. Lee and S. Jeon and H. J. Yoo, “The Human Body Characteristics
as a Signal Transmission Medium for Intrabody Communication,” IEFE Transactions on Microwave
Theory and Techniques, vol. 55, no. 5, pp. 1080-1086, May 2007.

[103] J. Bae and H. Cho and K. Song and H. Lee and H. J. Yoo, “The Signal Transmission Mechanism on the
Surface of Human Body for Body Channel Communication,” IEEE Transactions on Microwave Theory
and Techniques, vol. 60, no. 3, pp. 582-593, March 2012.

[104] H. Baldus and S. Corroy and A. Fazzi and K. Klabunde and T. Schenk, “Human-centric connectivity
enabled by body-coupled communications,” IEEE Communications Magazine, vol. 47, no. 6, pp. 172-178,
June 2009.

[105] M. S. Wegmueller and S. Huclova and J. Froehlich and M. Oberle and N. Felber and N. Kuster and
W. Fichtner, “Galvanic Coupling Enabling Wireless Implant Communications,” IEEE Transactions on
Instrumentation and Measurement, vol. 58, no. 8, pp. 2618-2625, Aug 2009.

[106] S. H. Pun and Y. M. Gao and P. Mak and M. I. Vai and M. Du, “Quasi-Static Modeling of Human Limb
for Intra-Body Communications With Experiments,” IEEE Transactions on Information Technology in
Biomedicine, vol. 15, no. 6, pp. 870-876, Nov 2011.

[107] Akyildiz, Ian F. and Brunetti, Fernando and Blazquez, Cristina, “Nanonetworks: A New Communication
Paradigm,” Comput. Netw., vol. 52, no. 12, pp. 2260-2279, Aug. 2008. [Online]. Available: http://dx.
doi.org/10.1016/j.comnet.2008.04.001

[108] B. Atakan and O. B. Akan and S. Balasubramaniam, “Body area nanonetworks with molecular commu-
nications in nanomedicine,” IEEE Communications Magazine, vol. 50, no. 1, pp. 28-34, January 2012.

[109] U. A. K. Okonkwo and R. Malekian and B. T. Maharaj and A. V. Vasilakos, “Molecular Communication
and Nanonetwork for Targeted Drug Delivery: A Survey,” IEEE Communications Surveys Tutorials,
vol. PP, no. 99, pp. 1-1, 2017.

[110] L. Galluccio and T. Melodia and S. Palazzo and G. E. Santagati, “Challenges and implications of using
ultrasonic communications in intra-body area networks,” in 9th Annual Conference on Wireless On-
Demand Network Systems and Services (WONS), Jan 2012, pp. 182-189.

[111] Y. Davilis and A. Kalis and A. Ifantis, “On the Use of Ultrasonic Waves as a Communications Medium in
Biosensor Networks,” IEEE Transactions on Information Technology in Biomedicine, vol. 14, no. 3, pp.
650-656, May 2010.

[112] G. E. Santagati and T. Melodia, “Experimental Evaluation of Impulsive Ultrasonic Intra-Body Commu-
nications for Implantable Biomedical Devices,” IEFE Transactions on Mobile Computing, vol. 16, no. 2,
pp. 367-380, Feb 2017.

[113] Amendment of parts 2 and 95 to the Communications Rules to Establish a Medical Implant Commu-
nication Service in the 402-405MHz band, Federal Communications Commission (FCC), November 29,
1999.

[114] P. D. Bradley, “Implantable ultralow-power radio chip facilitates inbody communications,” RF DESIGN,
vol. 30, no. 6, 2007.

[115] Microsemi Corporation. [Online]. Available: http://www.microsemi.com/
[116] Konstantina S Nikita, Handbook of Biomedical Telemetry. Wiley-IEEE Press, 2014.

[117] M. R. Yuce and Chee Keong Ho, “Implementation of body area networks based on MICS/WMTS medical
bands for healthcare systems,” in 80th Annual Int. Conf. of the IEEE Engineering in Medicine and Biology
Society, Aug 2008, pp. 3417-3421.

[118] ITU - Radio Regulations, vol. 1, 2012. [Online]. Available: http://life.itu.int/radioclub/rr/rindex.htm

[119] FCC - Medical Body Area Networks - small entity compliance guide, May, 2013. [Online]. Available:
http://www.fec.gov/document /medical-body-area-networks

[120] Electronic Communications Committee, “ECC decision of 24 March 2006 on the harmonic conditions for
devices using ultrawideband (UWB) technology in bands below 10.6 GHz,” 2006.

TH-2307_11610241

159


http://dx.doi.org/10.1016/j.comnet.2008.04.001
http://dx.doi.org/10.1016/j.comnet.2008.04.001
http://www.microsemi.com/
http://life.itu.int/radioclub/rr/rindex.htm
http://www.fcc.gov/document/medical-body-area-networks

Bibliography

[121] ARIB Standard STD-T91, “UWB (Ultra-Wideband) Radio Systems,” March 2015.

[122] H. Li, Y. Schwoerer, J. Yoon, J. Farserotu, W. Yang, K. Sayrafian, D. Miniutti, and D. Lewis, “IEEE
802.15.6 regulation subcommittee report,” May 2010.

[123] “IEEE Standard for Telecommunications and Information Exchange Between Systems - LAN/MAN -
Specific Requirements - Part 15: Wireless Medium Access Control (MAC) and Physical Layer (PHY)
Specifications for Wireless Personal Area Networks (WPANS),” IEEE Std 802.15.1-2002, pp. 1-473, June
2002.

[124] Specification Volume 2: Core System Package, Bluetooth specification Version 2.0 + EDR ed., The
Bluetooth Special Interest Group, Nov. 2004.

[125] Specification Volume 2: Core System Package, Bluetooth specification Version 2.1 + EDR ed., The
Bluetooth Special Interest Group, July 2007.

Specification of the Bluetooth System v3.0, The Bluetooth Special Interest Group, April 2009.

[126]

[127] Specification of the Bluetooth System v4.0, The Bluetooth Special Interest Group, June 2010.
[128] Specification of the Bluetooth System v5.0, The Bluetooth Special Interest Group, December 2016.
[129]

“IEEE Standard for Information technology— Local and metropolitan area networks— Specific
requirements— Part 15.4: Wireless Medium Access Control (MAC) and Physical Layer (PHY) Specifi-
cations for Low Rate Wireless Personal Area Networks (WPANS),” IEEE Std 802.15.4-2006, pp. 1-320,
Sept 2006.

[130] ZigBee Alliance, 2015. [Online]. Available: http://www.zigbee.org/
[131] ECMA Standard ECMA-368, “High Rate Ultra Wideband PHY and MAC Standard,” Dec. 2008.

[132] “IEEE Standard for Information Technology - Telecommunications and Information Exchange Between
Systems - Local and Metropolitan Area Networks - Specific Requirement Part 15.4: Wireless Medium
Access Control (MAC) and Physical Layer (PHY) Specifications for Low-Rate Wireless Personal Area
Networks (WPANs),” IEEE Std 802.15.4a-2007 (Amendment to IEEE Std 802.15.4-2006), pp. 1-203,
2007.

[133] “IEEE Standard for Local and metropolitan area networks—Part 15.4: Low-Rate Wireless Personal Area
Networks (LR-WPANS),” IEEFE Std 802.15.4-2011 (Revision of IEEE Std 802.15.4-2006), pp. 1-314, Sept
2011.

[134] “IEEE Standard for Low-Rate Wireless Networks,” IEEE Std 802.15.4-2015 (Revision of IEEE Std
802.15.4-2011), pp. 1-709, April 2016.

[135] D. Zhang and A. Alvandpour, “A 12.5-ENOB 10-kS/s Redundant SAR ADC in 65-nm CMOS,” IEEE
Trans. on Circ. and Syst. II: Express Briefs, vol. 63, no. 3, pp. 244248, March 2016.

[136] J. H. Cheong, K. L. Chan, P. B. Khannur, K. T. Tiew, and M. Je, “A 400-nW 19.5-fJ/Conversion-Step
8-ENOB 80-kS/s SAR ADC in 0.18- pm CMOS,” IEEE Trans. on Circ. and Syst. II: Express Briefs,
vol. 58, no. 7, pp. 407411, July 2011.

[137] L. S. Y. Wong, S. Hossain, A. Ta, J. Edvinsson, D. H. Rivas, and H. Naas, “A very low-power CMOS
mixed-signal IC for implantable pacemaker applications,” IEFEE J. Solid-State Clircuits, vol. 39, no. 12,
pp- 24462456, Dec 2004.

[138] W. Hu, Y. T. Liu, T. Nguyen, D. C. Lie, and B. P. Ginsburg, “An 8-Bit Single-Ended Ultra-Low-Power
SAR ADC With a Novel DAC Switching Method and a Counter-Based Digital Control Circuitry,” IEEFE
Trans. Circuits Syst. I, Reg. Papers, vol. 60, no. 7, pp. 1726-1739, July 2013.

[139] J. L. McCreary and P. R. Gray, “All-MOS charge redistribution analog-to-digital conversion techniques.”
IEEE Journal of Solid-State Clircuits, vol. 10, no. 6, pp. 371-379, Dec 1975.

[140] D. Lewis, “IEEE p802.15.6/d0 draft standard for body area network,” in 15-10-0245-06-0006, May 2010.

[141] K. S. Kwak, S. Ullah, and N. Ullah, “An overview of IEEE 802.15.6 standard,” in 3rd International
Symposium on Applied Sciences in Biomedical and Communication Technologies, Nov 2010, pp. 1-6.

TH-2307_11610241

160


http://www.zigbee.org/

Bibliography

[142] Marco Hernandez; Lorenzo Mucchi, Body Area Networks using IEEE 802.15.6 : Implementing the ultra
wide band physical layer, 1st ed. Academic Press, , Elsevier Ltd, 2014.

[143] Jean Paul Linnartz, “Gold Sequences.” [Online]. Available: http://www.wirelesscommunication.nl/
reference/chaptr05/cdma/codes/gold.htm

[144] Hans-Jurgen Zepernick, Adolf Finger, Pseudo Random Signal Processing: Theory and Application, 1st ed.
Wiley, 2005.

[145] George C. Clark Jr., J. Bibb Cain (auth.), Error-Correction Coding for Digital Communications, 1st ed.,
ser. Applications of Communications Theory. Springer US, 1981.

[146] V. Niemeld and J. Haapola and M. Haméldinen and J. Iinatti, “An Ultra Wideband Survey: Global
Regulations and Impulse Radio Research Based on Standards,” IEEE Communications Surveys Tutorials,
vol. 19, no. 2, pp. 874-890, Secondquarter 2017.

[147] Sana Salous (auth.), Radio Propagation Measurement and Channel Modelling, 2013.

[148] M. Shinagawa, M. Fukumoto, K. Ochiai, and H. Kyuragi, “A near-field-sensing transceiver for intrabody
communication based on the electrooptic effect,” IEEE Transactions on Instrumentation and Measure-
ment, vol. 53, no. 6, pp. 1533—1538, Dec 2004.

[149] “Part 3: Carrier Sense Multiple Access With Collision Detect on (CSMA/CD) Access Method and Physical
Layer Specifications,” IEFE Std 802.3, 2000 Edition, pp. i—1515, 2000.

[150] S.-J. Song, N. Cho, S. Kim, J. Yoo, and H.-J. Yoo, “A 2Mb/s Wideband Pulse Transceiver with Direct-
Coupled Interface for Human Body Communications,” in IFEE International Solid State Circuits Con-
ference - Digest of Technical Papers, Feb 2006, pp. 2278-2287.

[151] S. J. Song, N. Cho, and H. J. Yoo, “A 0.2-mW 2-Mb/s Digital Transceiver Based on Wideband Signaling
for Human Body Communications,” IFEE Journal of Solid-State Circuits, vol. 42, no. 9, pp. 2021-2033,
Sept 2007.

[152] S. J. Song, N. Cho, S. Kim, J. Yoo, S. Choi, and H. J. Yoo, “A 0.9V 2.6mW Body-Coupled Scalable
PHY Transceiver for Body Sensor Applications,” in IEEE International Solid-State Circuits Conference.
Digest of Technical Papers, Feb 2007, pp. 366-609.

[153] N. Cho, J. Lee, L. Yan, J. Bae, S. Kim, and H. J. Yoo, “A 60kb/s-to-10Mb/s 0.37nJ /b Adaptive-Frequency-
Hopping Transceiver for Body-Area Network,” in IEEFE International Solid-State Circuits Conference -
Digest of Technical Papers, Feb 2008, pp. 132-602.

[154] N. Cho, L. Yan, J. Bae, and H. J. Yoo, “A 60 kb/s-10 Mb/s Adaptive Frequency Hopping Transceiver
for Interference-Resilient Body Channel Communication,” IEEE Journal of Solid-State Circuits, vol. 44,
no. 3, pp. 708-717, March 2009.

[155] N. Cho, J. Bae, S. Kim, and H. J. Yoo, “A 10.8mW body-channel-communication/MICS dual-band
transceiver for a unified body-sensor-network controller,” in IEEFE International Solid-State Circuits Con-
ference - Digest of Technical Papers, Feb 2009, pp. 424-425,425a.

[156] N. Cho, J. Bae, and H. J. Yoo, “A 10.8 mW Body Channel Communication/MICS Dual-Band Transceiver
for a Unified Body Sensor Network Controller,” IEEE Journal of Solid-State Circuits, vol. 44, no. 12, pp.
3459-3468, Dec 2009.

[157] A. Fazzi, S. Ouzounov, and J. van den Homberg, “A 2.75mW wideband correlation-based transceiver
for body-coupled communication,” in IEEE International Solid-State Circuits Conference - Digest of
Technical Papers, Feb 2009, pp. 204—205,205a.

[158] J. Bae, K. Song, H. Lee, H. Cho, L. Yan, and H. J. Yoo, “A 0.24nJ/b wireless body-area-network
transceiver with scalable double-FSK modulation,” in 2011 IEEE International Solid-State Circuits Con-
ference, Feb 2011, pp. 34-36.

[159] J. Bae, K. Song, H. Lee, H. Cho, and H. J. Yoo, “A 0.24-nJ/b Wireless Body-Area-Network Transceiver
With Scalable Double-FSK Modulation,” IEEE Journal of Solid-State Circuits, vol. 47, no. 1, pp. 310-322,
Jan 2012.

TH-2307_11610241

161


http://www.wirelesscommunication.nl/reference/chaptr05/cdma/codes/gold.htm
http://www.wirelesscommunication.nl/reference/chaptr05/cdma/codes/gold.htm

Bibliography

[160] J. F. M. Gerrits, M. H. L. Kouwenhoven, P. R. van der Meer, J. R. Farserotu, and J. R. Long, “Principles
and Limitations of Ultra-wideband FM Communications Systems,” EURASIP J. Appl. Signal Process.,
vol. 2005, pp. 382-396, Jan. 2005.

[161] J. Bae, K. Song, H. Lee, H. Cho, and H. J. Yoo, “A Low-Energy Crystal-Less Double-FSK Sensor Node
Transceiver for Wireless Body-Area Network,” IEEE Journal of Solid-State Circuits, vol. 47, no. 11, pp.
2678-2692, Nov 2012.

[162] H. Cho, J. Bae, and H. J. Yoo, “A 39 uW body channel communication wake-up receiver with injection-
locking ring-oscillator for wireless body area network,” in 2012 IEEE International Symposium on Circuits
and Systems, May 2012, pp. 2641-2644.

[163] K. Shikada and J. Wang, “Development of human body communication transceiver based on impulse
radio scheme,” in 2nd IEEE CPMT Symposium Japan, Dec 2012, pp. 1-4.

[164] J. Wang and Y. Nishikawa, “Characterization and Performance of High-Frequency Pulse Transmission
for Human Body Area Communications,” in IEICE Transactions on Communications, vol. E90-B, no. 6,
2006, pp. 1344-1350.

[165] Y. Liu, B. Zhao, Y. Yang, and Y. Lian, “A novel hybrid two-stage IM2 cancelling technique for IEEE
802.15.6 HBC standard,” in 2014 IEEE Biomedical Circuits and Systems Conference (BioCAS) Proceed-
ings, Oct 2014, pp. 640-643.

[166] H. Lee, K. Lee, S. Hong, K. Song, T. Roh, J. Bae, and H. J. Yoo, “A 5.5mW IEEE-802.15.6 wireless
body-area-network standard transceiver for multichannel electro-acupuncture application,” in 2018 IEEE
International Solid-State Clircuits Conference Digest of Technical Papers, Feb 2013, pp. 452—453.

[167] H. Cho, H. Lee, J. Bae, and H. J. Yoo, “A 5.2 mW IEEE 802.15.6 HBC Standard Compatible Transceiver
With Power Efficient Delay-Locked-Loop Based BPSK Demodulator,” IEEE Journal of Solid-State Cir-
cutts, vol. 50, no. 11, pp. 2549-2559, Nov 2015.

[168] J. Jang, Y. Lee, H. Cho, and H. J. Yoo, “A 0.54-mW duty controlled RSSI with current reusing tech-
nique for human body communication,” in 2015 IEEE International Symposium on Circuits and Systems
(ISCAS), May 2015, pp. 1230-1233.

[169] T. Kang, I. Lim, J. Hwang, C. Hyoung, H. Park, and S. Kang, “A Method of Increasing Data Rate for
Human Body Communication System for Body Area Network Applications,” in 2012 IEEE Vehicular
Technology Conference (VTC Fall), Sept 2012, pp. 1-5.

[170] C. K. Ho, X. Liu, and M. Je, “Data rate enhancement method for body channel frequency selective
digital transmission scheme,” in 2018 IEEE MTT-S International Microwave Workshop Series on RF
and Wireless Technologies for Biomedical and Healthcare Applications (IMWS-BIO), Dec 2013, pp. 1-3.

[171] J. Lee, V. V. Kulkarni, C. K. Ho, J. H. Cheong, P. Li, J. Zhou, W. D. Toh, X. Zhang, Y. Gao, K. W.
Cheng, X. Liu, and M. Je, 30.7 A 60Mb/s wideband BCC transceiver with 150pJ/b RX and 31pJ/b TX
for emerging wearable applications,” in 2014 IEEE International Solid-State Clircuits Conference Digest
of Technical Papers (ISSCC), Feb 2014, pp. 498-499.

[172] J. H. Lee, K. Kim, M. Choi, J. Y. Sim, H. J. Park, and B. Kim, “A 16.6-pJ/b 150-Mb/s body channel
communication transceiver with decision feedback equalization improving > 200% area efficiency,” in 2017
Symposium on VLSI Circuits, June 2017, pp. C62-C63.

[173] Y. L. Tsou, C. S. A. Gong, N. C. Cheng, Y. Lee, and C. F. Jou, “Integrated Biosensing Platform Based
on a 1.74-mW -90-dBm Sensitivity Dual- Mode-Operation Receiver for IEEE 802.15.6 Human Body
Communication Standard,” IEEE Sensors Journal, vol. 15, no. 6, pp. 3317-3327, June 2015.

[174] H. Cho, H. Kim, M. Kim, J. Jang, Y. Lee, K. J. Lee, J. Bae, and H. J. Yoo, “A 79 pJ/b 80 Mb/s Full-Duplex
Transceiver and a 42.5uW 100 kb/s Super-Regenerative Transceiver for Body Channel Communication,”
IEEE Journal of Solid-State Clircuits, vol. 51, no. 1, pp. 310-317, Jan 2016.

[175] E. H. Armstrong, “Some Recent Developments of Regenerative Circuits,” Proceedings of the Institute of
Radio Engineers, vol. 10, no. 4, pp. 244-260, Aug 1922.

TH-2307_11610241

162



Bibliography

[176] C. C. Chung, C. T. Chang, and C. Y. Lin, “A 1 Mb/s-40 Mb/s human body channel communication
transceiver,” in VLSI Design, Automation and Test(VLSI-DAT), April 2015, pp. 1-4.

[177] C.-C. Chung, Y.-C. Tsai, and M.-C. Li, “A reference-less all-digital transceiver for human body channel
communication,” in 2017 International Symposium on VLSI Design, Automation and Test (VLSI-DAT),
April 2017, pp. 14.

[178] J.-Y. Yu, W.-C. Liao, and C.-Y. Lee, “A MT-CDMA based wireless body area network for ubiquitous
healthcare monitoring,” in 2006 IEEE Biomedical Circuits and Systems Conference, Nov 2006, pp. 98-101.

[179] L. Vandendorpe, “Multitone direct sequence CDMA system in an indoor wireless environment,” in Pro-
ceedings of IEEE First Symposium of Communications and Vehicular Technology in the Benelux, Delft,
The Netherlands, Oct. 1993.

[180] T. C. Shih, T. W. Chen, W. H. Sung, P. Y. Tsai, and C. Y. Lee, “An energy-efficient ofdm-based baseband
transceiver design for ubiquitous healthcare monitoring applications,” in 2011 IEEE International SOC
Conference, Sept 2011, pp. 371-375.

[181] M. Vidojkovic, X. Huang, P. Harpe, S. Rampu, C. Zhou, L. Huang, J. van de Molengraft, K. Imamura,
B. Busze, F. Bouwens, M. Konijnenburg, J. Santana, A. Breeschoten, J. Huisken, K. Philips, G. Dolmans,
and H. de Groot, “A 2.4 GHz ULP OOK Single-Chip Transceiver for Healthcare Applications,” IFEE
Transactions on Biomedical Circuits and Systems, vol. 5, no. 6, pp. 523-534, Dec 2011.

[182] T. Taris, H. Kraimia, J. B. Begueret, and Y. Deval, “Micro-watt building blocks for biomedical RF
tranceivers,” in 2011 Annual International Conference of the IEEE Engineering in Medicine and Biology
Society, Aug 2011, pp. 5851-5854.

[183] X. Liu, M. W. Phyu, Y. Wang, B. Zhao, and Y. Zheng, “An ultra low power baseband transceiver IC
for wireless body area networks,” in 2008 5th International Summer School and Symposium on Medical
Devices and Biosensors, June 2008, pp. 231-234.

[184] X. Liu, Y. Zheng, B. Zhao, Y. Wang, and M. W. Phyu, “An Ultra Low Power Baseband Transceiver IC
for Wireless Body Area Network in 0.18-mu m CMOS Technology,” IEEE Transactions on Very Large
Scale Integration (VLSI) Systems, vol. 19, no. 8, pp. 1418-1428, Aug 2011.

[185] A. Ghosh and A. Halder and A. S. Dhar, “A Variable RF Carrier Modulation Scheme for Ultralow Power
Wireless Body-Area Network,” IEEE Systems Journal, vol. 6, no. 2, pp. 305-316, June 2012.

[186] Amitava Ghosh, Achintya Halder and Anindya S. Dhar, “An ultra low power transmitter for biomedical
wireless sensor nodes including MICS band applications.” Filed (Ref : 788/KOL/2015 dated 20.07.2015).

[187] H. Sjoland and J. B. Anderson and C. Bryant and R. Chandra and O. Edfors and A. J. Johansson and N.
S. Mazloum and R. Meraji and P. Nilsson and D. Radjen and J. Rodrigues and Y. Sherazi and V. Owall,
“Ultra low power transceivers for wireless sensors and body area networks,” in 2014 8th International
Symposium on Medical Information and Communication Technology (ISMICT), April 2014, pp. 1-5.

[188] H. Sj6land and J. B. Anderson and C. Bryant and R. Chandra and O. Edfors and A. J. Johansson and
N. S. Mazloum and R. Meraji and P. Nilsson and D. Radjen and J. N. Rodrigues and S. M. Y. Sherazi
and V. Owall, “A Receiver Architecture for Devices in Wireless Body Area Networks,” IEEE Journal on
Emerging and Selected Topics in Circuits and Systems, vol. 2, no. 1, pp. 82-95, March 2012.

[189] Y. H. Liu, X. Huang, M. Vidojkovic, G. Dolmans, and H. de Groot, “An energy-efficient polar transmitter
for IEEE 802.15.6 body area networks: system requirements and circuit designs,” IEEE Communications
Magazine, vol. 50, no. 10, pp. 118-127, October 2012.

[190] Y. H. Liu, X. Huang, M. Vidojkovic, K. Imamura, P. Harpe, G. Dolmans, and H. D. Groot, “A 2.7nJ/b
multi-standard 2.3/2.4GHz polar transmitter for wireless sensor networks,” in 2012 IEEE International
Solid-State Circuits Conference, Feb 2012, pp. 448-450.

[191] “IEEE Standard for Local and metropolitan area networks—Part 15.4: Low-Rate Wireless Personal Area
Networks (LR-WPANs) Amendment 3: Physical Layer (PHY) Specifications for Low-Data-Rate, Wireless,
Smart Metering Utility Networks,” IEEE Std 802.15.49-2012 (Amendment to IEEE Std 802.15.4-2011),
pp. 1-252, April 2012.

TH-2307_11610241

163



Bibliography

[192] Y. H. Liu, X. Huang, M. Vidojkovic, A. Ba, P. Harpe, G. Dolmans, and H. d. Groot, “A 1.9nJ/b
2.4GHz multistandard (Bluetooth Low Energy/Zighee/TEEE802.15.6) transceiver for personal/body-area
networks,” in 2013 IEEE International Solid-State Circuits Conference Digest of Technical Papers, Feb
2013, pp. 446-447.

[193] C.Bachmann, G. J. van Schaik, B. Busze, M. Konijnenburg, Y. Zhang, J. Stuyt, M. Ashouei, G. Dolmans,
T. Gemmeke, and H. de Groot, “10.6 A 0.74V 200 uW multi-standard transceiver digital baseband in
40nm LP-CMOS for 2.4GHz Bluetooth Smart / ZigBee / IEEE 802.15.6 personal area networks,” in 201/
IEEEFE International Solid-State Circuits Conference Digest of Technical Papers (ISSCC), Feb 2014, pp.
186-187.

[194] A. C. W. Wong, M. Dawkins, G. Devita, N. Kasparidis, A. Katsiamis, O. King, F. Lauria, J. Schiff, and
A. J. Burdett, “A 1 V 5 mA Multimode IEEE 802.15.6/Bluetooth Low-Energy WBAN Transceiver for
Biotelemetry Applications,” IEEE Journal of Solid-State Clircuits, vol. 48, no. 1, pp. 186-198, Jan 2013.

[195] T. Oshima and M. Kokubo, “Simple polar-loop transmitter for dual-mode Bluetooth,” in 2005 IEEE
International Symposium on Circuits and Systems, May 2005, pp. 3966-3969 Vol. 4.

[196] M. Chen, K. H. Wang, D. Zhao, L. Dai, Z. Soe, and P. Rogers, “A CMOS Bluetooth radio transceiver
using a sliding-IF architecture,” in Proceedings of the IEEE 2003 Custom Integrated Circuits Conference,
2003., Sept 2003, pp. 455-458.

[197] G. Devita, A. C. W. Wong, M. Dawkins, K. Glaros, U. Kiani, F. Lauria, V. Madaka, O. Omeni, J. Schiff,
A. Vasudevan, L. Whitaker, S. Yu, and A. Burdett, “A 5mW multi-standard Bluetooth LE/IEEE 802.15.6
SoC for WBAN applications,” in ESSCIRC 2014 - 40th European Solid State Circuits Conference (ESS-
CIRC), Sept 2014, pp. 283-286.

[198] L. Zhang, H. Jiang, J. Wei, J. Dong, F. Li, W. Li, J. Gao, J. Cui, B. Chi, C. Zhang, and Z. Wang, “A
Reconfigurable Sliding-IF Transceiver for 400 MHz/2.4 GHz IEEE 802.15.6/ZigBee WBAN Hubs With
Only 21% Tuning Range VCO,” IEEE Journal of Solid-State Circuits, vol. 48, no. 11, pp. 2705-2716, Nov
2013.

[199] V. Kopta, E. Le Roux, F. Pengg, and C. Enz, “A 2.4-GHz low power polar transmitter for wireless body
area network applications,” Analog Integrated Circuits and Signal Processing, vol. 81, no. 3, pp. 657666,
Dec 2014. [Online]. Available: https://doi.org/10.1007/s10470-014-0423-9

[200] V. Kopta, R. Thirunarayanan, F. Pengg, E. L. Roux, and C. Enz, “A 2.4-GHz low complexity polar
transmitter using dynamic biasing for IEEE 802.15.6,” in 2015 IEEE International Symposium on Circuits
and Systems (ISCAS), May 2015, pp. 1686-1689.

[201] R. Thirunarayanan, D. Ruffieux, F. Pengg, N. Scolari, P. Persechini, and C. Enz, “A 700 pJ/bit, 2.4
GHz, narrowband, PLL-free burst mode transmitter based on an FBAR with 5 us startup time for highly
duty-cycled systems,” in 2014 IEEE Radio Frequency Integrated Circuits Symposium, June 2014, pp.
25-28.

[202] A. Ba, M. Vidojkovic, K. Kanda, N. F. Kiyani, M. Lont, X. Huang, X. Wang, C. Zhou, Y. H. Liu,
M. Ding, B. Bsze, S. Masui, M. Hamaminato, H. Sato, K. Philips, and H. de Groot, “A 0.33 nJ/bit
IEEE802.15.6/Proprietary MICS/ISM Wireless Transceiver With Scalable Data Rate for Medical Im-
plantable Applications,” IEEE Journal of Biomedical and Health Informatics, vol. 19, no. 3, pp. 920-929,
May 2015.

[203] M. Vidojkovic, X. Huang, X. Wang, C. Zhou, A. Ba, M. Lont, Y. H. Liu, P. Harpe, M. Ding, B. Busze,
N. Kiyani, K. Kanda, S. Masui, K. Philips, and H. de Groot, “9.7 A 0.33nJ/b IEEE802.15.6 /proprietary-
MICS/ISM-band transceiver with scalable data-rate from 11kb/s to 4.5Mb/s for medical applications,” in
2014 IEEF International Solid-State Circuits Conference Digest of Technical Papers (ISSCC), Feb 2014,
pp. 170-171.

[204] S. Masui, K. Kanda, K. Oishi, K. Philips, and H. de Groot, “An ultra-low-power wireless transceiver
SoC for medical applications,” in 2015 IEEE International Symposium on Radio-Frequency Integration
Technology (RFIT), Aug 2015, pp. 1-3.

TH-2307_11610241

164


https://doi.org/10.1007/s10470-014-0423-9

Bibliography

[205] M. Rahman, M. Elbadry, and R. Harjani, “An IEEE 802.15.6 Standard Compliant 2.5 nJ/Bit Multi-
band WBAN Transmitter Using Phase Multiplexing and Injection Locking,” IEEE Journal of Solid-State
Clircuits, vol. 50, no. 5, pp. 1126-1136, May 2015.

[206] M. Rahman and M. Elbadry and R. Harjani, “A 2.5nJ/bit multiband (MBAN & ISM) transmitter for
IEEE 802.15.6 based on a hybrid polyphase-MUX/ILO based modulator,” in 2014 IEEE Radio Frequency
Integrated Circuits Symposium, June 2014, pp. 17-20.

[207] M. Rahman and R. Harjani, “A Sub-1-V 194- 1 31-dB FOM 2.3-2.5-GHz Mixer-First Receiver Frontend
for WBAN With Mutual Noise Cancellation,” IEEE Transactions on Microwave Theory and Techniques,
vol. 64, no. 4, pp. 1102-1109, April 2016.

[208] M. Rahman and R. Harjani, “CMOS energy efficient integrated radios for emerging low power standards,”
in 2016 International SoC Design Conference (ISOCC), Oct 2016, pp. 151-152.

[209] A. M. El-Mohandes, A. Shalaby, and M. S. Sayed, “Robust low power NB PHY baseband transceiver for
IEEE 802.15.6 WBAN,” in 2015 27th International Conference on Microelectronics (ICM), Dec 2015, pp.
91-94.

[210] P. Mathew, L. Augustine, D. Kushwaha, D. Vivian, and D. Selvakumar, “Hardware implementation of
NB PHY baseband transceiver for IEEE 802.15.6 WBAN,” in 2014 International Conference on Medical
Imaging, m-Health and Emerging Communication Systems (MedCom), Nov 2014, pp. 64-71.

[211] P. Mathew, L. Augustine, D. Kushwaha, V. Desalphine, and A. D. Selvakumar, “Implementation of NB
PHY transceiver of IEEE 802.15.6 WBAN on FPGA,” in 2015 International Conference on VLSI Systems,
Architecture, Technology and Applications (VLSI-SATA), Jan 2015, pp. 1-6.

[212] M. M. Twinkle and G. Jegan, “Design of highly compressed NB PHY transceiver of IEEE 802.15.6 based
on adaptive modulation scheme,” in 2016 Online International Conference on Green Engineering and
Technologies (IC-GET), Nov 2016, pp. 1-5.

[213] A. Srivastava, B. Chatterjee, V. Anavangot, and M. S. Baghini, “A novel FM/FSK based receiver front-
end for MedRadio spectrum in 401-406 MHz band,” in 2015 IEEE International Symposium on Clircuits
and Systems (ISCAS), May 2015, pp. 774-777.

[214] A. Srivastava and M. S. Baghini, “0.36 nJ/bit MedRadio Band OOK Transmitter for Wearable Health-
care Applications,” in 2018 31st International Conference on VLSI Design and 2018 17th International
Conference on Embedded Systems (VLSID), Jan 2018, pp. 220-225.

[215] A. Srivastava, D. Das, P. Mathur, D. K. Sharma, and M. S. Baghini, “0.43-nJ/bit OOK Transmitter
for Wearable and Implantable Devices in 400-MHz MedRadio Band,” ITEEE Microwave and Wireless
Components Letters, vol. 28, no. 3, pp. 263-265, March 2018.

[216] A. Srivastava, N. S. K., B. Chatterjee, D. Das, M. Ahmad, R. K. Kukkundoor, V. Saraf, J. Ananthapad-
manabhan, D. K. Sharma, and M. S. Baghini, “Bio-WiTel: A Low-Power Integrated Wireless Telemetry
System for Healthcare Applications in 401-406 MHz Band of MedRadio Spectrum,” IEEE Journal of
Biomedical and Health Informatics, vol. 22, no. 2, pp. 483-494, March 2018.

[217] J. Pandey and B. P. Otis, “A Sub-100 xW MICS/ISM Band Transmitter Based on Injection-Locking and
Frequency Multiplication,” IEEE Journal of Solid-State Circuits, vol. 46, no. 5, pp. 1049-1058, May 2011.

[218] T. Zasowski, F. Althaus, M. Stager, A. Wittneben, and G. Troster, “UWB for noninvasive wireless body
area networks: channel measurements and results,” in IEEE Conference on Ultra Wideband Systems and
Technologies, 2003, Nov 2003, pp. 285-289.

[219] A. Fort, C. Desset, P. Wambacq, and L. V. Biesen, “Body Area UWB RAKE Receiver Communication,”
in 2006 IEEFE International Conference on Communications, vol. 10, June 2006, pp. 4682—4687.

[220] D. Domenicali and M. G. D. Benedetto, “Performance Analysis for a Body Area Network composed of
IEEE 802.15.4a devices,” in 2007 4th Workshop on Positioning, Navigation and Communication, March
2007, pp. 273-276.

TH-2307_11610241

165



Bibliography

[221] Andreas F. Molisch, Kannan Balakrishnan, Chia-Chin Chong, Shahriar Emami, Andrew Fort, Johan
Karedal, Juergen Kunisch, Hans Schantz, Ulrich Schuster, Kai Siwiak, “IEEE 802.15.4a channel model -
final report,” 2004. [Online]. Available: http://grouper.ieee.org/groups/802/15/archive/802-15-sg4alist/
pdf00025.pdf

[222] J. Rousselot, A. El-Hoiydi, and J. D. Decotignie, “Performance evaluation of the IEEE 802.15.4A UWB
physical layer for Body Area Networks,” in 2007 12th IEEE Symposium on Computers and Communica-
tions, July 2007, pp. 969-974.

[223] H. Viittala, M. Haméldinen, and J. Iinatti, “Impact of difference in WBAN channel models on UWB
system performance,” in 2010 IEEFE 11th International Symposium on Spread Spectrum Techniques and
Applications, Oct 2010, pp. 175-180.

[224] A. Taparugssanagorn, C. Pomalaza-raez, R. Tesi, A. Isola, M. Himéldinen, and J. linatti, “UWB Channel
for Wireless Body Area Networks in a Hospital Environment,” in International Journal of Ultra Wideband
communication systems, vol. 1, August 2010, pp. 226-236.

[225] H. Viittala, M. Hamaéldinen, and J. Iinatti, “Different experimental WBAN channel models and
IEEES802.15.6 models: Comparison and effects,” in 2009 2nd International Symposium on Applied Sciences
in Biomedical and Communication Technologies, Nov 2009, pp. 1-5.

[226] V. Niemeld and A. Rabbachin and A. Taparugssanagorn and M. Hamaélédinen and J. Iinatti, “Performance
of IEEE 802.15.4a UWB WBAN Receivers in a Real Hospital Environment,” in The 4th International
Symposium on Medical Information and Communication Technology (ISMICT 2010), Taipei, Taiwan,
March 22-25, 2010.

[227] V. Niemeld, A. Rabbachin, A. Taparugssanagorn, M. Hamé&ldinen, and J. linatti, “A comparison of UWB
WBAN receivers in different measured hospital environments,” in 2010 3rd International Symposium on
Applied Sciences in Biomedical and Communication Technologies (ISABEL 2010), Nov 2010, pp. 1-5.

[228] V. Niemel4, J. Iinatti, M. Himaéldinen, and A. Taparugssanagorn, “On the energy detector, P- and s-rake
receivers in a measured UWB channel inside a hospital,” in 2010 3rd International Symposium on Applied
Sciences in Biomedical and Communication Technologies (ISABEL 2010), Nov 2010, pp. 1-5.

[229] V. Niemeld, M. Hamél&dinen, J. linatti, and A. Taparugssanagorn, “P-rake receivers in different measured
WBAN hospital channels,” in 2011 5th International Symposium on Medical Information and Communi-
cation Technology, March 2011, pp. 42-46.

[230] M. Haméildinen, V. Niemel&, J. Iinatti, and R. Kohno, “Performance comparison of the different IR-UWB
receivers in wireless body area networks,” in 2011 IEEE International Conference on Ultra- Wideband
(ICUWB), Sept 2011, pp. 230-234.

[231] V. Niemeld, M. Hamél&inen, J. Tinatti, and R. Kohno, “IEEE 802.15.4a UWB Receivers’ Performance in
Different Body Area Network Channels,” in Proceedings of the 4th International Symposium on Applied
Sciences in Biomedical and Communication Technologies, ser. ISABEL ’11. New York, NY, USA: ACM,
2011, pp. 116:1-116:5. [Online]. Available: http://doi.acm.org/10.1145/2093698.2093814

[232] M. H&méldinen, V. Niemeld, J. Ilinatti, and R. Kohno, “Performance of UWB receivers using
TEEE802.15.4a’s minimum burst lengths,” in 2012 6th International Symposium on Medical Information
and Communication Technology (ISMICT), March 2012, pp. 1-4.

[233] V. Niemeld, M. Hamélédinen, and J. Tlinatti, “Improved usage of time slots of the IEEE 802.15.4a UWB
system model,” in 2011 The 14th International Symposium on Wireless Personal Multimedia Communi-
cations (WPMC), Oct 2011, pp. 1-5.

[234] S. Mebaley Ekome, J. Schwoerer, G. Baudoin, and M. Villegas, “Performance Analysis of a BPSK-BPPM
UWB Physical Layer for Wireless Body Area Networks,” in Proceedings of the Fifth International
Conference on Body Area Networks, ser. BodyNets '10. New York, NY, USA: ACM, 2010, pp. 105-111.
[Online]. Available: http://doi.acm.org/10.1145/2221924.2221945

[235] IEEE P802.15 Working Group for Wireless Personal Area Networks (WPANs), “TG6 Body Area Networks
(BAN) draft standard IEEE P802.15-10-0245-06-0006,” 2010.

TH-2307_11610241

166


http://grouper.ieee.org/groups/802/15/archive/802-15-sg4alist/pdf00025.pdf
http://grouper.ieee.org/groups/802/15/archive/802-15-sg4alist/pdf00025.pdf
http://doi.acm.org/10.1145/2093698.2093814
http://doi.acm.org/10.1145/2221924.2221945

Bibliography

[236] V. Niemeld, J. Haapola, M. Himéldinen, and J. linatti, “Integration Interval and Threshold Evaluation
for an Energy Detector Receiver with PPM and OOK Modulations,” in Proceedings of the 7th
International Conference on Body Area Networks, ser. BodyNets ’12. ICST, Brussels, Belgium, Belgium:
ICST (Institute for Computer Sciences, Social-Informatics and Telecommunications Engineering), 2012,
pp. 242-248. [Online]. Available: http://dl.acm.org/citation.cfm?id=2442691.2442747

[237] V. Niemeld, M. Himéldinen, and J. Tinatti, “On IEEE 802.15.6 UWB symbol length for energy detector re-
ceivers’ performance with OOK and PPM,” in 2018 7th International Symposium on Medical Information
and Communication Technology (ISMICT), March 2013, pp. 33-37.

[238] M. Sérestoniemi, V. Niemeld, M. Himéldinen, J. Tinatti, N. Kerdnen, T. Jamsi, J. Partala, T. Seppénen,
and J. Reponen, “Receiver performance evaluation on IEEE 802.15.6 based WBAN for monitoring Parkin-
son’s disease,” in 2014 8th International Symposium on Medical Information and Communication Tech-

nology (ISMICT), April 2014, pp. 1-5.

[239] K. Nakanishi, V. Niemeld, M. Haméldinen, J. linatti, and S. Hara, “On IEEE 802.15.6 IR-UWB ED
receiver performance in the presence of multiuser interference,” in 2015 9th International Symposium on
Medical Information and Communication Technology (ISMICT), March 2015, pp. 204-208.

[240] V. Niemeld, M. Himéldinen, and J. Iinatti, “On IEEE 802.15.6 IR-UWB receivers - simulations for DBPSK
modulation,” in 2018 385th Annual International Conference of the IEEE Engineering in Medicine and
Biology Society (EMBC), July 2013, pp. 1676-1679.

[241] I. Dotlic and R. Kohno, “Performance analysis of Impulse Radio Ultra-Wideband differential detection
schemes for Body Area Networks,” in 2010 IEEE 21st International Symposium on Personal, Indoor and
Mobile Radio Communications Workshops, Sept 2010, pp. 72-77.

[242] Marvin K. Simon, Mohamed-Slim Alouini, Digital communication over fading channels: a unified approach
to performance analysis, ser. Wiley series in telecommunications and signal processing. John Wiley &
Sons, 2000.

[243] 1. Dotlic and R. Kohno, “Low Complexity Chirp Pulsed Ultra-Wideband System with Near-Optimum
Multipath Performance,” IEEE Transactions on Wireless Communications, vol. 10, no. 1, pp. 208-218,
January 2011.

[244] 1. Dotlic, “Interference performance of IEEE 802.15.6 Impulse-Radio Ultra-Wideband physical layer,” in
2011 IEEFE 22nd International Symposium on Personal, Indoor and Mobile Radio Communications, Sept
2011, pp. 2148-2152.

[245] IEEE Std P802.16e/D8, “Unapproved IEEE Draft Amendment to IEEE Standard for Local and Metropoli-
tan Area Networks—Part 16: Air Interface for Fixed and Mobile Broadband Wireless Access Systems—
Amendment for Physical and Medium Access Control Layers for Combined Fixed and Mobile Operation
in Licensed Bands (Amendment and Corrigendum to IEEE Std 802.16-2004) (Superseded by Approved
IEEE Draft),” 2005.

[246] I. Dotlic and R. Kohno, “Preamble structure and synchronization for IEEE 802.15.6 Impulse-Radio Ultra-
Wideband physical layer,” in 2011 5th International Symposium on Medical Information and Communi-
cation Technology, March 2011, pp. 89-93.

[247] 1. Dotlic and R. Miura, “Sample-wise differential detection of Impulse-Radio Ultra-Wideband Pulse Posi-
tion modulated symbols,” in 2012 6th International Symposium on Medical Information and Communi-
cation Technology (ISMICT), March 2012, pp. 1-4.

[248] 1. Dotlic and R. Miura, “Chirp pulse compression in non-coherent Impulse-Radio Ultra-Wideband detec-
tion without waveform signature estimation,” in The 15th International Symposium on Wireless Personal
Multimedia Communications, Sept 2012, pp. 113-117.

[249] Dotlic, Igor and Miura, Ryu, “Chirp Pulse Compression in Non-Coherent Impulse-Radio Ultra-Wideband
Communications.” Wireless Personal Communications, vol. 74, no. 4, pp. 1297 — 1310, 2014. [Online].
Available: http://search.ebscohost.com/login.aspx?direct=true&db=egs& AN=94232435&site=eds-live

[250] I. Dotlic and R. Miura, “Impulse-radio ultra-wideband modulation and detection techniques for body area
networks,” in 2014 21st IEEE International Conference on Electronics, Circuits and Systems (ICECS),
Dec 2014, pp. 826-829.

TH-2307_11610241

167


http://dl.acm.org/citation.cfm?id=2442691.2442747
http://search.ebscohost.com/login.aspx?direct=true&db=egs&AN=94232435&site=eds-live

Bibliography

[251] Dotlic, Igor and Miura, Ryu, “A Study of On-off Keying Performance for Body Area Networks:
Detection Techniques, Noise and Multiple Access Interference Performance,” in Proceedings of the Sth
International Conference on Body Area Networks, ser. BodyNets '13. ICST, Brussels, Belgium, Belgium:
ICST (Institute for Computer Sciences, Social-Informatics and Telecommunications Engineering), 2013,
pp. 563-569. [Online]. Available: http://dx.doi.org/10.4108/icst.bodynets.2013.253600

[252] J. Rousselot and J. D. Decotignie, “On the Best Way to Cut a Body Area Network’s Wires,” in 2010
IEEE International Conference on Communications, May 2010, pp. 1-5.

[253] J. Rousselot, A. El-Hoiydi, and J. D. Decotignie, “WideMac: a low power and routing friendly MAC pro-
tocol for Ultra Wideband sensor networks,” in 2008 IEEFE International Conference on Ultra- Wideband,
vol. 3, Sept 2008, pp. 105-108.

[254] A. El-Hoiydi and J. D. Decotignie, “WiseMAC: an ultra low power MAC protocol for the downlink of
infrastructure wireless sensor networks,” in Proceedings. ISCC 2004. Ninth International Symposium on
Computers And Communications (IEEE Cat. No.04TH8769), vol. 1, June 2004, pp. 244-251 Vol.1.

[255] Texas Instruments, “CC1100: Low-Cost Low-Power Sub-1 GHz RF Transceiver,” 2008. [Online].
Available: http://www.ti.com

[256] H. Karvonen, J. Petajdjarvi, V. Niemeld, M. Hamé&ldinen, J. linatti, and R. Kohno, “Energy efficient UWB-
WUR dual-radio solution for WBANS,” in 2017 11th International Symposium on Medical Information
and Communication Technology (ISMICT), Feb 2017, pp. 64-68.

[257] H. Karvonen, J. Petdjdjarvi, J. Iinatti, M. Haméldinen, and C. Pomalaza-Réez, “A generic wake-up
radio based MAC protocol for energy efficient short range communication,” in 2014 IEEE 25th Annual
International Symposium on Personal, Indoor, and Mobile Radio Communication (PIMRC), Sept 2014,
pp. 2173-2177.

[258] J. Petdjajarvil, H. Larvonen, K. Mikhaylov, A. Parssinen, M. Hamaéldinen, and J. Iinatti, “WBAN En-
ergy Efficiency and Dependability Improvement Utilizing Wake-Up Receiver,” IEICE Transactions on
Communications, vol. E98.B, no. 4, pp. 535542, 2015.

[259] S. Saadaoui, M. Tabaa, F. Monteiro, A. Dandache, and K. Alami, “A new WSN transceiver based on
DWPT for WBAN applications,” in 2015 27th International Conference on Microelectronics (ICM), Dec
2015, pp. 99-102.

[260] H. Liu, J. Sarrazin, F. Deshours, T. Mavridis, L. Petrillo, Z. Liu, P. D. Doncker, and A. Benlarbi-Dela,
“Performance Assessment of IR-UWB Body Area Network (BAN) Based on IEEE 802.15.6 Standard,”
IEEE Antennas and Wireless Propagation Letters, vol. 15, pp. 16451648, 2016.

[261] B. Gupta, D. Valente, E. Cianca, and R. Prasad, “FM-UWB for radar and communications in medical
applications,” in 2008 First International Symposium on Applied Sciences on Biomedical and Communi-
cation Technologies, Oct 2008, pp. 1-5.

[262] J. F. M. Gerrits, J. R. Farserotu, and J. R. Long, “Robustness and interference mitigation for FM-
UWB BAN radio,” in 2011 5th International Symposium on Medical Information and Communication
Technology, March 2011, pp. 98-102.

[263] “IEEE Draft Standard for Information Technology - Telecommunications and Information Exchange Be-
tween Systems - Local and Metropolitan Area Networks - Specific Requirements - Part 11: Wireless LAN
Medium Access Control (MAC) and Physical Layer (PHY) Specifications,” IEEE P802.11-REVmb/D12,
November 2011 (Revision of IEEE Std 802.11-2007, as amended by IEEEs 802.11k-2008, 802.11r-2008,
802.11y-2008, 802.11w-2009, 802.11n-2009, 802.11p-2010, 802.112-2010, 802.11v-2011, 802.11u-2011,
and 802.11s-2011), pp. 1-2910, Nov 2011.

[264] M. Anis, G. Grau, and N. Wehn, “Low power self-quenched super-regenerative impulse-FM-UWB
transceiver for WBAN,” in 2010 IEEFE Radio and Wireless Symposium (RWS), Jan 2010, pp. 504-507.

[265] M. Anis, M. Ortmanns, and N. Wehn, “A 2.5mW 2 Mb/s fully integrated impulse-FM-UWB transceiver
in 0.18 um CMOS,” in 2011 IEEE MTT-S International Microwave Symposium, June 2011, pp. 1-3.

TH-2307_11610241

168


http://dx.doi.org/10.4108/icst.bodynets.2013.253600
http://www.ti.com

Bibliography

[266] B. Zhou, F. Chen, W. Rhee, and Z. Wang, “A Reconfigurable FM-UWB Transceiver for Short-Range
Wireless Communications,” IEEE Microwave and Wireless Components Letters, vol. 23, no. 7, pp. 371—
373, July 2013.

[267] B. Zhou and P. Chiang, “Short-Range Low-Data-Rate FM-UWB Transceivers: Overview, Analysis, and
Design,” IEEE Transactions on Circuits and Systems I: Regular Papers, vol. 63, no. 3, pp. 423-435, March
2016.

[268] M. Ali, M. Sawan, H. Shawkey, and A. Zekry, “FM-UWB transmitter for wireless body area networks: Im-
plementation and simulation,” in 2016 IEEE International Symposium on Circuits and Systems (ISCAS),
May 2016, pp. 2395-2398.

[269] V. Kopta, D. Barras, and C. C. Enz, “An Approximate Zero IF FM-UWB Receiver for High Density
Wireless Sensor Networks,” IEEFE Transactions on Microwave Theory and Techniques, vol. 65, no. 2, pp.
374-385, Feb 2017.

[270] B. 1. Ayobami, F. Zhu, M. Heimlich, and E. Dutkiewicz, “Proposed Ultra Wide-Band system, & receiver
circuit for implant wireless body area networks,” in 2012 International Symposium on Communications
and Information Technologies (ISCIT), Oct 2012, pp. 139-142.

[271] Mike Myung-Ok Lee, Eun-Mi Lee, Byung Lok Cho, Kamran Eshraghian, Yun-Hyun Kim, “The
UTCOMS: a wireless video capsule nanoendoscope,” in Progress in Biomedical Optics and Imaging,,
vol. 7, no. 5, 2006, pp. 60 820F.1-60820F.10. [Online]. Available: http://dx.doi.org/10.1117/12.639134

[272] Y. Gao, S. Diao, C.-W. Ang, Y. Zheng, and X. Yuan, “Low power ultra-wideband wireless teleme-
try system for capsule endoscopy application,” in 2010 IEEE Conference on Robotics, Automation and
Mechatronics, June 2010, pp. 96-99.

[273] Y. Gao, Y. Zheng, S. Diao, W. D. Toh, C. W. Ang, M. Je, and C. H. Heng, “Low-Power Ultrawideband
Wireless Telemetry Transceiver for Medical Sensor Applications,” IEEE Transactions on Biomedical En-
gineering, vol. 58, no. 3, pp. 768-772, March 2011.

[274] R. Chvez-Santiago, A. Khaleghi, I. Balasingham, and T. A. Ramstad, “Architecture of an ultra wideband
wireless body area network for medical applications,” in 2009 2nd International Symposium on Applied
Sciences in Biomedical and Communication Technologies, Nov 2009, pp. 1-6.

[275] R. Chavez-Santiago, K. E. Nolan, O. Holland, L. D. Nardis, J. M. Ferro, N. Barroca, L. M. Borges, F. J.
Velez, V. Goncalves, and I. Balasingham, “Cognitive radio for medical body area networks using ultra
wideband,” IEEE Wireless Communications, vol. 19, no. 4, pp. 74-81, August 2012.

[276] R. Chavez-Santiago, I. Balasingham, J. Bergsland, W. Zahid, K. Takizawa, R. Miura, and H. B. Li,
“Experimental implant communication of high data rate video using an ultra wideband radio link,” in
2013 35th Annual International Conference of the IEEE Engineering in Medicine and Biology Society
(EMBC), July 2013, pp. 5175-5178.

[277] D. Anzai, K. Katsu, R. Chavez-Santiago, Q. Wang, D. Plettemeier, J. Wang, and I. Balasingham, “Ex-
perimental Evaluation of Implant UWB-IR Transmission With Living Animal for Body Area Networks,”
IEEFE Transactions on Microwave Theory and Techniques, vol. 62, no. 1, pp. 183-192, Jan 2014.

[278] Y. Shimizu, D. Anzai, and J. Wang, “Performance evaluation on FPGA-implemented UWB-IR receiver
for in-body to out-of-body communication systems,” in 2014 36th Annual International Conference of the
IEEE Engineering in Medicine and Biology Society, Aug 2014, pp. 6981-6984.

[279] J. Ryckaert, C. Desset, A. Fort, M. Badaroglu, V. D. Heyn, P. Wambacq, G. V. der Plas, S. Donnay,
B. V. Poucke, and B. Gyselinckx, “Ultra-wide-band transmitter for low-power wireless body area networks:
design and evaluation,” IEEE Transactions on Circuits and Systems I: Regular Papers, vol. 52, no. 12,
PP 2515-2525, Dec 2005.

[280] K. Takizawa, H. B. Li, K. Hamaguchi, and R. Kohno, “Wireless Vital Sign Monitoring using Ultra
Wideband-Based Personal Area Networks,” in 2007 29th Annual International Conference of the IEEE
Engineering in Medicine and Biology Society, Aug 2007, pp. 1798-1801.

TH-2307_11610241

169


http://dx.doi.org/10.1117/12.639134

Bibliography

[281] D. Simic, A. Jordan, R. Tao, N. Gungl, J. Simic, M. Lang, L. van Ngo, and V. Brankovic, “Impulse UWB
Radio System Architecture for Body Area Networks,” in 2007 16th IST Mobile and Wireless Communi-
cations Summit, July 2007, pp. 1-5.

[282] H. C. Keong and M. R. Yuce, “Low data rate ultra wideband ECG monitoring system,” in 2008 30th
Annual International Conference of the IEEE Engineering in Medicine and Biology Society, Aug 2008,
pp. 3413-3416.

[283] “IEEE 802.15 WPAN task group 6 body area networks (BAN),” 2008. [Online]. Available: http://www.
ieee802.0org/15/pub/TG6.html

[284] P. V. Reddy and V. Ganapathy, “Performance of multi user detector based receivers for UWB body area
networks,” in HealthCom 2008 - 10th International Conference on e-health Networking, Applications and
Services, July 2008, pp. 227-231.

[285] C. T. PS, M. S, V. Ganapathy, R. Patro, and M. Raina, “Simple Multiuser Detectors for DS-UWB
Systems,” in 2006 IEEE 17th International Symposium on Personal, Indoor and Mobile Radio Commu-
nications, Sept 2006, pp. 1-5.

[286] T. Thiasiriphet and J. Lindner, “A novel comb filter based receiver with energy detection for uwb wireless
body area networks,” in 2008 IEEFE International Symposium on Wireless Communication Systems, Oct
2008, pp. 498-502.

[287] N. V. Helleputte and G. Gielen, “A 46pJ/pulse analog front-end in 130nm CMOS for UWB impulse radio
receivers,” in ESSCIRC 2008 - 34th European Solid-State Circuits Conference, Sept 2008, pp. 378-381.

[288] T. Nakagawa, G. Ono, R. Fujiwara, T. Norimatsu, T. Terada, and M. Miyazaki, “Fully integrated UWB-IR,
CMOS transceiver for wireless body area networks,” in 2009 IEEE International Conference on Ultra-
Wideband, Sept 2009, pp. 768-772.

[289] C. Zhao and K. Kwak, “Miller-coded PPM UWB transreceiver for low-rate WBAN networks with non-
coherent detection,” in 2009 9th International Symposium on Communications and Information Technol-
ogy, Sept 2009, pp. 927-931.

[290] M. D. Benedetto and G. Giancola, Under-standing Ultra Wide Band Radio Fundamentals. NJ: Prentice
Hall PTR, June 2004.

[291] M. S. Chae, Z. Yang, M. R. Yuce, L. Hoang, and W. Liu, “A 128-Channel 6 mW Wireless Neural Recording
IC With Spike Feature Extraction and UWB Transmitter,” IEEE Transactions on Neural Systems and
Rehabilitation Engineering, vol. 17, no. 4, pp. 312-321, Aug 2009.

[292] M. R. Yuce, H. C. Keong, and M. S. Chae, “Wideband Communication for Implantable and Wearable
Systems,” IEEE Transactions on Microwave Theory and Techniques, vol. 57, no. 10, pp. 2597-2604, Oct
2009.

[293] E. C. Kim, S. Park, J. S. Cha, and J. Y. Kim, “Improved performance of UWB system for wireless body
area networks,” IEEE Transactions on Consumer FElectronics, vol. 56, no. 3, pp. 13731379, Aug 2010.

[294] E. C. Kim, J. S. Cha, and J. Y. Kim, “UWB system with binary ZCD code for wireless body area
network,” in 2010 Digest of Technical Papers International Conference on Consumer Electronics (ICCE),
Jan 2010, pp. 283-284.

[295] J. S. Cha, S. Kameda, M. Yokoyama, H. Nakase, K. Masu, and K. Tsubouchi, “New binary sequences with
zero-correlation duration for approximately synchronised CDMA,” Electronics Letters, vol. 36, no. 11, pp.
991-993, May 2000.

[296] R. K. Dokania, X. Y. Wang, S. G. Tallur, and A. B. Apsel, “A Low Power Impulse Radio Design for
Body-Area-Networks,” IEEE Transactions on Circuits and Systems I: Regular Papers, vol. 58, no. 7, pp.
1458-1469, July 2011.

[297] S. B. T. Wang, “Design of ultra-wideband RF front-end,” Ph.D. dissertation, Univ. California, 2005.

[298] J. Kim, J. Jeong, H. Lee, S. Choi, J.-K. Kim, and D.-W. Kang, “Non-coherent synchronization for
WBAN UWRB systems,” in 2010 International Conference on Information and Communication Technology
Convergence (ICTC), Nov 2010, pp. 33-34.

TH-2307_11610241

170


http://www.ieee802.org/15/pub/TG6.html
http://www.ieee802.org/15/pub/TG6.html

Bibliography

[299] Y. Takei, H. Katsuta, K. Takizawa, K. Hamaguchi, and T. Tkegami, “A prototype of ultra wideband-based
wireless body area networks,” in 2011 IEEFE International Conference on Ultra- Wideband (ICUWB), Sept
2011, pp. 420-424.

[300] H. Katsuta, Y. Takei, K. Takizawa, and T. Ikegami, “Experiments of ultra wideband-based wireless body
area networks with multi-nodes attached to body,” in 2012 6th International Symposium on Medical
Information and Communication Technology (ISMICT), March 2012, pp. 1-4.

[301] H. C. Keong and M. R. Yuce, “UWB-WBAN sensor node design,” in 2011 Annual International Confer-
ence of the IEEE Engineering in Medicine and Biology Society, Aug 2011, pp. 2176-2179.

[302] M. R. Yuce, J. M. Redout, K. M. Thotahewa, and H. C. Keong, “Development of low-power UWB body

2

sensors,” in 2012 International Symposium on Communications and Information Technologies (ISCIT),
Oct 2012, pp. 143-148.

[303] K. M. S. Thotahewa, J. M. Redout, and M. R. Yuce, “Implementation of a dual band body sensor node,”
in 2013 IEEE MTT-S International Microwave Workshop Series on RF and Wireless Technologies for
Biomedical and Healthcare Applications (IMWS-BIO), Dec 2013, pp. 1-3.

[304] K. M. S. Thotahewa and J. M. Redout and M. R. Yuce, “A Low-Power Wearable Dual-Band Wireless Body
Area Network System: Development and Experimental Evaluation,” IEEE Transactions on Microwave
Theory and Techniques, vol. 62, no. 11, pp. 2802-2811, Nov 2014.

[305] X. Lu, X. Chen, Y. Li, D. Jin, L. Zeng, and H. F. Rashvand, “ZebraBAN: a heterogeneous high-
performance energy efficient wireless body sensor network,” IET Wireless Sensor Systems, vol. 3, no. 4,
pp. 247-254, December 2013.

[306] Z. Xiao, C. Zhang, N. Ge, and D. Jin, “Introduction of SC-UWB proposal,” in 2011 International Con-
ference on Computational Problem-Solving (ICCP), Oct 2011, pp. 698-702.

[307] H.B. Liand K. Hamaguchi, “A prototype BAN for medical and healthcare monitoring based on high band
UWB,” in 2011 The 14th International Symposium on Wireless Personal Multimedia Communications
(WPMC), Oct 2011, pp. 1-5.

[308] K. M. S. Thotahewa, J. M. Redoute, and M. R. Yuce, “Hardware implementation of an IR-UWB coordi-
nator node for WBAN applications,” in 201/ IEEE 25th Annual International Symposium on Personal,
Indoor, and Mobile Radio Communication (PIMRC), Sept 2014, pp. 2168-2172.

[309] F. Chen, Y. Li, D. Liu, W. Rhee, J. Kim, D. Kim, and Z. Wang, “9.3 A 1mW 1Mb/s 7.75-t0-8.25GHz
chirp-UWB transceiver with low peak-power transmission and fast synchronization capability,” in 201/
IEEF International Solid-State Circuits Conference Digest of Technical Papers (ISSCC), Feb 2014, pp.
162-163.

[310] J. Im and J. Kim, “Non-coherent impulse radio UWB receiver for wireless body area network system,” in
2011 IEEFE 5/th International Midwest Symposium on Circuits and Systems (MWSCAS), Aug 2011, pp.
1-4.

[311] Y. Fang, Z. Wu, L. Jiang, and Y. Sun, “Performance evaluation of RAKE receiver for ultra-wideband
wireless body area network communication,” in 2014 12th International Conference on Signal Processing
(ICSP), Oct 2014, pp. 2257-2261.

[312] Y. Gao, X. Liu, Y. Zheng, S. Diao, W. Toh, Y. Wang, B. Zhao, M. Je, and C. H. Heng, “A low power inter-
ference robust IR-UWB transceiver SoC for WBAN applications,” in 2012 IEEFE International Symposium
on Radio-Frequency Integration Technology (RFIT), Nov 2012, pp. 153-155.

[313] W. D. Toh, Y. Zheng, and C.-H. Heng, “Low Power Digital Baseband for Impulse Radio Ultra-Wideband
Transceiver,” Circuits, Systems, and Signal Processing, vol. 31, no. 1, pp. 223-235, Feb 2012. [Online].
Available: https://doi.org/10.1007/s00034-010-9249-6

[314] B. Vigraham and P. R. Kinget, “A Self-Duty-Cycled and Synchronized UWB Pulse-Radio Receiver SoC
With Automatic Threshold-Recovery Based Demodulation,” IEEE Journal of Solid-State Circuits, vol. 49,
no. 3, pp. 581-594, March 2014.

TH-2307_11610241

171


https://doi.org/10.1007/s00034-010-9249-6

Bibliography

[315] B. Vigraham and P. R. Kinget, “An ultra low power, compact UWB receiver with automatic threshold
recovery in 65 nm CMOS,” in 2012 IEEE Radio Frequency Integrated Circuits Symposium, June 2012,
pp. 251-254.

[316] B. Vigraham and P. Kinget, “A self-duty-cycled and synchronized UWB receiver SoC consuming 375pJ /b
for -76.5dBm sensitivity at 2Mb/s,” in 2013 IEEFE International Solid-State Circuits Conference Digest
of Technical Papers, Feb 2013, pp. 444-445.

[317] M. C. Park, W. I. Chang, K. H. Lee, D. S. Kim, T. H. Hwang, and Y. S. Eo, “A fully integrated 0.18um
CMOS UWB SoC for wireless body area network applications,” in 2015 IEEE Radio Frequency Integrated
Circuits Symposium (RFIC), May 2015, pp. 247-250.

[318] J. O. Ha, S. H. Jung, M. C. Park, K. H. Lee, and Y. S. Eo, “A fully integrated 3-5 GHz UWB RF
transceiver for WBAN applications,” in 2018 IEEE MTT-S International Microwave Workshop Series on
RF and Wireless Technologies for Biomedical and Healthcare Applications (IMWS-BIO), Dec 2013, pp.
1-3.

[319] D. K. Rout and S. Das, “Interference Mitigation in Wireless Body Area Networks Using Modified and
Modulated MHP,” Wireless Personal Communications, vol. 77, no. 2, pp. 1343-1361, Jul 2014. [Online].
Available: https://doi.org/10.1007/s11277-013-1584-z

[320] D. K. Rout and S. Das, “Multiple narrowband interference mitigation in UWB body area networks
for body surface communications,” in 2014 International Conference on Medical Imaging, m-Health and
Emerging Communication Systems (MedCom), Nov 2014, pp. 184-188.

[321] R. Vauche, E. Muhr, O. Fourquin, S. Bourdel, J. Gaubert, N. Dehaese, S. Meillere, H. Barthelemy, and
L. Ouvry, “A 100 MHz PRF IR-UWB CMOS Transceiver With Pulse Shaping Capabilities and Peak
Voltage Detector,” IEEE Transactions on Circuits and Systems I: Regular Papers, vol. 64, no. 6, pp.
1612-1625, June 2017.

[322] S. Bourdel, Y. Bachelet, J. Gaubert, R. Vauche, O. Fourquin, N. Dehaese, and H. Barthelemy, “A
9-pJ/Pulse 1.42-Vpp OOK CMOS UWB Pulse Generator for the 3.1-10.6-GHz FCC Band,” IEEE Trans-
actions on Microwave Theory and Techniques, vol. 58, no. 1, pp. 65-73, Jan 2010.

[323] L. Ouvry, G. Masson, M. Pezzin, B. Piaget, B. Caillat, S. Bourdel, N. Dehaese, O. Fourquin, J. Gaubert,
S. Meillre, and R. Vauch, “A 4GHz CMOS 130 nm IR-UWB dual front-end transceiver for IEEE802.15
standards,” in 2014 21st IEEE International Conference on Electronics, Circuits and Systems (ICECS),
Dec 2014, pp. 798-801.

[324] D. Morche, G. Masson, S. D. Rivaz, F. Dehmas, S. Paquelet, A. Bisiaux, O. Fourquin, J. Gaubert, and
S. Bourdel, “Double-Quadrature UWB Receiver for Wide-Range Localization Applications With Sub-cm
Ranging Precision,” IEEE Journal of Solid-State Circuits, vol. 48, no. 10, pp. 2351-2362, Oct 2013.

[325] N. Dehaese, M. Battista, R. Vauch, S. Bourdel, J. Gaubert, O. Fourquin, and N. Tall, “Low-power CMOS
energy detector for noncoherent impulse-radio UWB receivers,” in 2010 IEEE International Conference
on Ultra- Wideband, vol. 1, Sept 2010, pp. 1-4.

[326] H. Chougrani, J. Schwoerer, P. H. Horren, A. Baghdadi, and F. Dehmas, “UWB-IR digital baseband
architecture for IEEE 802.15.6 wireless BAN,” in 2014 21st IEEE International Conference on Electronics,
Circuits and Systems (ICECS), Dec 2014, pp. 866—869.

[327] H. Chougrani, J. Schwoerer, P.-H. Horrein, and A. Baghdadi, “Efficient Synchronization Technique for
Non-coherent IR-UWB Receiver Targeting IEEE 802.15.6 Wireless BAN,” in Proceedings of the 8th
International Conference on Body Area Networks, ser. BodyNets '13. ICST, Brussels, Belgium, Belgium:
ICST (Institute for Computer Sciences, Social-Informatics and Telecommunications Engineering), 2013,
pp. 181-184. [Online]. Available: http://dx.doi.org/10.4108/icst.bodynets.2013.253929

[328] H. Chougrani, J. Schwoerer, P. H. Horrein, and A. Baghdadi, “Hardware implementation of a non-
coherent IR-UWB receiver synchronization algorithm targeting IEEE 802.15.6 wireless BAN,” in 201/
IEEE International Conference on Ultra- WideBand (ICUWB), Sept 2014, pp. 444-449.

[329] P. K. Manchi, R. Paily, and A. K. Gogoi, “Low Power Digital Baseband Transceiver Design for UWB
Physical Layer of IEEE 802.15.6 Standard,” IFEE Transactions on Industrial Informatics, vol. PP, no. 99,
pp. 1-1, 2017.

TH-2307_11610241

172


https://doi.org/10.1007/s11277-013-1584-z
http://dx.doi.org/10.4108/icst.bodynets.2013.253929

Bibliography

[330] A. H. Bondok, A. M. El-Mohandes, A. Shalaby, and M. S. Sayed, “A low complexity UWB PHY baseband
transceiver for IEEE 802.15.6 WBAN,” in 2017 30th IEEE International System-on-Chip Conference
(SOCC), Sept 2017, pp. 262-267.

[331] “IEEE Standard for Local and metropolitan area networks— Part 15.4: Low-Rate Wireless Personal Area
Networks (LR-WPANs) Amendment 2: Active Radio Frequency Identification (RFID) System Physical
Layer (PHY),” IEEE Std 802.15.4f-2012 (Amendment to IEEE Std 802.15.4-2011), pp. 1-72, April 2012.

[332] M. Hernandez and R. Miura, “Coexistence of UWB systems for body area networks in AWGN,” in 2012
6th International Symposium on Medical Information and Communication Technology (ISMICT), March
2012, pp. 1-4.

[333] X. Wang, K. Philips, C. Zhou, B. Busze, H. Pflug, A. Young, J. Romme, P. Harpe, S. Bagga, S. D’Amico,
M. D. Matteis, A. Baschirotto, and H. de Groot, “A high-band IR-UWB chipset for real-time duty-cycled
communication and localization systems,” in IEEE Asian Solid-State Circuits Conference 2011, Nov 2011,
pp. 381-384.

[334] N. Dehaese, I. Ben Amor, N. Tall, J. Gaubert, R. Vauché, and S. Bourdel, “A self-duty-cycled 7.2-8.5
GHz IR-UWB receiver for low power and low data rate applications,” Analog Integrated Circuits and
Signal Processing, vol. 92, no. 1, pp. 39-53, Jul 2017. [Online]. Available: https://doi.org/10.1007/
s10470-017-0985-4

[335] T. Norimatsu, R. Fujiwara, M. Kokubo, M. Miyazaki, A. Maeki, Y. Ogata, S. Kobayashi, N. Koshizuka,
and K. Sakamura, “A UWB-IR Transmitter with Digitally Controlled Pulse Generator,” IEFE J. Solid-
State Circuits, vol. 42, no. 6, pp. 1300-1309, 2007.

[336] Y. H. Choi, “Gated UWB pulse signal generation,” in Int. Workshop on Ultra Wideband Syst. Joint with
Conf. on Ultra Wideband Syst. and Tech., May 2004, pp. 122-124.

[337] B. Razavi, RF Microelectronics, 2nd ed., ser. Prentice Hall Communications Engineering and Emerging
Technologies. Prentice Hall, 2011.

[338] B. H. Leung, VLSI for Wireless Communication, 1st ed., 2002.

[339] W. Namgoong, “A channelized digital ultrawideband receiver,” IEEE Trans. Wireless Commun., vol. 2,
no. 3, pp. 502-510, May 2003.

[340] S. Iida, K. Tanaka, H. Suzuki, N. Yoshikawa, N. Shoji, B. Griffiths, D. Mellor, F. Hayden, 1. Butler, and
J. Chatwin, “A 3.1 to 5 GHz CMOS DSSS UWB transceiver for WPANS,” in 2005 IEEE Int. Digest of
Tech. Papers. Solid-State Circ. Conf., Feb 2005, pp. 214-594 Vol. 1.

[341] D. Miyashita, K. Agawa, H. Kajihara, K. Sami, M. Iwanaga, Y. Ogasawara, T. Ito, D. Kurose, N. Koide,
T. Hashimoto, H. Sakurai, T. Yamaji, T. Kurihara, K. Sato, I. Seto, H. Yoshida, R. Fujimoto, and
Y. Unekawa, “A -70dBm-sensitivity 522Mbps 0.19nJ /bit-TX 0.43nJ /bit-RX transceiver for TransferJet”
SoC in 65nm CMOS,” in 2012 Symp. on VLSI Circuits, June 2012, pp. 74-75.

[342] D. Daly, P. Mercier, M. Bhardwaj, A. Stone, Z. Aldworth, T. Daniel, J. Voldman, J. Hildebrand, and
A. Chandrakasan, “A Pulsed UWB Receiver SoC for Insect Motion Control,” IEEFE J. Solid-State Circuits,
vol. 45, no. 1, pp. 153-166, Jan 2010.

[343] F. S. Lee and A. P. Chandrakasan, “A 2.5 nJ/bit 0.65 V Pulsed UWB Receiver in 90 nm CMOS,” IEEE
J. Solid-State Circuits, vol. 42, no. 12, pp. 2851-2859, Dec 2007.

[344] M. Crepaldi, C. Li, J. R. Fernandes, and P. R. Kinget, “An Ultra-Wideband Impulse-Radio Transceiver
Chipset Using Synchronized-OOK Modulation,” IEEE J. Solid-State Circuits, vol. 46, no. 10, pp. 2284—
2299, Oct 2011.

[345] N. Haga, M. Takahashi, K. Saito, and K. Ito, “A Cavity-Backed Slot Antenna for On-Body BAN Devices,”
in 2008 Int. Workshop on Antenna Tech.: Small Antennas and Novel Metamaterials, March 2008, pp.
510-513.

[346] M. Ojaroudi, C. Ghobadi, and J. Nourinia, “Small Square Monopole Antenna With Inverted T-Shaped
Notch in the Ground Plane for UWB Application,” IEFEE Antennas Wireless Propag. Lett., vol. 8, pp.
728-731, 2009.

TH-2307_11610241

173


https://doi.org/10.1007/s10470-017-0985-4
https://doi.org/10.1007/s10470-017-0985-4

Bibliography

[347] Y. Hong, J. Tak, and J. Choi, “An All-Textile SIW Cavity-Backed Circular Ring-Slot Antenna for WBAN
Applications,” IEEE Antennas Wireless Propag. Lett., vol. 15, pp. 1995-1999, 2016.

[348] N. Chahat, M. Zhadobov, R. Sauleau, and K. Ito, “A Compact UWB Antenna for On-Body Applications,”
IEEE Trans. on Antennas Propag., vol. 59, no. 4, pp. 1123-1131, April 2011.

[349] C.H. Kang, S. J. Wu, and J. H. Tarng, “A Novel Folded UWB Antenna for Wireless Body Area Network,”
IEEE Trans. on Antennas Propag., vol. 60, no. 2, pp. 1139-1142, Feb 2012.

[350] G. Almpanis, C. Fumeaux, J. Frohlich, and R. Vahldieck, “A Truncated Conical Dielectric Resonator
Antenna for Body-Area Network Applications,” IEEE Antennas Wireless Propag. Lett., vol. 8, pp. 279—
282, 2009.

[351] P. E. Thoppay, C. Dehollain, and M. J. Declercq, “A 7.5mA 500 MHz UWB receiver based on super-
regenerative principle,” in 34th Furopean Solid-State Circuits Conf., ESSCIRC,, Sept 2008, pp. 382-385.

[352] F. S. Lee and A. P. Chandrakasan, “A 2.5nJ/b 0.65V 3-to-5GHz Subbanded UWB Receiver in 90nm
CMOS,” in IEEE Int. Solid-State Circuits Conf., Digest of Tech. Papers, Feb 2007, pp. 116-590.

[353] F. S. Lee, “Energy efficient ultra-wideband radio transceiver architectures and receiver circuits,” Ph.D.
dissertation, Massachusetts Institute of Technology, Dept. of Electrical Engineering and Computer
Science, June 2007. [Online]. Available: http://hdl.handle.net/1721.1/42165

[354] A. L. Hollister, Wideband Amplifier Design, ser. Materials, Circuits and Devices. SciTech Publishing,
2007.

[355] R. Bagheri, A. Mirzaei, S. Chehrazi, M. Heidari, M. Lee, M. Mikhemar, W. Tang, and A. Abidi, “An
800MHz to 5GHz Software-Defined Radio Receiver in 90nm CMOS,” in 2006 IEEE International Solid
State Clircuits Conference - Digest of Technical Papers, Feb 2006, pp. 1932-1941.

[356] S. Vishwakarma, S. Jung, and Y. Joo, “Ultra wideband CMOS low noise amplifier with active input
matching,” in 2004 International Workshop on Ultra Wideband Systems Joint with Conference on Ultra
Wideband Systems and Technologies. Joint UWBST IWUWBS 2004 (IEEE Cat. No.04EX812), May 2004,
pp. 415-419.

[357] D. C. Daly and A. P. Chandrakasan, “An Energy-Efficient OOK Transceiver for Wireless Sensor Net-
works,” IEEE Journal of Solid-State Circuits, vol. 42, no. 5, pp. 1003-1011, May 2007.

[358] G. Giustolisi, G. Palmisano, and G. Palumbo, “1.5 V power supply CMOS voltage squarer,” FElectronics
Letters, vol. 33, no. 13, pp. 1134-1136, Jun 1997.

[359] S. Zeller, C. Muenker, R. Weigel, and T. Ussmueller, “A 0.039 mm? Inverter-Based 1.82 mW 68.6 dB-
SNDR 10 MHz-BW CT- Y A -ADC in 65 nm CMOS Using Power- and Area-Efficient Design Tech-
niques,” IEEE J. Solid-State Clircuits, vol. 49, no. 7, pp. 1548-1560, July 2014.

[360] B. Ginsburg and A. Chandrakasan, “500-MS/s 5-bit ADC in 65-nm CMOS With Split Capacitor Array
DAC,” IEEE J. Solid-State Clircuits, vol. 42, no. 4, pp. 739-747, April 2007.

[361] V. Hariprasath, J. Guerber, S.-H. Lee, and U.-K. Moon, “Merged capacitor switching based SAR ADC
with highest switching energy-efficiency,” FElectronics Lett., vol. 46, no. 9, pp. 620-621, April 2010.

[362] H. Zhuang, Z. Zhu, and Y. Yang, “A 19-nW 0.7-V CMOS Voltage Reference With No Amplifiers and No
Clock Circuits,” IEEE Trans. Circuits Syst. I, Fxp. Briefs, vol. 61, no. 11, pp. 830-834, Nov 2014.

[363] B. P. Ginsburg and A. P. Chandrakasan, “The mixed signal optimum energy point: Voltage and paral-
lelism,” in 2008 45th ACM/IEEE Design Automation Conf., June 2008, pp. 244-249.

[364] S. W. M. Chen and R. W. Brodersen, “A 6-bit 600-MS/s 5.3-mW Asynchronous ADC in 0.13ym CMOS,”
IEEFE J. Solid-State Circuits, vol. 41, no. 12, pp. 2669-2680, Dec 2006.

[365] G. V. d. Plas and B. Verbruggen, “A 150 MS/s 133 uW 7 bit ADC in 90 nm Digital CMOS,” IEEE J.
Solid-State Clircuits, vol. 43, no. 12, pp. 2631-2640, Dec 2008.

[366] H. Wei, C. H. Chan, U. F. Chio, S. W. Sin, S. P. U, R. P. Martins, and F. Maloberti, “An 8-b 400-
MS/s 2-b-Per-Cycle SAR ADC With Resistive DAC,” IEEE J. Solid-State Circuits, vol. 47, no. 11, pp.
2763-2772, Nov 2012.

TH-2307_11610241

174


http://hdl.handle.net/1721.1/42165

Bibliography

[367] L. Kull, T. Toifl, M. Schmatz, P. A. Francese, C. Menolfi, M. Brndli, M. Kossel, T. Morf, T. M. Andersen,
and Y. Leblebici, “A 3.1 mW 8b 1.2 GS/s Single-Channel Asynchronous SAR ADC With Alternate
Comparators for Enhanced Speed in 32 nm Digital SOI CMOS,” IEEE J. Solid-State Circuits, vol. 48,
no. 12, pp. 3049-3058, Dec 2013.

[368] H. Y. Tai, C. H. Tsai, P. Y. Tsai, H. W. Chen, and H. S. Chen, “A 6-bit 1-GS/s Two-Step SAR ADC in
40-nm CMOS,” IEEFE Trans. Circuits Syst. II, Exp. Briefs, vol. 61, no. 5, pp. 339-343, May 2014.

[369] 1. Ahmed, J. Mulder, and D. A. Johns, “A 50MS/s 9.9mW pipelined ADC with 58dB SNDR in 0.18 um
CMOS using capacitive charge-pumps,” in IEEE Int. Solid-State Circuits Conf. - Digest of Tech. Papers,
Feb 2009, pp. 164-165,165a.

[370] Yi Shen and Zhangming Zhu, “Analysis and optimization of the two-stage pipelined SAR ADCs,” Micro-
electronics Journal, vol. 47, pp. 40 — 44, 2016.

[371] Y. Z. Lin, S. J. Chang, Y. T. Liu, C. C. Liu, and G. Y. Huang, “An Asynchronous Binary-Search ADC
Architecture With a Reduced Comparator Count,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 57,
no. 8, pp. 1829-1837, Aug 2010.

[372] A. Rossi and G. Fucili, “Nonredundant successive approximation register for A/D converters,” Electr.
Lett., vol. 32, no. 12, pp. 1055-1057, Jun 1996.

[373] H. Russell, “An improved successive-approximation register design for use in A/D converters,” IEEE
Trans. Circuits Syst., vol. 25, no. 7, pp. 550-554, Jul 1978.

[374] R. H. Walden, “Analog-to-digital converter survey and analysis,” IEEE J. Sel. Areas Commun, vol. 17,
no. 4, pp. 539-550, Apr 1999.

[375] S. Wang and C. Dehollain, “Design and Implementation of a Rail-to-Rail 460-kS/s 10-bit SAR ADC for
the Power-Efficient Capacitance Measurement,” IEEE Trans. Instrum. Meas., vol. 64, no. 4, pp. 888-901,
April 2015.

[376] H. N. Minh, D. N. Quoc, and T. Hoang, “A design of 10-bit 25-MS/s SAR ADC using separated clock
frequencies with high speed comparator in 180nm CMOS,” in 2015 Int. Conf. on Adv. Tech. for Commun.
(ATC),, Oct 2015, pp. 133-138.

[377] C. C. Liu, S. J. Chang, G. Y. Huang, and Y. Z. Lin, “A 10-bit 50-MS/s SAR ADC With a Monotonic
Capacitor Switching Procedure,” IEEE J. Solid-State Circuits, vol. 45, no. 4, pp. 731-740, April 2010.

[378] D. Schinkel, E. Mensink, E. Klumperink, E. van Tuijl, and B. Nauta, “A Double-Tail Latch-Type Voltage
Sense Amplifier with 18ps Setup+Hold Time,” in IEEE Int. Solid-State Circuits Conf. Digest of Tech.
Papers, Feb 2007, pp. 314-605.

[379] Y. Zhu, C. H. Chan, U. F. Chio, S. W. Sin, S. P. U, R. P. Martins, and F. Maloberti, “A 10-bit 100-MS/s
Reference-Free SAR ADC in 90 nm CMOS,” IEEE Journal of Solid-State Circuits, vol. 45, no. 6, pp.
1111-1121, June 2010.

[380] B. P. Ginsburg and A. P. Chandrakasan, “An energy-efficient charge recycling approach for a SAR con-
verter with capacitive DAC,” in IEEFE Int. Symp. on Circ. and Syst., May 2005, pp. 184-187 Vol. 1.

381] A. Azakkour, M. Regis, F. Pourchet, and G. Alquie, “A new integrated monocycle generator and trans-
g g g
mitter for ultra-wideband (UWB) communications,” in 2005 IEEE Radio Frequency integrated Circuits
(RFIC) Symposium - Digest of Papers, June 2005, pp. 79-82.

[382] T.-A. Phan, J. Lee, V. Krizhanovskii, S.-K. Han, and S.-G. Lee, “A 18-pJ/Pulse OOK CMOS Transmitter
for Multiband UWB Impulse Radio,” IEEE Microw. and Wireless Components Lett., vol. 17, no. 9, pp.
688-690, Sept 2007.

[383] A.-T. Phan, J. Lee, V. Krizhanovskii, Q. Le, S.-K. Han, and S.-G. Lee, “Energy-Efficient Low-Complexity
CMOS Pulse Generator for Multiband UWB Impulse Radio,” IEEE Trans. Circuits Syst. I, Reg. Papers,
vol. 55, no. 11, pp. 3552-3563, 2008.

[384] S. Bourdel, Y. Bachelet, J. Gaubert, R. Vauche, O. Fourquin, N. Dehaese, and H. Barthelemy, “A 9-
pJ/Pulse 1.42-Vpp OOK CMOS UWB Pulse Generator for the 3.1-10.6-GHz FCC Band,” IEEE Trans.
Microw. Theory Tech., vol. 58, no. 1, pp. 65—73, Jan 2010.

TH-2307_11610241

175



Bibliography

[385] H. Kim, D. Park, and Y. Joo, “All-digital low-power CMOS pulse generator for UWB system,” FElect.
Lett., vol. 40, no. 24, pp. 1534-1535, Nov 2004.

[386] K. Marsden, H.-J. Lee, D. Ha, and H.-S. Lee, “Low power CMOS re-programmable pulse generator for
UWB systems,” in IEEE Conf. on Ultra Wideband Syst.and Tech., Nov 2003, pp. 443-447.

[387] C. Kim and S. Nooshabadi, “Design of a Tunable All-Digital UWB Pulse Generator CMOS Chip for
Wireless Endoscope,” IEEE Trans. Biomed. Circuits Syst., vol. 4, no. 2, pp. 118-124, April 2010.

[388] L. C. Moreira, J. F. Neto, T. Ferauche, G. A. S. Novaes, and E. T. Rios, “All-digital reconfigurable
IR-UWB pulse generator using BPSK modulation in 130nm RF-CMOS process,” in 2017 IEEE 8th Latin
American Symposium on Circuits Systems (LASCAS), Feb 2017, pp. 1-4.

[389] M. Arafat and A. Harun-ur Rashid, “A novel 7 Gbps low-power CMOS ultra-wideband pulse generator,”
IET Circuits, Devices and Systems, vol. 6, no. 6, pp. 406-412, Nov 2012.

[390] L. Smaini, C. Tinella, D. Helal, C. Stoecklin, L. Chabert, C. Devaucelle, R. Cattenoz, N. Rinaldi, and
D. Belot, “Single-chip CMOS pulse generator for UWB systems,” IFEE J. Solid-State Circuits, vol. 41,
no. 7, pp. 1551-1561, 2006.

[391] D. Wentzloff and A. Chandrakasan, “A 47pJ/pulse 3.1-to-5GHz All-Digital UWB Transmitter in 90nm
CMOS,” in IEEE Int. Conf Solid-State Clircuits, 2007, pp. 118-591.

[392] M. Demirkan and R. Spencer, “A 1.8 Gpulses/s UWB Transmitter in 90nm CMOS,” in IEEE Int. Conf
Solid-State Circuits, Feb 2008, pp. 116-600.

[393] Y. Choi, Y. Kim, H. Hoang, and F. Bien, “A 3.1-4.8-GHz IR-UWB All-Digital Pulse Generator With
Variable Channel Selection in 0.13- ym CMOS Technology,” IEEE Trans. Circuits Syst. II, Exp. Briefs,
vol. 59, no. 5, pp. 282-286, 2012.

[394] A. Ebrazeh and P. Mohseni, “An all-digital IR-UWB transmitter with a waveform-synthesis pulse gen-
erator in 90nm CMOS for high-density brain monitoring,” in IEEE Radio Frequency Integrated Circuits
Symp., 2013, pp. 13-16.

[395] Y. Jeong, S. Jung, and J. Liu, “A CMOS impulse generator for UWB wireless communication systems,”
in 2004 IEEFE Int. Symp. on Circuits Syst. (IEEE Cat. No.04CH37512), vol. 4, May 2004, pp. IV-129-32
Vol 4.

[396] S. Bagga, W. A. Serdijn, and J. R. Long, “A PPM Gaussian monocycle transmitter for ultra-wideband
communications,” in Int. Workshop on Ultra Wideband Systems Joint with Conf. on Ultra Wideband
Systems and Technologies. Joint UWBST IWUWBS 2004 (IEEE Cat. No.04EX812), May 2004, pp. 130-
134.

[397] D. Wentzloff and A. Chandrakasan, “Gaussian pulse Generators for subbanded ultra-wideband transmit-
ters,” IEEE Trans. Microw. Theory Tech., vol. 54, no. 4, pp. 1647-1655, June 2006.

[398] Y. Wang and A. D. Singh, “An Efficient Transition Detector Exploiting Charge Sharing,” in 2015 28th
International Conference on VLSI Design, Jan 2015, pp. 298-303.

[399] X. Cui, T. A. Gulliver, J. Li, and H. Zhang, “Vehicle Positioning Using 5G Millimeter-Wave Systems,”
IEEE Access, vol. 4, pp. 6964-6973, 2016.

[400] V. Angelakis, E. Tragos, H. C. Phls, A. Kapovits, and A. Bassi, Designing, Developing, and Facilitating
Smart Clities: Urban Design to IoT Solutions, 1st ed. Springer Publishing Company, Incorporated, 2016.

[401] S. J. Wu, R. D. Chiang, S. H. Chang, and W. T. Chang, “An Interactive Telecare System Enhanced with
IoT Technology,” IEEE Pervasive Computing, vol. 16, no. 3, pp. 62—69, 2017.

[402] R. P. Homayoun Nikookar, Introduction to Ultra Wideband for Wireless Communications, 1st ed., ser.
Signals and Communication Technology. Springer, 2008.

[403] Mohammad Ghavami, Lachlan Michael, Ryuji Kohno, Ultra-wideband signals and systems in communi-
cation engineering. John Wiley & Sons, 2004.

TH-2307_11610241

176



List of Publications

List of Publications

Journal Publications

1. B. Jajodia, A. Mahanta and R. A. Shaik, “Mixed-Signal Demodulator for IEEE 802.15.6 IR-
UWB WBAN Energy Detection based Receiver”, in IET Circuits, Devices & Systems, April,
2018. (DOTI: 10.1049/iet-cds.2017.0350)

Conference Publications

1. B. Jajodia, A. Mahanta and R. A. Shaik, “A Six-Segment SRRC Pulse Generator for IEEE
802.15.6 WBAN Standard”, BODYNETS 2014 - 9th International Conference on Body Area

Networks, Senate House, London, Great Britain, pp. 46-49, Nov. 2014.

2. B. Jajodia, R. A. Shaik and A. Mahanta, “PPM Demodulation Schemes for IEEE 802.15.6
IR-UWB WBAN Receivers”, 2015 IEEFE International Conference on Signal Processing, In-
formatics, Communication and Energy Systems (SPICES), NIT Calicut, India, pp. 1-5, Feb.

2015.

3. B. Jajodia, R. A. Shaik and A. Mahanta, “Demodulation techniques for IEEE 802.15.6 IR-UWB
DBPSK WBAN transceivers”, 2015 IEEE 3" International Conference on Smart Instrumen-
tation, Measurement and Applications (ICSIMA), Putrajaya Marriott Hotel, Malaysia, 2015,

India, pp. 1-5, Nov. 2015.

TH-2307_11610241

177



List of Publications Bibliography

TH-2307_11610241

178



	TitleCover
	TitleCover
	Title
	Declaration
	Certificate
	Acknowledgements
	Abstract
	Abstract
	Index
	Contents
	List of Figures
	List of Tables
	List of Abbreviations

	1 Introduction to Body Area Networks
	1.1 Introduction
	1.2 Evolution of Body Area Networks
	1.3 Taxonomy of Body Area Networks
	1.4 Objectives of the Thesis
	1.5 Organization of the Thesis

	2 Introduction to the IEEE 802.15.6 Standard and Existing Transceivers for BANs
	2.1 The IEEE 802.15.6 Standard
	2.1.1 MAC Layer
	2.1.2 PHY Layer
	2.1.2.1 HBC PHY
	2.1.2.2 NB PHY
	2.1.2.3 UWB PHY


	2.2 Transceivers for Body Area Networks: A State-of-the-Art Review
	2.2.1 BCC/HBC Transceivers
	2.2.2 NB Transceivers
	2.2.3 UWB Transceivers
	2.2.3.1 Performance Studies of UWB Transceivers
	2.2.3.2 FM-UWB Transceivers
	2.2.3.3 Implant UWB Transceivers
	2.2.3.4 IR-UWB Transceivers


	2.3 Conclusions

	3 IR-UWB Transmitter using SRRC signaling pulse
	3.1 Introduction
	3.2 Generation of Arbitrary Signaling Waveform using PWLA Approach
	3.3 Different Approximations of N-segment PWLA SRRC Pulse Generation
	3.3.1 Four-segment PWLA SRRC Pulse
	3.3.2 Six-segment PWLA SRRC Pulse
	3.3.3 Eight-segment PWLA SRRC Pulse

	3.4 Evaluation of the ``best" PWLA SRRC pulse generation
	3.4.1 Percentage Relative Error
	3.4.2 Cross-correlation
	3.4.3 No. of Current Sources
	3.4.4 PSD

	3.5 Proposed IR-UWB Time Hopping PPM (TH-PPM) Transmitter
	3.5.1 PPC
	3.5.2 Six-segment PWLA SRRC pulse generator
	3.5.2.1 Controller
	3.5.2.2 PWLA pulse generator

	3.5.3 Up-conversion Circuitry

	3.6 Results and Discussions
	3.7 Conclusions

	4 IR-UWB Non-coherent Energy Detection based Receiver
	4.1 Introduction
	4.2 Link Budget Analysis
	4.3 System-Level Architecture of Energy Detection based Receiver
	4.4 Implementation of the RF Front-end
	4.4.1 LNA
	4.4.2 Multi-stage RF Amplifier
	4.4.3 Squarer

	4.5 Implementation of the Mixed-Signal Demodulator
	4.5.1 Windowed Integrator
	4.5.2 Single-ended SAR ADC
	4.5.2.1 Rail-to-rail dynamic latched comparator
	4.5.2.2 Capacitive reference DAC
	4.5.2.3 Counter-based SAR Controller

	4.5.3 Digital Back-end

	4.6 Conclusions

	5 DAC Switching Technique for Single-Ended SAR ADCs
	5.1 Introduction
	5.2 Proposed DAC switching technique in N-bit Single-ended SAR ADCs
	5.3 Comparison with state-of-the-art DAC switching techniques
	5.4 Conclusions

	6 Design Methodology for Event-driven PWLA Waveform Generator
	6.1 Introduction
	6.2 Event-Driven PWLA Approach for generation of Arbitrary Signaling Waveform
	6.3 Event-Driven Approximations of N-segment PWLA SRRC Pulse Generation
	6.3.1 Case-I: 10-segment PWLA SRRC Pulse
	6.3.2 Case-II: 8-segment PWLA SRRC Pulse
	6.3.3 Case-III: 8 segment PWLA SRRC Pulse
	6.3.4 Case-IV: 8-segment PWLA SRRC Pulse
	6.3.5 Case-V: 6-segment PWLA SRRC Pulse
	6.3.6 Case-VI: 6-segment PWLA SRRC Pulse

	6.4 Evaluation of the ``best-fit" event-driven PWLA SRRC pulse generation
	6.4.1 Percentage Relative Error
	6.4.2 Cross-correlation
	6.4.3 No. of Current Sources
	6.4.4 PSD

	6.5 Comparison of the ``best-fit" Clock-driven and the ``best-fit" Event-Driven PWLA SRRC Pulse Approximations
	6.6 Implementation Methodology for Case-III: 8-segment PWLA SRRC Pulse Generator
	6.7 Event-driven Approximation of N-segment PWLA IR-UWB Pulse Generation
	6.7.1 N-segment PWLA Gaussian Pulse
	6.7.2 N-segment PWLA First-derivative Gaussian Pulse
	6.7.3 N-segment PWLA Third-derivative Gaussian Pulse
	6.7.4 N-segment PWLA Fifth-derivative Gaussian Pulse

	6.8 Conclusions

	7 Conclusions and Scope for Future Work
	7.1 Conclusions
	7.2 Scope for Future Work

	A On Squarer
	A.1 Operation of the Squarer

	B Implementation of RF Front-end in 65 nm Technology
	B.1 Frequency Response of an Inverter-based Amplifier in 180 nm Technology
	B.2 Design of RF Front-end in 65 nm Technology
	B.2.1 LNA
	B.2.2 Multi-stage RF Amplifier
	B.2.3 Discussions


	C Event-driven PWLA Waveforms
	C.1 Event-driven N-segment PWLA approach to Generation of SRRC Pulse
	C.2 Mathematical Expressions for Gaussian Pulse and its first-, third- and fifth- derivative
	C.3 PWLA approach to Generation of Gaussian Pulse and its first-, third- and fifth- derivative

	Bibliography
	Publications
	List of Publications

