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ABSTRACT

Wireless body area networks (WBANSs) recently have drawn significant at-
tention in telemedicine and mHealth, which comprise intelligent devices on/in
the human body to support various healthcare applications for patient care and
disease treatment. Impulse radio ultra-wideband (IR-UWB) is a promising po-
tential telemetry technique in WBANs. Owing to its simple electronics and low
power emission, it is less likely to affect human tissues or cause interference to
other medical equipment. In UWB based WBANSs, spectral efficiency and energy
efficiency are certainly two of the most important challenges.

In this thesis, we will study the spectral efficiency and energy efficiency opti-
mization problems in relay-assisted UWB based WBANs under various practical
transmission scenarios. The main work done in this thesis is summarized as
follows:

(1) Research on energy-saving based relay selection in UWB based WBANS.
With a pulse based energy consumption model, the energy-saving relay selection
criterion is detailed and analyzed. We show that the relay location plays an
important role in UWB based WBANSs, which motivates us to explore the optimal
relay location and power allocation for performance optimization under various
scenarios.

(2) Spectral efficiency optimization and energy efficiency optimization in single-
relay UWB based WBANSs. To maximize the two metrics, we seek the relay with
the optimal location together with the corresponding optimal power allocation.
We show the necessity of utilization of a relay node in UWB based WBANs

in some scenarios. With the joint optimal relay location and power allocation






scheme, the network spectral efficiency can be enhanced significantly compared
to other transmission schemes. Up to 30 times improvement compared to direct
transmission in terms of energy efficiency can be achieved when the battery of
the source node is very limited.

(3) Research on tradeoff between energy efficiency and spectral efficiency in
single-relay UWB based WBANs. To balance performance between energy effi-
ciency and spectral efficiency and optimize the two metrics simultaneously with
desirable preferences, a utility for the energy-spectral efficiency tradeoff is con-
structed. We show that the proposed utility can be a guideline with regard to
the relay placement and power allocation in designing the energy-spectral efficient
transmission in UWB based WBANS.

(4) Preliminary research on spectral efficiency and energy efficiency optimiza-
tion in multiple-relay UWB based WBANs. We extend the single-relay case to
the multiple-relay case. Distributed beamforming problems for the spectral ef-
ficiency and energy efficiency optimization are investigated, respectively. The
preliminary results show that a considerable improvement can be achieved not
only in energy efficiency but also in spectral efficiency by using multiple relays
and the optimal relay location varies with the battery power limit of the source

node.
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Chapter 1
Introduction

In this Chapter, the background is presented in Section 1.1, the research objectives
of the thesis are addressed in Section 1.2, the organization of this thesis is described in

Section 1.3 and the contributions of this thesis are summarized in Section 1.4.

1.1 Background

Wireless communications have been witnessed to evolve at an outstanding speed in
recent years. With the advances in wireless technology and supporting infrastructure, a
new concept has been extensively explored to provide unprecedented opportunity for ubig-
uitous real-time healthcare without constraining the activities of the patient, commonly
referred to as wireless body area networks or WBANs for short. Generally, a WBAN
consists of several small, intelligent nodes attached on or implanted in the human body.
These nodes are used to monitor the physiological states of the patient periodically, e.g.,
measuring heartbeat or recording body activities, and provide real-time feedback to the
user or medical personnel. Unlike traditional wireless sensor networks (WSNs), WBANs
have some typical properties, e.g., limited energy resources for nodes, limited network size,

ultra-low-power wireless connectivity among nodes, and considerable signal attenuation
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around or in the human body. Thus, unique technical challenges need to be taken into
account in WBANS to achieve affordable and efficient healthcare solutions to patient that
will improve their quality of life.

Motivated by the increasing research and industry interest in WBANSs, the IEEE
802.15 Task Group 6 has developed the first industrial standard encompassing physical
(PHY) and medium access control (MAC) layers for WBANs. In the IEEE 802.15.6
standard, impulse radio ultra-wideband (IR-UWB) is employed as a PHY layer technology.
Since IR-UWB uses simple short pulses to send data, it makes the transmitter design
very simple, small size, and low power. Moreover, it is less likely to affect human tissues
or cause interference to other medical equipment due to a relatively low power spectral
density (PSD) emission. These advantages lead to the suitability of IR-UWB applications
in WBANS.

In UWB based WBANSs, nodes have stringent limitations in size and weight. In most
cases, their energy resources are extremely limited and batteries may not be rechargeable
and replaceable. In some applications, a node should operate while supporting a battery
lifetime of months or even years without intervention. Thus, a long lifetime is crucial.
On the other hand, low power transmissions in UWB based WBANSs often lead to un-
satisfactory transmission reliability and efficiency due to the strong propagation blockage
around or inside the human body. Therefore, spectral efficiency (SE) and energy effi-
ciency (EE) are two of the biggest concerns in UWB based WBANs. Developing and
designing schemes for the SE and EE related enhancement are of significant interest to

recent WBAN industry and research community.
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1.2 Research Objectives

The aim of the research project has been to enhance SE and EE in UWB based
WBANSs and eventually address the performance optimization to provide an insight into
the spectral-energy efficient design of healthcare applications.

In WSNs, the relay-assisted transmission is considered as an effective method to im-
prove network performance. Therefore, the theme in this thesis is to propose novel relay
deployment solutions in order to design a spectral-energy efficient WBAN. Conventionally,
relay deployment was only implemented with power allocation schemes in the literature to
optimize the WBAN performance. However, deploying relays optimally in terms of relay
location is still an open issue. Thus, the first main objective of the thesis is to design a
joint optimal relay location and power allocation scheme for the SE and EE optimization.

As an intrinsic characteristic, although optimal SE and EE can be achieved separately,
they are not always achievable simultaneously and sometimes may even conflict. There-
fore, the second main objective of the thesis is to balance the tradeoff between SE and EE
in UWB based WBANs. The key for the balanced performance between SE and EE is to
build up a valid utility function of these two metrics. Hence, developing a novel utility is
a prime work herein.

In addition to the SE and EE optimization in single-relay UWB based WBANSs, the SE
and EE optimization are also worth studying in a multiple-relay case. With multiple-relay
assistance, spatial diversity gain can be exploited and consequently network performance
may be further improved. Thus, the third main objective of the thesis is to design effective
transmission methods and achieve optimal SE and EE in multiple-relay UWB based
WBAN:S.

The specific major tasks in this thesis are as follows:

e Investigate the performance of cooperative transmission in single-relay UWB based
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WBANS to well understand the effect of relay location on the network performance
and identify potential space for performance improvement compared to direct trans-

mission.

e Build relay-location based cooperative network models and problem frameworks for

the SE and EE optimization in single-relay UWB based WBANS.

e Provide solutions to seek the optimal relay location together with the optimal power
allocation for the SE and EE optimization. Compare with the state-of-art trans-
mission schemes in existing literature to demonstrate the expected performance im-
provement and advantages of our proposed joint optimal relay location and power

allocation scheme.

e Develop a novel utility to balance the tradeoff between SE and EE in UWB based

WBANSs and verify the efficacy of the developed utility.

e Extend our research work from the single-relay case to a multiple-relay case. Design
effective transmission protocols and propose algorithms to achieve optimal SE and

EE in multiple-relay UWB based WBANsS.

1.3 Organization of Thesis

This thesis is organized to have eight chapters, and each chapter consists of several
sections to perform a detailed presentation on a specific topic. The brief contents of the
chapters are given as follows.

Chapter 1 is Introduction. Section 1.1 presents the background of this thesis. Section
1.2 states the main objectives of this thesis. Section 1.3 introduces the organization of

this thesis. Section 1.4 describes the main contributions of this thesis.
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Chapter 2 is Literature Review. Section 2.2 introduces the UWB techniques. Section
2.3 details WBANSs, including their definition, properties, and physical layer techniques.
Section 2.4 summarizes the existing research and main challenges of UWB based WBANSs.
Along with a description of the challenges, the motivations of the research are stated in
detail.

Chapter 3 studies the performance of cooperative transmission from a relay-location
selection perspective in single-relay UWB based WBANs. Specifically, Section 3.2 de-
scribes the system model. In Section 3.3, the minimized energy consumption for coopera-
tive transmission is presented with a realistic pulse-based energy consumption model. In
Section 3.4, the energy-saving relay selection criterion is developed in detail. Simulation
results are presented in Section 3.5. Summary of this Chapter is given in Section 3.6.

Chapter 4 optimizes spectral efficiency in single-relay UWB based WBANSs. In Section
4.2, the system model is described, where the system scenario and considered channel
models are presented, respectively. In Section 4.3, relay-location based network models are
developed first, the spectral efficiency optimization problem in cooperative transmission is
then formulated and the joint relay location and power allocation is derived accordingly.
Simulation results are illustrated in Section 4.4. Summary of this Chapter is given in
Section 4.5.

Chapter 5 optimizes energy efficiency in single-relay UWB based WBANs. With
the same system scenario, channel models and proposed network models as presented
in Chapter 4, the energy efficiency optimization problems are formulated and solved in
Section 5.2. Simulation results are illustrated to evaluate the proposed joint optimal relay
location and power allocation scheme in Section 5.3. Section 5.4 summarizes this Chapter.

In Chapter 6, joint optimal energy efficiency and spectral efficiency is studied in single-
relay UWB based WBANs. In Section 6.2, a utility for the tradeoff between energy

efficiency and spectral efficiency is proposed. In Section 6.3, proposed algorithms for the
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tradeoff optimization are presented. Simulation results are given in Section 6.4. This
Chapter is summarized in Section 6.5.

In Chapter 7, spectral efficiency optimization and energy efficiency optimization are
investigated in multiple-relay UWB based WBANs. In Section 7.2, a system scenario
and a multiple-relay based cooperative model are presented. In Section 7.3, distributed
beamforming transmissions are described. Optimal power allocation schemes are proposed
for spectral efficiency optimization and energy efficiency optimization in 7.4 and 7.5,
respectively. Performance evaluation is given in Section 7.6. This Chapter is summarized
in Section 7.7.

Finally, Chapter 8 summarizes the research of this thesis and gives the outlook for

future work.

1.4 Contributions

The main contributions of this research work are listed as follows.

e The energy-saving based relay selection criterion is developed in single-relay UWDB
based WBANs. With a realistic nonlinear energy consumption model, the optimal
power allocation with a given relay location is derived for single-relay cooperative
transmission to minimize the total energy consumption. By comparing the energy
difference between cooperative transmission and direct transmission, it is revealed
that the relay location in different WBAN regions makes a big difference on the
energy-saving performance of cooperative transmission. The relay location, there-
fore, plays a critical role from the system optimization point of view. This evidence
motivates us to explore the optimal relay location and power allocation under vari-

ous scenarios in UWB based WBANSs.

e Spectral efficiency optimization and energy efficiency optimization are theoretically
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derived in single-relay UWB based WBANSs. Unlike the conventional optimization
scheme where only power allocation is considered, a truly joint optimal scheme for
spectral efficiency and energy efficiency optimization problems is proposed, in which
the relay location and power allocation are optimized jointly for each problem. We
prove that globally optimal solutions exist for both optimization problems and the
derived closed-form expressions are provided. Numerical results verify the impor-
tance of the relay location in UWB based WBANs and reveal that the utilization

of a relay node is essential for the spectral and energy efficient transmission.

e The tradeoff between energy efficiency and spectral efficiency is effectively balanced
in single-relay UWB based WBANs. To balance performance between energy ef-
ficiency and spectral efficiency and optimize the two metrics simultaneously with
desirable preferences, a utility for the energy-spectral efficiency tradeoff is construct-
ed. Since the utility optimization problem is a non-concave fractional program, a
numerical algorithm by combining sequential quadratic programming algorithm and
scatter search is firstly proposed to obtain the globally optimal solution. Then, a
low complexity algorithm based on a linear approximation is proposed to obtain
the suboptimal solution. We show that the proposed utility can be a guideline with
regard to the relay placement and power allocation in designing the energy-spectral

efficient transmission in UWDB based WBANSs.

e Spectral efficiency optimization and energy efficiency optimization are studied in
multiple-relay UWB based WBANs. We design a valid distributed transmission
scheme to exploit the spatial diversity gain in the multiple-relay case. With the
transmission scheme, both metric optimization problems can be formulated as a
distributed network beamforming problem. Algorithms are proposed to solve the

distributed beamforming problem in an effective manner. Simulation results verify



Chapter 1. Introduction

the effectiveness of the proposed algorithms and show that the proposed distributed
transmission scheme is superior to other transmission schemes regarding spectral

efficiency and energy efficiency.



Chapter 2

Literature Review

2.1 Outline

In this Chapter, we present an overview of UWB and WBANS, respectively. Main
challenges of UWB based WBANs are comprehensively reviewed. The Chapter is orga-
nized as follows. Section 2.2 reviews the UWB techniques. Section 2.3 details WBANS,
including their definition, properties, and physical layer techniques. Section 2.4 sum-
marizes the existing research and main challenges of UWB based WBANs. Along with
a description of the challenges, the motivations of the research are stated accordingly.

Finally, the Chapter is concluded in Section 2.5

2.2 Overview of Ultra-Wideband Technology

When designing future short-range wireless systems, one needs to take into account the
increasingly pervasive nature of communications and computing based on the vision that
wireless systems beyond the third generation (3G) will enable connectivity for “everybody
and everything at any place and any time”. This ambitious idea assumes that the new

wireless world will be the result of a comprehensive integration of existing and future
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wireless systems, including wide area networks [3], wireless local area networks (WLANS)
[4], wireless personal area networks (WPANS) [5] and WBANS, as well as ad hoc networks
that link devices as diverse as portable and fixed appliances, personal computers, and
entertainment equipment. As a result, UWB, as a short-range wireless technology, plays

an important role in the realization of future pervasive and heterogeneous networking.

2.2.1 Concept of Ultra-Wideband
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Figure 2.1: UWB EIPR level by FCC First Report and Order [1].

The FCC approved the use of UWB in February 2012 in the First Report and Order [6].
A generic definition used within the FCC and widely accepted by the industry [7] defines
a UWB device as any device emitting signals with a fractional bandwidth greater than 0.2

or a bandwidth of at least 500MHz at all times of transmission. The fractional bandwidth
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is defined by the expression 2(fx — f)/(fu + fr), where fg is the upper frequency and
fr the lower frequency at the —10dB emission point. The center frequency of the signal
spectrum emitted by such a system is defined as the average of the upper and lower
—10dB points (i.e., fo = (fu + fr)/2). At the PHY layer, UWB communication systems
operate by spreading rather small amounts of average effective isotropic radiated power
(EIRP), which is always less than 0.56mW across a very wide band of frequencies relative
to its center frequency. This quantity is easily calculated from the imposed PSD limit of
—41.3dBm/MHz between 3.1 GHz and 10.6GHz, which is shown in Fig. 2.1 [1].

With the abundant frequency resources, there are mainly two approaches to the de-
velopment of UWB systems [8,9]: impulse-radio (IR) UWB and multi-band orthogonal
frequency-division multiplexing (MB-OFDM) UWB. They have different advantages and
can be applied in different fields. MB-OFDM UWB has been primarily used for high
speed data applications such as streaming video and wireless USB [10]. Due to the high-
performance electronics required to operate a MB-OFDM UWB radio, MB-OFDM UWB
systems generally are not amenable to energy constrained applications. However, IR-
UWRB [11,12], by using ultra-narrow pulses with a low duty cycle to carry information,
can be designed for relatively low-complexity, low cost and low power consumption trans-
missions. Thus, IR-UWB is more suitable to be applied in WBANs [13]. In the sequel,
we only consider IR-UWB for WBANs and the terms “IR-UWB” and “UWB” are used

interchangeably throughout this thesis.

2.2.2 Advantages of Ultra-Wideband

In Fig. 2.2, the UWB PSD and bandwidth are compared with other types of wireless
systems. As shown in the figure, with the properties of a large bandwidth and extremely
low transmission power, UWB is able to offer several advantages over narrowband commu-

nications systems [1,14,15,16]. The most important properties that make UWB systems
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Figure 2.2: UWB PSD and bandwidth comparison with different types of wireless sys-
tems [1].

attractive are:

1. Low interference to other users [17,18,19,20]. Because of the power restriction,
UWRB systems can reside below the noise floor of a typical narrowband receiver
and coexist with current radio services with low or no interference. Conversely, the
narrowband user represents only narrowband interference to UWB systems and this
interference can be resolved using the inherent frequency diversity of UWB systems
as long as the front end of the UWB receiver is not overloaded. Furthermore, owing
to this characteristicc, UWB technology can protect the transmission of sensitive

data by reducing the probability of detection [20].

2. High channel capacity [17,21]. One of the major advantages of the large bandwidth
for UWB pulses is to provide high channel capacity. Based on Hartley-Shannon’s
capacity formula, channel capacity linearly increases with bandwidth. Thus, a high

data rate transmission can be expected for UWB systems. However, due to the
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extremely low power limitation on UWB transmissions, such high data rate is only

valid for short ranges.

3. Simple transceiver architecture [22,23]. Since the UWB technique employs a series
of ultra-narrow pulses to transmit information, it means that the UWB transmission
is carrierless and data is not modulated on a continuous waveform with a carrier
frequency. For this reason, an UWB transceiver architecture is significantly simpler
and thus cheaper to build compared to other traditional narrowband or wideband

technologies.

Besides, UWB systems are able to cope with severe frequency-selective channels caused
by wireless multipath propagation due to the fine multipath resolution (the transmission
duration of a UWB pulse is shorter than a nanosecond in most cases). Furthermore, with
time-hopping (TH) or direct-sequence (DS) techniques, multiple users can be accommo-

dated harmoniously [11,24,25,26].

2.2.3 Transmissions of Ultra-Wideband

As mentioned in the previous section, UWB transmission is carrierless and the UWB
transmitter is simple and easy to build. A typical diagram of an UWB transmitter is
shown in Fig. 2.3. As we can see, the major blocks for generating UWB signals are the
pulse generator and data modulation [27].

In the pulse generator block, a UWB pulse signal can be generated by any one of a
variety of wideband signals, such as Gaussian, chirp, wavelet, or Hermite-based short-
duration pulses. Among these signals, the implementation of the first or the second order
derivative of a Gaussian pulse, to generate a Gaussian monocycle or a Gaussian doublet,

is considered an efficient approach for the UWB pulse generation [28,29]. For example,
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Figure 2.3: Block diagram of a typical UWB transmitter.

the Gaussian monocycle can be easily presented by
w(t) = —e 77, (2.1)

where ¢ represents time and 7 is a time decay constant that determines the temporal
width of the pulse.

In the data modulation block, binary modulation schemes are typically used rather
than high-order modulation schemes. The most common modulation schemes employed
in UWB are pulse-position modulation (PPM), binary phase-shift keying (BPSK) and
on-off keying (OOK) [14,30]. With PPM, the transmitted data is encoded by the position
of the transmitted pulses in time, referred to the nominal pulse position. With BPSK, the
transmitted data is encoded with the polarity of the impulses. The polarity of the impulses
is switched to encode a 0 or a 1. OOK is based on the principle of encoding information
with the absence of the impulses, for example, the presence of a pulse represents a 1,
while the absence of a pulse represents a 0.

In general, the UWB transmitted signal can be expressed as [31]

su(t) =P,y _ st —ilydy), d; € {0,1}, (2.2)
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where P, is the transmit power, T} is the bit (symbol) duration, and s(t — iTs; d;) is a

unit-energy pulse waveform used to transmit the ¢th information bit d;.

2.3 Overview of Wireless Body Area Networks

The aging population across the world and the rising expenses for health care have
triggered the need to exploit new technological solutions to bring affordable and efficient
healthcare to people that will improve their quality of life. Traditional wired connections
for this purpose become too cumbersome and involve a high cost for deployment and
maintenance. However, by using advanced wireless technologies, it not only gives patients
greater experience in mobility but also increases their comfort by freeing them from the
need to be connected to hospital equipments [32]. In order to fully exploit the benefits of
wireless technologies in telemedicine and mobile health (mHealth), a new type of wireless

network emerged: WBANs. This term was first mentioned by Van Dam et al. in 2001 [33].

2.3.1 Definition of Wireless Body Area Networks

A WBAN consists of several small, intelligent nodes attached on or implanted in the
human body [2, 34, 35,36, 37]. These nodes have wireless transmission capability. Typi-
cally, these nodes can be distinguished into two categories: sensor nodes and coordinator.
Sensor nodes are used to monitor the physiological information (including measuring the
heartbeat, body temperature or recording a prolonged electrocardiogram (ECG), as shown
in Fig. 2.4) and provide the feedback to the coordinator worn on the body. The coordi-
nator, as a sink in WBANSs, analyzes the received data from sensor nodes and forwards
it to a remote station for diagnostic and healthcare purposes. Notice that, different from
sensor nodes with limited power resource and functionality, the coordinator is in charge

of collecting all the information received from sensor nodes and handles interactions with
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Figure 2.4: Examples of monitoring in WBAN [2].

other users. It is usually a personal device, e.g., a personal digital assistant (PDA) or a
smart phone. Thus, it is much more powerful in functionality and computation capability
compared to sensor nodes.

In Fig. 2.5, the interconnection of WBAN, WPAN [5], WLAN [4], and wide area
networks [3] is displayed. As shown in the figure, the transmission range of WBANS is
comparably shorter than other networks, which is restricted to a few meters. To make a
connection to a remote station for real time diagnosis or to a medical database for record
keeping, the data from the coordinator is transferred by means of WPAN or WLAN. The
communication range of a WPAN can reach up to 10 meters for high data rate applications
and up to several dozens of meters for low data rate applications. A WLAN has a typical
communication range up to hundreds of meters.

Although WBAN is a promising candidate for healthcare, several design issues must

be addressed in order to enable the deployment and adoption of WBANS [38,39,40,41]. At
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Figure 2.5: Interconnection of WBAN, WPAN, WLAN, and wide area networks [2].

the hardware level, sensor nodes must be small, non-invasive, wireless-enabled, and must
be able to operate at an extremely low power level [38,40]. From the communications
perspective, it is crucial to design appropriate MAC protocols and PHY techniques to
ensure higher spectral efficiency (SE), energy efficiency (EE), and adequate quality of
service (QoS) [39,41]. At the application level, novel architectures should be implemented

for the corresponding applications [38,41].

2.3.2 Properties of Wireless Body Area Networks

Unlike conventional WSNs;, WBANSs have their own characteristics. Current protocols
and PHY techniques designed for WSNs [42] are not always well suited to support a
WBAN [2,36,43]. The following describes the differences between a WBAN and a WSN:

e Limited energy resources. Since sensor nodes must be small in size (often less than
lem?® [44]), their battery resources are very limited. Moreover, although a long

lifetime of the node is expected (up to several years or even decades for implanted
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nodes), its battery cannot be easily replaced and recharged. Hence, energy efficiency

is a crucial parameter in WBANS.

Equality. All nodes are equally important and nodes are only added when they are
needed for an application. To guarantee a patient the best care and comfort, the

number of nodes is usually kept to a minimum.

Low power transmission. Low power transmissions are indispensable to keep inter-

ference to a minimum and to cope with health concerns [45].

Strong propagation loss around/in the human body [46,47]. The human body is
considered as a very complicated and lossy medium. When the signals are trans-
mitted around/through the human body, they may experience strong propagation

loss and be attenuated considerably before reaching by the receiver;

Mobility. Since patients may move around, nodes located on the human body can

be in motion. In contrast, WSN nodes are usually considered to be stationary.

2.3.3 IEEE 802.15.6 Standard

Based on the description in the previous sections, it is a fact that the existing standards

and technologies cannot meet the requirements and relevant communication regulations

for WBAN applications. Therefore, an international standard should be provided for a

short-range (i.e., about a human body range), low power, and highly reliable wireless com-

munication for use in close proximity to, or inside a human body. For this purpose, IEEE

802.15 Task Group 6 was formed by the IEEE Standards Association. The IEEE 802.15

Task Group 6 aims to develop a communication standard optimized for low power devices

and operation on, in or around the human body (but not limited to humans) to serve

a variety of applications including medical, consumer electronics/personal entertainment

and other [48].
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In the IEEE 802.15.6 standard published in 2012, a general network topology [13] is

introduced, which is illustrated in Fig. 2.6. As shown in the figure, there is one and only

WBAN

N a C = Coordinator

N = Node

Nb .

Figure 2.6: Network topology in IEEE 802.15.6 standard.

one coordinator in a WBAN, whereas the number of nodes in a WBAN ranges from zero
to the maximum size of a WBAN. In a one-hop star WBAN, frame exchanges are to occur
directly between nodes and the coordinator of the WBAN. In a two-hop extended star
WBAN;, the coordinator and a node exchange frames optionally via a relay-capable node.

The IEEE 802.15.6 standard also defines new MAC and PHY layers for WBANs
[13,49,50]. For the MAC layer, a multiple access mode known as “improvised access” is
supported in the standard, whereby the coordinator can inform nodes that they have been
granted one-off exclusive time slots to transmit or receive information [51,52]. Since this
thesis only focuses on the WBAN PHY layer design and optimization, an ideal MAC layer
protocol is assumed hereafter. Thus, we only briefly overview the PHYs supported in the
IEEE 802.15.6 standard. For the PHY layer [13,53,54], three different PHY's are adopted
in the IEEE 802.15.6 standard: narrowband, human body communications (HBC), and

UWB.
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1) Narrowband PHY. The narrowband PHY is responsible for activation/deactivation
of the radio transceiver, clear channel assessment (CCA) within the current channel, and
data transmission and reception. A compliant device shall be able to support transmission
and reception in at least one of the following frequency bands: 402MHz to 405MHz,
420MHz to 450MHz, 863MHz to 870MHz, 902MHz to 928MHz, 950MHz to 958 MHz,
2360MHz to 2400MHz, and 2400MHz to 2483.5MHz. At the transmitter, the transmit
power is limited. For example, when operating in a low power low duty cycle mode
on a center frequency of 403.65MHz, a transmitter shall be capable of transmitting at
most —40dBm EIRP. When operating in a non low power low duty cycle mode in the
402MHz to 405MHz frequency band, a transmitter shall be capable of transmitting at
most —16dBm EIRP. When operating in all other frequency bands, a transmitter shall be
capable of transmitting at least —10dBm EIRP. During the transmission, a physical-layer
service data unit (PSDU) shall be pre-appended with a physical-layer preamble and a
physical-layer header in order to create a physical-layer protocol data unit (PPDU). At
the receiver, the physical-layer preamble and physical-layer header serve as aids in the
demodulation, decoding and delivery of the PSDU. Based on the recommendations of the
standard, the narrowband PHY can be used for on-body and implant transmissions.

2) HBC PHY. The HBC PHY uses the electric field communication (EFC) technology.
The band of operation is centered at 21MHz. Its PPDU is composed of a preamble, start
frame delimiter (SFD), PHY header and a PSDU. The data patterns in the preamble
and SFD are fixed. They are pre-generated and sent ahead of the packet header and
payload. The SFD is transmitted only once while the preamble sequence is transmitted
four times in order to ensure packet synchronization. When the packet is received by the
receiver, it estimates the start of the packet by detecting the preamble sequence, and then
it estimates the start of the frame by detecting the SFD. Based on the recommendations

of the standard, the HBC PHY is used for on-body transmissions only.
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3) UWB PHY. The UWB PHY is designed to offer robust performance for WBANs
and to provide a large scope for implementation opportunities for high performance,
robustness, low complexity, and ultra-low power operation. The signal power levels of
UWRB are in the order of those used in the narrowband, therefore providing safe power
levels for the human body and low interference to other devices. The UWB PHY can be
operated in two bands: low band and high band. Each band is divided into several optional
channels and one mandatory channel and each channel is characterized by a bandwidth of
499.2MHz. As a regulation in the standard, a typical UWB device should support at least
one of the mandatory channels. The UWB PHY PPDU is formed by concatenating the
synchronization header (SHR), the physical layer header (PHR), and PSDU, respectively.
The SHR contains a preamble and a SFD. The PHR conveys information about the data
rate of the PSDU, length of the payload and scrambler seed. The information in the PHR
is used by the receiver to decode the PSDU. Two operational modes are also defined in
UWB PHY: default for medical and non-medical applications, and high quality of service
for high-priority medical applications. Both modes shall support IR-UWB as mandatory
PHY. Based on the recommendations of the standard, the UWB PHY is used for on-body
transmissions only.

Although the narrowband option is usually chosen to realize the implant transmissions
and IR-UWB is only considered as a PHY for on-body transmissions in IEEE 802.15.6, a
number of studies indicate the feasibility of using IR-UWB for implant communications
[55, 56, 57, 58]. In [55], the authors investigated a IR-UWB system for an integrated
communication between an in-body implant device in the chest to the body surface. Bit
error rate (BER) performance is evaluated accordingly. Results verify the effectiveness
of the IR-UWB system for the implant applications. In [56], UWB transmitters based
on the band-limited technique were developed and analyzed. The authors present the

feasibility of applying an IR-UWB wireless scheme to both implantable neural recording
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and wearable biomedical applications. In [57], to cope with the limited data rate from the
narrowband modulation schemes for wireless capsule endoscopy, the authors developed
an IR-UWB communication system with a PPM based detection scheme. Experimental
evaluations indicate the validity of the proposed scheme and reliability of implant WBAN
communications. In [58], based on the proposed IR-UWB system in [57], an experimental
evaluation of the IR-UWB transmission performance in a living animal was performed.
In a real implant WBAN environment, it is shown that the transmission performance is
satisfactory and the IR-UWB is a good option as the implant transmission scheme.

In conclusion, the benefit of UWB for wearable and implant communications in W-
BANSs is quite obvious based on existing literature. Hence, the UWB based WBANSs is a
topic worth studying. In the next section, we summarize the key issues in UWB based
WBANSs. Along with a description of the issues, the motivations in this thesis are stated

accordingly.

2.4 Main Challenges in Ultra-Wideband based Wire-

less Body Area Networks

To meet the broad range of requirements imposed by various applications, several
issues need to be addressed and overcome in UWB based WBAN. For the main issues to
be accounted for in the design of a UWB based WBAN, the impact of channel modelling,

spectral efficiency and battery lifetime are of fundamental importance [34].

2.4.1 Channel Modelling

Channel model is important for the design and evaluation of the signalling techniques
employed at the PHY in UWB based WBANs. The human body, as a lossy medium,

has a great impact on radio propagation, leading to a specific and peculiar radio chan-
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nel. Moreover, there is a very big difference in propagation characteristics with different
transmission scenarios. The dynamic environment due to walking, running, and mobility
further makes it difficult to derive a simple path loss model for WBANs. Thus, in order
to realize systems optimised for body centric communications, a deep knowledge of the
radio channel is of outmost importance and channel modelling is a main challenge.

A number of UWB based WBAN channel models have been proposed recently. This
work was performed on different transmission scenarios, defined by the relative position of
the nodes, as presented in [46]. Basically, there are two major transmission scenarios that
are relevant for WBANSs [59]: 1) On-body transmissions: transmissions between nodes on
the human body and the coordinator (possibly including a relay), which is also on the
human body. 2) In-body transmissions: transmissions between nodes implanted in the
human body and the coordinator (possibly including a relay) on the human body.

Currently, the UWB based WBAN on-body propagation has attracted the most re-
search interest and various investigations have been conducted in different frequency bands
and environments [60,61,62,63,64,65,66]. All of these channel models are developed from
a set of propagation measurements and are intended to provide a convenient basis for
statistical modelling of the channel. In [62,63,65,61], a static propagation condition is
considered. Specifically, propagation modelling data was measured in a hospital room
and an anechoic chamber in [62], respectively. In [63], measurements were done in an
anechoic chamber. The channel models under line of sight (LoS) and non line of sight
(NLoS) propagation conditions were both studied. Analysis indicates that the path loss
of waves diffracting around the body is much higher than waves traveling along the front
of the human body. In [65], time-domain UWB channel measurements were conducted
to study the on-body radio propagation when the human body is in the sitting posture.
In [61], the environmental reflections are measured for the channel modelling. Although

this literature provides a comprehensive propagation characterization of various UWB
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based WBAN architectures, the effect of body motion needs to be taken into account in
practice [60,64,66]. Based on the observations in the literature, it is stressed that the
distribution of received energy fluctuations due to the body motion (e.g., arm motions)
can be approximately modelled as a Lognormal distribution. Furthermore, body motion
to the front and side of the human body only has a small impact on the received pow-
er. More significant variations are observed when transmit and receive nodes are on the
different sides of the human body.

On the other hand, only a limited contribution is available for the UWB based WBAN
in-body channel modelling [67, 68,69]. To the best of our knowledge, the state-of-the
art UWB based WBANSs in-body channel model through human tissues was developed
in [69]. Herein, a general model with a broad frequency range from 1-6GHz is provided,
in which the frequency-dependent material properties of the human tissues are taken into
consideration. It is indicated that the path loss as a function of depth inside the chest can
be modelled by a fitted mathematical function. The shadowing term, which accounts for
the path loss variations caused by different material properties of the tissues, is modelled
as a random variable.

In summary, based on the existing literature, the path loss of signals diffracting around
the body is much stronger than signals traveling along the human body. The body motion
to the front and side of the human body only has a small influence on the received power.
A more significant impact is observed when transmit and receive nodes are on different
sides of the human body. Furthermore, components through human tissues can be well
described by a high path loss exponent and the shadowing due to the different material
dielectric properties inside the human body can be modelled as a correlated Lognormal
variable.

In the thesis, the channel models proposed in [64,69] are used for the design of an
efficient UWB based WBAN.
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2.4.2 Spectral Efficiency

In wireless communication systems, spectral efficiency [bits/s/Hz| refers to the infor-
mation rate that can be transmitted over a given bandwidth. It is a measure of how
efficiently a limited frequency spectrum is utilized by the physical layer protocol [70]. A

general expression of spectral efficiency can be given by
SE =logy(1+ SNR), (2.3)

where SN R is the received signal-to-noise ratio (SNR). Since the received SNR is domi-
nated by the transmit power and channel gain, spectral efficiency is also impacted by the
two parameters. As the PSD emission for UWB signals is limited by the FCC regulations
and the battery lifetime of WBAN nodes is required to last as long as possible, ultra-low
power transmission is absolutely necessary in UWB based WBANs. On the other hand,
from the overview of channel modelling in Section 2.4.1, it is noted that the UWB signals
will experience strong propagation blockage when they travel around or inside the human
body. Thus, ultra-low power transmissions with strong propagation blockage around or
inside the human body may lead to unsatisfactory spectral efficiency, although UWB can
provide a high channel capacity because of its wideband. Hence, spectral efficiency is a
major challenge in UWB based WBANs which needs to be tackled.

As suggested in [59], the use of relays in WBANSs to mitigate the effects of signifi-
cant path loss and deep fades can improve spectral efficiency and transmission reliability.
Therefore, applying the concept of cooperative communications to WBANs may offer sev-
eral benefits. In fact, studies have been conducted in WSNs regarding spectral efficiency
of relay assisted cooperative communications [71,72,73,74,75]. In [71], power allocation
between a source and relay was optimized to maximize spectral efficiency in single-relay
based cooperative networks. In [72], joint relay selection and power allocation strategy for

multiuser amplify-and-forward (AF) networks was studied to maximize users’ spectral ef-
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ficiency. In [73], power allocation and relay selection schemes were proposed to achieve the
maximum spectral efficiency and minimum outage probability for multiple relay assisted
cooperative networks. In [74, 75], distributed beamforming strategies for multiple-relay
cooperative transmission were developed to maximize the spectral efficiency subject to d-
ifferent power constrains under flat fading channels. These studies reveal that cooperative
transmission is an effective way that can greatly improve spectral efficiency in WSNs.
Unlike WSNs, UWB based WBANs have some unique properties such as analog
transmission, distinct channel characteristics, and limited network size, where the signal
strength in a WBAN is mostly affected by the physical location of the nodes in relation
to each other as well as the body tissues [59,76]. As a result, the aforementioned existing
schemes and results on spectral efficiency in WSNs may be inefficient if they are applied
to UWB based WBANSs directly. Some related studies regarding cooperative transmis-
sion applied in WBANs have been recently reported in [65,77,78,79,80]. Particularly,
channel modelling and system diversity for cooperative transmission in UWB based W-
BANSs were investigated in [65]. In [77], cooperative scheduling schemes were proposed
to decrease inter-BAN interference and increase packet reception rate of intra-BAN com-
munications. In [78,79], bit/packet error rate performance evaluation of two-hop links
against direct transmission was presented in narrowband WBANSs. In [80], the authors
developed an improved form for switched combining with on-body cooperative communi-
cations to improve outage performance. Although these studies have demonstrated that
cooperative communication can be effectively implemented in WBANSs, the optimization
and performance evaluation in term of spectral efficiency for cooperative communication
is still an open issue in UWB based WBANs that have not been addressed yet. In this
thesis, we maximize spectral efficiency in relay-assisted UWB based WBANs and give a

comprehensive analysis for providing an insight into the design of an effective WBAN.
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2.4.3 Energy Efficiency

Besides spectral efficiency, another key performance indicator in UWB based WBANs
is energy efficiency. On one hand, as introduced in the previous section, WBAN nodes
are generally battery-powered and the power available in the nodes is often restricted.
In some mHealth applications, the battery lifetime is required to be up to several years
without intervention (e.g., pacemakers require at least five years [81]). For implant nodes,
the lifetime is especially crucial. In addition, frequent battery replacement or recharging
is not realistic since it may cause stress and inconvenience to patient. On the other
hand, significant path loss with deep fades may make communication difficult in WBANSs,
especially considering relatively low UWB transmission power. Consequently, the usage
of energy resources may be inefficient. Therefore, energy efficiency is also a critical issue
in UWB based WBANS.

One promising way to enhance energy efficiency in WBANSs is energy harvesting during
the operation of the system. Ideally, if the harvested energy is larger than the average
consumed energy, systems could run eternally. However, only small amounts of energy
can be harvested [82,83]. For WBANS, energy can be scavenged from on-body sources
such as body heat and body movement. In [84,85], a thermoelectric generator is used to
harvest energy from body warmth, which transforms the temperature difference between
the environment and the human body into electrical energy. In [86,87], accelerometers
are used to investigate the generated power of a kinetic harvester based on data gathered
at different body points. Nevertheless, the confined harvested energy and bulky size of
harvesters limit the implementation of energy harvesting in practice.

Several energy-efficient MAC protocols have also been proposed for WBANSs. In [88],
an effective time-division multiple access (TDMA) strategy was described in a static net-
work for vital signs monitoring. In [89], a cross-layer based battery-aware TDMA MAC

protocol was proposed to prolong the battery lifespan of WBAN nodes, in which nodes can
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decide whether or not to transmit their data in the assigned slot, depending on their bat-
tery status and buffer occupancy. In [90], a novel MAC protocol for WBANSs is proposed
to reduce the nodes’ duty cycle, using out of band wake-up radio through a centralized
and coordinated external wake-up mechanism. In [91], an energy-efficient traffic-aware
dynamic MAC protocol for WBANSs is established, which relies on the dynamic adapta-
tion of the wake-up interval based on a traffic status register bank. While the MAC layer
plays an important role for energy management, the design of wireless communication
technologies in the PHY layer for energy efficiency is essential in WBANS.

In the PHY layer, the concept of cooperative communications has been successfully
applied to WBANS in order to improve energy efficiency. In [92], energy efficiency of co-
operative transmission was investigated with constrained outage probability. In [93], the
optimal joint power allocation and coordinator deployment were derived to minimize the
power consumption for various system requirements in WBANs. In [94], the reliability
and energy efficiency of two-hop cooperative communication was assessed theoretically in
terms of outage probability and bit error rate for medical services. Similar to spectral effi-
ciency, cooperative communication can be implemented in WBANSs in an effective manner
to enhance energy efficiency. However, all aforementioned work only focuses on the sin-
gle relay case in WBANs. The performance of multiple-relay cooperative communication
needs to be evaluated for energy efficiency enhancement.

Additionally, the fact that the relay location is an influential parameter for system
performance in WBANSs has been reported in [94, 95,96, 97]. In fact, signal strength
is mostly affected by the relative physical locations of nodes as well as the movement
of the human body. Therefore, deploying relay node optimally in terms of the relay
location in UWB based WBANSs is crucial. To the best of our knowledge, research on the
energy efficiency optimization as well as the spectral efficiency optimization of cooperative

communication related to the optimal relay location (RL) and power allocation (PA) in
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UWB based WBANSs has been rarely conducted, especially for scenarios involving both
“on-body to on-body” and “in-body to on-body” propagation links.

Based on the above observations, therefore, our research work is motivated to develop
a truly joint optimization scheme for the spectral efficiency and energy efficiency opti-
mization problems, in which the relay location and power allocation are jointly optimized
for each problem. For each optimization, single-relay and multiple-relay cases are taken

into consideration, respectively.

2.4.4 Tradeoff between Spectral Efficiency and Energy Efficien-
cy

In spite of the fact that spectral efficiency and energy efficiency are two important
metrics in UWB based WBANS, optimizing one metric may not result in the other one
being optimized. As pointed out in [98,99], as an intrinsic characteristic, the optimal
EE and SE are not always achievable simultaneously and sometimes may even conflict.
Currently, the spectral-energy efficiency tradeoff has drawn significant attention from
academic and industrial communities. In [100], the spectral-energy efficiency tradeoff
problem was presented from the perspective of information theory with various channels.
The closed-form approximations of the spectral-energy efficiency tradeoff relation were
derived for the uplink of coordinated multi-point system [101] and for the multi-input-
multi-output (MIMO) Rayleigh fading channel [102], respectively. From this work, it
is clear that the tradeoff between spectral efficiency and energy efficiency is of prime
significance for spectral and energy efficient wireless network design. However, very little
work has been done towards the assessment of the spectral-energy efficiency tradeoff in
cooperative UWB based WBANS.

Towards this goal, a utility for the spectral-energy efficiency tradeoff in single-relay

UWB based WBANSs is adopted in our research work. The spectral-energy efficiency
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tradeoff optimization problem is tackled by proposed algorithms and the effectiveness of
the proposed utility is consequently validated.
In the following Chapters, we will describe each optimization problem and the proposed

corresponding scheme in detail.

2.5 Summary

In this Chapter, a comprehensive overview of UWB based WBANs has been sum-
marized. The first section introduces the UWB technology, which plays an important
role in the realization of future pervasive and heterogeneous networking. Some of its
advantages and distinguishing properties in the transmission architecture are described.
Clearly, UWB is a promising telemetry technique in WBANSs, owing to its simple electron-
ics and low power consumption. The second section provides an overview of WBANS as a
specific emerging wireless technology for telemedicine and mHealth. Some of their unique
components including taxonomy, requirements, simplified network architecture and key
features of PHY layer are presented. Refering to the IEEE 802.15.6 standard and existing
literature, it is clear that the UWB PHY indeed yields benefits and contributes strongly
to wearable and implant communications in WBANs. UWB based WBANSs is thus a
topic worth studying. This Chapter ends in the section where the key issues in UWB
based WBANs are emphasized. To design an efficient UWB based WBAN, the impact of
the channel modelling, spectral efficiency and energy efficiency are of fundamental impor-
tance. Thus, our research work is dedicated to these issues and focused on development
of novel optimal schemes to effectively maximize spectral efficiency and energy efficiency
and eventually achieve a satisfactory spectral-energy efficiency tradeoff in UWB based

WBANS.



Chapter 3

Energy-Saving based Relay Selection
for UWDB based WBANSs

3.1 Introduction

As introduced in Chapter 2, cooperative transmission can offer several benefits in
UWB based WBANSs. In cooperative transmission, a relay location has a notable impact
on the transmission performance. In this Chapter, the energy-saving performance of
cooperative transmission is considered from a relay-location selection perspective. To
save the energy of nodes as much as possible while maintaining a satisfactory transmission
performance, we propose an energy-saving based relay selection criterion for UWB based
WBANs. With the pulse-based energy consumption model in [103], the total energy
consumption for single-relay cooperative transmission is established and the optimal power
allocation is derived accordingly to minimize the total energy consumption at a given relay
location. With the same desired spectral efficiency, the energy-saving relay based selection
criterion is proposed and analyzed after considering the energy consumption difference
between direct transmission and cooperative transmission. Simulation results verify the

accuracy of our proposed criterion and show that, when the transmitter and receiver are
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located on the same side of the human body without significant path loss, the transceiver
circuit energy consumption dominates the total energy consumption, which implies that
cooperative transmission does not necessarily save the energy and direct transmission is
preferable in this case. However, at a suitable relay location and with large transmission
distance, cooperative transmission can achieve a significant improvement on energy-saving
compared to direct transmission when the transmitter and receiver are located on the
different sides of the human body.

The Chapter is organized as follows. In Section 3.2, the system model is described. In
Section 3.3, the minimized energy consumption for cooperative transmission is presented.
In Section 3.4, the energy-saving relay selection criterion is detailed. Simulation results

are presented in Section 3.5. Summary is given in Section 3.6.

3.2 System Model

In this Chapter, we consider a simplified UWB based WBAN model with one lightweight
on-body node, one relay node, and one coordinator. In practice, to guarantee a patient
the best care and comfort, the number of devices is usually kept to a minimum. Therefore,
we only consider a single relay herein. The coordinator can collect physiological data from
the on-body node and send them to the personal server wirelessly for further processing.
As shown in Fig. 3.1, cooperative transmission is adopted where the relay node R can
assist the source S in delivering its message to the coordinator D. With the distance d
[m] between S and D, we denote d; = 61d and dy = 65d as the distance between S and R
and the one between R and D, respectively, where 0 < 61,60, <1 and 6; +6; > 1.

The cooperation protocol is a typical TDMA protocol shown in Fig. 3.1. It consists of
two time slots with equal pulse frame duration, in which S broadcasts its signal to D and

R during the first time slot, and at the second time slot, R forwards its received signal to
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o
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Coordinator

Figure 3.1: A simplified network model for WBANS.

D. This protocol can achieve a maximum degree of broadcasting and exhibits no receive
collision [104]. For relay transmission techniques, there are two strategies are commonly
used: AF relay transmission and decode and forward (DF) relay transmission. The AF
relay applies linear transformation to amplify the received signal. The DF relay, on the
other hand, decodes the received signal to remove the noise and then re-encodes it for
forward transmission. It is noted that in practice the AF relay, when compared with the
DF relay, requires significantly lower implementation complexity. Thus we only consider
the AF relay in UWB based WBANS.

In the following, we will describe the UWB based WBAN channel models, spectral

efficiency, and the energy consumption model, respectively.

3.2.1 Channel Model

The body surface to body surface (CM3) path loss model released by IEEE 802.15
working group is considered in this Chapter [46,63]. Table. 3.1 below summarizes the

corresponding parameters. Please note that, the impact of multipath fading and shadow-
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ing is ignored since we mainly focus on the effect of relay location on the energy-saving
performance of cooperative transmission in the Chapter. In the following Chapters, the
multipath fading and shadowing will be taken into account in the system model for a

more accurate and comprehensive study.

Table 3.1: UWB based WBAN CM3 Channel Model

Channel model PL(d) = Py(d) + 10n 1og10(%)
Location of S Around the torso Along the torso
Antenna separation
5 mm 5 mm
from body surface
Py[dB] 48.4 44.6
do[m] 0.1 0.1
n 5.9 3.1

As shown in Table. 3.1, two different channel models are discussed in this Chapter
corresponding to different relative locations of S. With fixed D, “around the torso” refers
to the condition that S and D are on the different sides of the human body and “along the
torso” refers to the condition that S and D are on the same side of the human body. Due
to diffraction around the body, the path loss exponent around the torso is much higher
than that along the torso.

With the channel model, the relationship between the transmit UWB pulse power P,

and the receive pulse power P, can be given by

P,
2 God", (3.1)

where M = 107/19) and Gy = (1/dy)". For analysis simplicity, we assume that links
among S, R and D have the same channel model in UWB based WBANs when the

relative location of S and D is known.
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3.2.2 System Metric

To evaluate the energy saving performance of cooperative transmission and make a fair
comparison with direct transmission counterpart, the condition that direct transmission
and cooperative transmission can achieve the same desired SE performance [bits/s/Hz] is
assumed in this Chapter.

For direct transmission from S to D, SE is given by

Bsp = log,y(1 + psp) = logy(psp), (3.2)
where we assume pgp = giz > 1 is the received SNR of the link between S and D, and

P3P is the received power at D. B is the bandwidth and Ny is the single-sided PSD of

T

additive white Gaussian noise (AWGN).
Similarly, for the AF cooperative transmission with the given protocol, the average

SE is approximately given by [105]

1 1 PSRPRD 1 07 pgrPRD
Bsrp = - logy (1 + 07 psgr) + 5 logy(1 + ~ 5o ’
RD N 5 o {Psr) 9 2 pSR+PRD+1) 2 2(pSR+pRD

(3.3)

where psgr = gfij\z > 1 is the received SNR of the link between S and R, and PTSR is the

received power at R. prp = gf ]\2 > 1 is the received SNR of the link between R and D,

and PTRD is the received power at D from R. 67 psr and % are the received SNR at
D in the first and second time slot, respectively.
To satisfy Ssp = Bsrp, with (3.2) and (3.3), the SNR relationship between direct

transmission and cooperative transmission follows

Q?P%RPRD

7% = pip ~ ,
P PSR + PRD

(3.4)

where 7 is defined as the equivalent desired SNR for the desired SE. For analytical
simplicity, we will employ Z as the performance metric instead of SE to evaluate the

energy-saving performance of cooperative transmission in the sequel.
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3.2.3 Energy Consumption Model

In this Chapter, a realistic nonlinear pulse-based energy consumption model [103] is
applied. The total energy consumption for direct transmission can be expressed approxi-
mately as a function of the received SNR pgp:

M?2Go* B*NT,*w,(1 + )?
Vn?
4 w7 (3.5)

MGQBNoTp(l + O[)

§sp = psp d®" + pspd"

1

7 and Ty is the pulse frame duration.
p

where T}, is the UWB pulse waveform duration, v, =
w is the battery efficiency factor, « is the extra power loss factor of the power amplifier, V'
is the battery voltage, 7 is the transfer efficiency of the DC/DC converter and P, and P,
are the transmitter and receiver circuit power consumption, respectively. Please note that
antenna related parameters are beyond the scope of our thesis, although specific antenna
patterns may effect the results in (3.5).

As given in (3.5), the total energy consumption includes three parts, where the first
term refers to the excess energy loss due to the nonlinear battery discharge, the second
term refers to the energy carried by the transmitted pulse and the third term represents
the transceiver circuit energy consumption, which is a constant. It is shown that the
second and third terms dominate the total energy consumption [106].

Substituting (3.4) into (3.5), we can rewrite the energy consumption of direct trans-

mission with the desired Z as

C C
§sp = Z—Ed% + 7165" + Co, (3.6)

2 MZ2Go?T,2%B? 1+a)? MGoT,B(1 Pt Tp+Per T,
where 7 = 1/2. Cy = Aol 2wl N2 ¢y = MEALBLA N, and € = Feetleds

In the next section, the energy consumption of cooperative transmission is presented

with the desired Z and the minimization for energy consumption is derived accordingly.
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3.3 Minimized Energy Consumption for Cooperative

Transmission

In this section, we firstly establish the average total energy consumption of cooperative
transmission in each time slot. Then the optimal power allocation is derived accordingly

with the desired Z to minimize the total energy consumption of cooperative transmission.

3.3.1 Energy Consumption of Cooperative Transmission

In cooperative transmission, with the assumed AF cooperative protocol, D and R first
receive the signal from the transmitter S in the first time slot, and then R, as a transmitter,
forwards its received signal to D in the second time slot. Thus, it is concluded that the
total energy consumption of cooperative transmission can be separated into three parts:
1) direct transmission energy consumption from S to R; 2) direct transmission energy
consumption from R to D. 3) the receiver circuit energy consumption at D. As a result,

the average energy consumption in each time slot can be expressed as

1 1 P.T,
&srp = 502(;051%265%” + prp’ds") + 3 (Cl (prpdy + prpdy) +2CH + 0 d) . (3.7)

With (3.4), we have

2
017" = psk - PrD + PSR (3.8)

where psr = 1/psr and prp = 1/prp. Therefore, prp can be expressed as

2
07 _ Har?
PRD = ————— _pSR - (3.9)
PSR

Substituting (3.9) into (3.7), with the desired Z, £sgrp can be rewritten in terms of

)

PSR as
1 d2n —2d2n 1 dm Dopd?
Esnp(Psm) = 5Cs | o5 + g2 | + SO1 (= + 2
pse. (07 —psi’)?) 2 PSR 077 —psi’
1 Pchd

+Cot 3= (3.10)

2
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3.3.2 Optimal Power Allocation for Cooperative Transmission

With dy, dy and the desired Z, we can derive the optimal @ to minimize &sgp
based on (3.10). Since psg = 1/psg is related to the power, the optimization problem
can be considered as the optimal PA problem for minimizing the energy consumption of
cooperative transmission.

As (3.10) is a convex function, the optimal pgj can be achieved by setting the first order
derivative of {sgpp(psr) to zero. However, the computational complexity would be high
since {srp(Psr) is a quartic formula of pgr. For this reason, an approximate solution with
low-complexity is considered herein. As mentioned in Section 3.2.3, the energy carried
by the transmitted pulse corresponding to the second term in (3.10) and the transceiver
circuit energy consumption corresponding to the third term in (3.10) dominate the total
energy consumption. Thus we can rewrite {srp(psr) by ignoring the first term in (3.10)

as

an Sand? 1P,T
e Y N WO N il (3.11)

1
Esrp(psr) ~ 5Ch( —
2" 'Psr 077" - pER? 2
Setting the the first order derivative of (3.11) to zero, we have

dy dy 2 2
(d_i - )PSR4 + (d_i + 2)‘912 PSR2 - (912 )2 =0, (3-12)
1 1

since psg = 1/psp < 1, we can assume pggr* ~ 0. Keeping in mind that d; = 6;d and

dy = 05d, then the optimal p%p can be approximately given by

_ | ez wZ
Psr dijdi+2 /o5 + 200

With the optimal p%p, the minimized energy consumption {2, can be obtained by

(3.13)

substituting (3.13) into (3.10)

£2 _ G (0"+20")(1+L) +% VO + 207 (1 + i )
SED T a7 02 T (03 + 07)> Z 2T T gn oy

27
Pchd
C . 3.14
+ Co + 2 ( )
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From (3.14), we can see that {25, is a function of ¢, and 0. Different #; and 6, may
make the value of £, different. In other words, the relay location has an impact on the
energy-saving performance of cooperative transmission. Thus, a natural question arises:
what are the conditions under which cooperative transmission is more energy efficient than
direct transmission with the desired Z7 To answer this question, an energy-saving relay
selection criterion is investigated considering the energy consumption difference between

&sp and gpp in the next section.

3.4 Energy-Saving Relay Selection

We denote A¢ as the energy consumption difference between &sp and £25,), which is

given by
Cyd?™ o5m ) Old"< o >
A€ = 2 — (03 +207)(1 — (2 — /03 +207(1 + —2—
e= 25 (- e v+ 2 ) + S (2 Ve R Ia - )
_Pchd
2n
= A(d")? + B(d") + C, (3.15)
where
Cy n L opn 03"
A= —=F (205 +207)1 + ——) |,

YA (05 + 07)?

mn

0
2 — /08 + 207 (1 + —2 )),
0y + 07

&
Il
o
/N

and

As shown in (3.15), A¢ is a quadratic function of d* and A, B and C' are coefficients

of the function. When A¢ > 0, it means that cooperative transmission is more energy
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efficient than direct transmission and vice verse. Thus the energy-saving relay selection

criterion with the desired Z can be described as the following four rules:

1. If A > 0, then cooperative transmission is more energy efficient than direct trans-

mission as long as the distance d is larger than the critical distance d., where

d" = (=B + VB2 — 4AC) /(2A).

2. If A <0 and B <0, then direct transmission is always more energy efficient than

cooperative transmission.

3. f A<0, B>0and B>—4AC <0, then direct transmission is always more energy

efficient than cooperative transmission.

4. If A<0, B> 0and B? —4AC > 0, then cooperative transmission is more energy

efficient than direct transmission as long as the distance d is in the range of d. to

dea, where d = (=B + /B2 — 4AC)/(24) and d, = (—B — VB2 — 4AC)/(24).

Obviously, the establishment of the relay selection criterion relies on coefficients A,
B, C and distance d. Actually, with a given relay location, coefficients A and B are
only related to the path loss exponent n corresponding to the WBAN channel property
and distance d, and coefficient |C| is the extra consumed circuit energy by cooperative
transmission compared with direct transmission. Therefore, whether the given relay is
selected or not depends on the channel property, distance d and the consumed circuit
energy. To analyze the effect of these system parameters on the relay selection criterion
more directly, relay regions corresponding to different rules of the criterion are given in
Fig. 3.2 and Fig. 3.3.

In Fig. 3.2 and Fig. 3.3, three curves are plotted to divide the relay location into
three valid regions, namely R1, R2 and R3. The black solid curve represents the function

01 + 65 = 1 over the default domain that 0 < 61,05 < 1. The blue dashed curve refers
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Figure 3.2: Relay regions corresponding to different criterion rules when S and D are
on the different sides of the human body (around the torso).

to the function A(f;,602) = 0 and the region below the dashed curve meets A(6;,602) > 0.
The red dash-dot curve refers to the function B(6;,602) = 0 and the region below this
curve meets B(6;,62) > 0. Since ¢y and 65 need to meet the requirement that ¢; + 65 > 1,
the black solid curve can be seen as the low bound for valid relay regions.

Based on conditions of the four rules, it is shown that when the relay is located in
region R1, the first rule of the criterion is employed for the relay selection and the relay
can be selected as long as d > d,., where the value of critical distance d. is dominated by
C. It means that the energy consumed due to the path loss is not significant when the
distance d is at a short range within region R1, and the coefficient C' dominates the sign
of A¢. In other words, cooperative transmission is not beneficial to improving the energy
efficiency for short distance since the circuit energy consumption would dominates the

total cooperative energy consumption. When the relay is located in region R2, the third
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Figure 3.3: Relay regions corresponding to different criterion rules when S and D are
on the same side of the human body (along the torso).

or fourth rule of the criterion could be employed for the relay selection and whether the
relay is selected or not depends on the sign of B? — 4AC and d. For the relay located
in region R3, the second rule of the criterion is employed and it indicates that the relay
in this region cannot be selected since the cooperative transmission is always less energy
efficient. This is reasonable as the relay in region R3 is located far away from S and
D so that the distances d; and dy are close to the distance d, the relaying transmission
may experience a higher path loss compared with direct transmission. Thus more energy
needs to be consumed by cooperative transmission to achieve the desired Z. Besides,
comparing these two figures, we can see that the areas of regions R3 and R2 are larger
when S is “along the torso”. It reveals that when S and D are located on the same side
of the human body and the path loss exponent n is smaller, the relaying transmission

may offer less advantage in alleviating path loss and the circuit energy consumption may
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impact more on the the total energy consumption. Thus it is more likely that the direct
transmission is preferable for UWB based WBANs when S and D are located on the same
side of the human body.

In the next section, the energy efficient performance of cooperative transmission is
assessed by simulations in UWB based WBANSs, and the above analysis for the proposed

criterion is also confirmed.

3.5 Simulation Results

To assess the energy-saving performance of cooperative transmission and verify our
proposed relay selection criterion in UWB based WBANSs, numerical results are presented
in this section. Simulation parameters for UWB based WBANSs are given in Table. 3.2
[13,103,107]. According to the scale of the human body, transmission distance d is very

limited. In this paper, we consider the case that 0 < d < 1.2m.

Table 3.2: Simulation Parameters

V=12V a=0.33 w=0.05
n=0.8 T, = 16.026mns Ty = 512.82ns
No/2 = —174dBm/Hz P, =0.2mW P, = 3mW

In Fig. 3.4, A versus d with three different relay locations is presented when S is
“around the torso” and Z = 10dB. From Fig. 3.2, we know that the first two relay
locations are in region R1 and the third relay location is in region R3. ( The relay located
in region R2 is negligible since R2 only takes a small edge part of the whole relay regions
) As shown in this figure, the first two relay locations, ¢, = 0.4 and 6, = 0.7, ; = 0.8
and 6, = 0.9, yield increasing A¢ along with the distance d, and we can see that when d
is at a short range, A¢ is negative which means that direct transmission is more energy

efficient than cooperative transmission. However, as d gets greater than a certain value,
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A& changes to positive and goes up rapidly as d increases. This phenomenon confirms
the existence of specific critical transmission distance d. as stated in the first rule of the
relay selection criterion. In contrast, A for the third relay location is strictly negative
which means that this relay would never be selected. This verifies the second rule of the
proposed relay selection criterion. Since it is a decreasing curve along with d, it illustrates
that the relaying transmission experiences a stronger path loss compared with direct
transmission in this case, and thus more energy is consumed by cooperative transmission.
This phenomenon matches our analysis well.
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Figure 3.4: A¢ versus d with various relay locations when S and D are on the different
sides of the human body (around the torso) and Z = 10dB.

In Fig. 3.5, A¢ versus d with three different relay locations is presented when S
is “along the torso” and Z = 10dB. The relay locations are the same as in Fig. 3.4.
Compared with the results in Fig. 3.4, it is interesting to find out that A is always

negative for these three relay locations. That is to say, direct transmission is preferable
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Figure 3.5: A£ versus d with various relay locations when S and D are on the same side
of the human body (along the torso) and Z = 10dB.

when S and D are located on the same side of the human body. As mentioned in the
last section, when the path loss exponent n is small, circuit energy consumption makes
a critical impact on the total energy consumption. Since it costs more circuit energy
consumption, cooperative transmission would never take advantage in this case.

In Fig. 3.6, cooperation energy-gain versus desired Z is given when S is “around the
torso” and d = 0.8, where cooperation energy-gain is defined as the percentage of the
energy saving achieved by cooperative transmission compared with direct transmission.
Since cooperative transmission has the advantage of enhancing SE, we can see that the
cooperation energy-gain grows as Z increases. It is also illustrated that when the relay is
far away from S and D, the cooperation energy-gain may be strictly negative for a range
of Z. However, with the location 6; = 0.4 and 6y = 0.7, it shows that cooperative trans-

mission has a significant improvement on energy-saving performance, i.e., around 45%
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Figure 3.6: Cooperation energy-gain versus desired Z when S and D are on the different
sides of the human body (around the torso) and d = 0.8.

energy is saved at Z = 10dB compared with direct transmission. A conclusion therefore
can be made that, with proper relay location (close to S and D) and transmission distance
d > d., cooperative transmission would be very beneficial to energy saving compared with
direct transmission when S and D are located on the different sides of the human body.

In conclusion, cooperative transmission does not necessarily enhance EE when S and
D are on the same side of the human body since a LoS is available. In contrast, with proper
relay location and transmission distance when S and D are on the different sides of the
human body, EE could be improved by around 45% compared with direct transmission.
In addition, it is observed that the energy-saving performance of cooperative transmission
has a notable difference with different relay location. The importance of relay location in

WBANSs therefore should not be ignored.
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3.6 Summary

In this Chapter, an energy-saving relay-location based selection criterion is develope-
d for UWB based WBANs with a realistic nonlinear energy consumption model. The
optimal power allocation with a given relay location is derived for single-relay cooper-
ative transmission to minimize the total energy consumption. Considering the energy
consumption difference between direct transmission and cooperative transmission, the
energy-saving relay selection criterion is proposed and analyzed afterwards. Without loss
of generality, we divide the relay area in WBANSs into three valid regions and then four
selection rules are setup according to the different relay regions. From theoretical deriva-
tions and numerical results, it is clear that the relay location in different regions makes
a big difference on the energy-saving performance of cooperative transmission. The relay
location, therefore, plays a critical role in designing an efficient UWB based WBANS.
Hence, deploying a relay node optimally in terms of the relay location in UWB based
WBANS is of paramount importance (The related research work in this Chapter won the
“Merit of Certificate” of IEEE ICUWB 2013). Since we only study the power allocation
optimization with a given relay location in this work, a further research on the joint power
allocation and relay location optimization for cooperative transmission is necessary and
interesting.

In the following Chapters, the optimal power allocation and optimal relay location are
jointly investigated for the spectral efficiency and energy efficiency optimization problems.
With the joint optimal power allocation and relay location, we are able to provide an
insight into the design of UWB based WBANSs with respect to the proper placement of

the wearable relay node along with the optimal transmit power level.
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Chapter 4

Spectral Efficiency Optimization in

Single-Relay UWB based WBANSs

4.1 Introduction

As described in Section 2.4.2, spectral efficiency is a major challenge in UWB based
WBANSs that needs to be tackled. In this Chapter, we aim to solve the joint optimal
relay location and power allocation problem to optimize spectral efficiency in single-relay
assisted UWB based WBANs. Three practical transmission scenarios are investigated
herein, which are along-torso scenario, around-torso scenario and in-body scenario, re-
spectively. Each scenario refers to a specific physical location between the source and
destination nodes in relation to each other. For each scenario, we seek the relay with the
optimal location to achieve the maximum SE, together with the corresponding optimal
power allocation. More precisely, generic relay-location based network models are firstly
proposed for UWB based WBANs. Taking into account realistic power considerations
for each scenario, the spectral efficiency optimization problem is then mathematically
formulated and the optimal relay location and power allocation are jointly derived to

achieve the maximum spectral efficiency. The analysis of the optimal relay location and
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power allocation is given accordingly. Numerical results match those in Chapter 3 to
some extent. Due to the presence of the LoS in the along-torso scenario, we show that
direct transmission is preferable to the cooperative transmission, even though the opti-
mal relay location is selected and the optimal power allocation is achieved in cooperative
transmission. However, by utilizing an on-body relay node with the joint optimal relay
location and power allocation in the around-torso and in-body scenarios, it is shown that
spectral efficiency can be remarkably improved compared to other transmission schemes.
Moreover, the transmission range in WBANSs can be extended effectively and the power
consumption can be transferred from the sensor node to the relay node, in which the
lifetime of the sensor node can be prolonged significantly.

The Chapter is organized as follows. In Section 4.2, the system model is described,
where the system scenario and considered channel models are presented, respectively. In
Section 4.3, relay-location based network models are developed first, the spectral efficiency
optimization problem in cooperative transmission for each transmission scenario is then
formulated and the joint relay location and power allocation for each transmission scenario
is derived accordingly. Simulation results are illustrated in Section 4.4. Summary is given

in Section 4.5.

4.2 System Model

4.2.1 System Scenarios

Similar to Chapter 3, we consider a basic WBAN which is composed of three types
of nodes: wearable or implant node S, one body network coordinator D, and one relay
node R. As mentioned in Section 2.3, the node is used to monitor the physiological
states of a person periodically, e.g., measuring heartbeat or recording body activities,

and it is connected to the coordinator directly or through the relay node. Normally, the
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coordinator is attached on the front side of the human body. Note that the application
type of the node and its location in a WBAN depend on the requirement of the patient.

For cooperative transmission, the two-slot AF cooperative protocol in Chapter 3 is
adopted herein. In this work, three typical scenarios in WBANSs are investigated, namely,
along-torso scenario, around-torso scenario, and in-body scenario. The three considered

scenarios are described in detail in the following:

e Along-torso scenario: S, R and D are all on the same side of the human body. Since
all signals are transmitted over the along-torso links, only the along-torso channel

model is used for the theoretical formulation of the SE optimization in this scenario.

e Around-torso scenario: with a given location of D, S and D are on the different
sides of the human body and R is assumed located on the same side with S. Since
signals are transmitted over the along-torso channel for the S-R link and over the
around-torso channels for the other two links, the along-torso and around-torso
channel models are used for the theoretical formulation of the SE optimization in

this scenario.

e In-body scenario: with a given location of D, R and D are on the same side of
the human body and S is assumed located inside the human body. Since signals
are transmitted over the along-torso channel for the R-D link and over the in-body
channels for the other two links, the along-torso and in-body channel models are

used for the theoretical formulation of the SE optimization in this scenario.

In the following, the mentioned three types of channel models in UWB based WBAN s
are presented mathematically, respectively. The corresponding path loss (including shad-

owing) and small scale fading are taken into account for each link.
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4.2.2 Channel Models

In our work, the along-torso channel model and around-torso channel model are based
on IEEE P802.15 realistic channel models. The IEEE P802.15 channel models (includ-
ing narrowband channel models and UWB channel models) are developed by the IEEE
802.15.6 group based on real field measurements, which have been widely used for evaluat-
ing the performance of WBANSs via computer simulation. For the in-body channel model,
as mentioned in Section 2.4.1, there are currently few models describing the UWB radio
propagation inside the human body. Thus, the state-of-the-art channel model in [69]
is adopted, which is a statistical model developed by using a heterogeneous anatomi-
cal model that includes the frequency-dependent dielectric properties of different human
tissues.

The effect of the body motion and the scattering inside the human body is also taken
into account. Since we assume that all on-body nodes are only located on the front side
of the human body or on the back side of the human body rather than the limbs, the
impact of the body motion can be ignored in the along-torso and in-body scenarios based
on the observations in the existing literature [60,97]. However, a walking motion pro-
duces measurable fluctuations in the around-torso scenario, which cannot be ignored [60].
Therefore, the shadowing (variations) from the body motion, modeled as a Lognormal
distribution, is included into the around-torso path loss model. On the other hand, the
scattering inside the human body is caused by the different material dielectric proper-
ties along the propagation path, which is also necessary to be considered in the in-body
channel model [69]. Table 4.1 summarizes the corresponding parameters for the path loss
(including shadowing) models [46,69,60]. Notice that, Hy represents the shadowing from
the body motion, which is a Gaussian distributed random variable with mean 0.27 and
standard deviation 1.5 [60]. H; represents the scattering inside the human body, which is

a Gaussian distributed random variable with zero mean and standard deviation 7.84 [69].
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Table 4.1: UWB based WBAN path loss (including shadowing) models

along-torso model

PL3B(d) = Lo + 10ng loglo(%)

Ty [dB] 116
No 3.1
around-torso model | PL{P(d) = Ly + 10n, log,, (&) + Ho
L, [dB] 484
nq 5.9
dy[m] 0.1
in-body model PLIB(d) = Ly + a(d/dy)™ + H,
T, [dB] 10
a 0.987
N9 0.85
&lm] 0.001

L L; is the path loss at the reference distance, for i=0,1,2.

2 d; is the reference distance, for i=0,1,2.

3

4

a is a fitting constant.

n; is the path loss exponent, for i=0,1,2.

5 H; is Gaussian distributed random variable, for i=0,1.

For all the links considered, the energy-normalized channel impulse response (CIR)

can be generally written as

Lyp—1

hk(t) = Z al7k5(t — lek),
=0

(4.1)

where k € {SD, SR, RD} denotes the links from S to D, S to R and R to D respectively.

Ly, is the number of multipaths, 7 is the delay of the {th path, and oy is the gain of

the [th path. Since real signals are employed in UWB systems, each path gain is real

also. Note that, the characteristics of Ly, 7, and «y are different in different scenarios.

Further details on the delay profile for along-torso and around-torso links can be found

in [46]. For the in-body link, the corresponding delay profile can be found in [69].
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4.3 Spectral Efficiency Optimization

With the channel models, we first present the SE of direct transmission in this section.
The SE optimization problem for each scenario is then described and solved by using the
optimization theory. Specifically, to evaluate the impact of relay location in WBANs and
find out the optimal relay location for the corresponding optimal SE in each considered
scenario, two relay-location based cooperative network models are developed for on-body
transmissions and in-body transmissions, respectively. In the proposed network model
for on-body transmissions, we show that the along-torso scenario can be considered as a
special case in the around-torso scenario. Since there is no extra challenges in the along-
torso scenario for solving the SE optimization problem apart form the different channel
parameters and the location of nodes in relation to each other, we only detail the SE
optimization in the around-torso scenario and only give the solution of the considered
problem in the around-torso scenario. For the around-torso scenario, the SE optimization
problem in terms of RL and PA is mathematically formulated with the proposed model
and globally optimal solutions are proven to exist and are derived, respectively. Similarly,
the optimal RL and PA are also jointly obtained in the in-body scenario based on the

proposed network model for in-body transmissions.

4.3.1 Spectral Efficiency of Direct Transmission

For analytical simplicity, we present the IR-UWB signal transmission with BPSK in
WBANS (the transmission scheme is easily extended to other modulations, such as PPM
or OOK). The random TH or DS codes are omitted herein.

At S, every transmitted BPSK symbol duration T consists of N; consecutive frames
each with duration T, where T, = N¢Ty. The symbol information is conveyed by an

ultrashort pulse waveform in each frame. Thus the transmitted symbol waveform can be
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expressed as

Nj—1

—b\/_z w(t —jTy), b= =+1 (4.2)

where b is the transmitted symbol and P is the transmit power of S and the value of
P, depends on the battery power limit of S. In on-body transmissions, we assume that
P, < P? .., where P? is the maximum transmit power for the on-body node, which is
constrained by FCC PSD emission limit for IR-UWB signals. Similarly, we assume that
P, < P! in the in-body scenario. w(t) denotes the ultrashort pulse waveform with T,
duration, which has the unit energy fi’é w(t) = 1.

For all the links, it is assumed that channel hg(t) remains invariant over a symbol

duration, but it changes from symbol to symbol. Thus, the received signal at D is given

by
) Ny—1
=0\ ="+ — T ==+l 4,
rso(t) =0\ | B o) ngpt 5T¢) +nsp(t), b= =+1, (4.3)
where
Lsp—1
9gsp(t) = w(t) * hsp(t Z a1,5pwW(t — Ti5p), (4.4)

1=0
and ngp(t) is the additive white Gaussian noise with zero mean and variance 2. x
represents convolution. 7T} is set to be large enough to avoid the inter-symbol interference
(IST).

At D, a received pulse waveform matched filter is employed. After summing up all

the outputs over Ny frames, the decision statistic b at D can be written as

P

bsp = ON¢y | =—— 4.
SD PLSD(dSD)§SD + Nisp, (4.5)

where £gp is the captured multipath energy during Ty at D in direct transmission and

ngp is a white Gaussian noise with zero mean and variance Nz§ spO2.
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With (4.5), the SE (unit:bits/s/Hz) for direct transmission can be given by

1
SEsp = N logy(1 + vsp), (4.6)
f
where vgp = % is the received SNR. Note that, PLsp(dsp) is different in

the different scenarios. In the around-torso scenario, PLgp(dsp) = 10PLE"(dsp)/10 Tp the

along-torso scenario, PLgp(dgp) = 10PL67(@sp)/10 Tp the in-body scenario, PLgp(dsp) =

10PL8" (dsp)/10

In the next section, the SE optimization for on-body cooperative transmissions and

in-body cooperative transmissions are presented in detail, respectively.

4.3.2 Spectral Efficiency Optimization for On-Body Transmis-

sions

Proposed Network Model for On-Body Transmissions

Surfacel
P,
[
D
HEY ;
drl B dS\D y
P\ N\ A
: 5 7
\dRD \'. /
:  anp \
———P\I‘—L—\_—'—:,:*/g——— ~
\.‘k"dSR //
Surface2 R /

Figure 4.1: Proposed cooperative model for on-body transmissions in WBANSs.

In Fig. 4.1, the cooperative network model for on-body transmissions is developed,
where the around-torso scenario is considered. In this scenario, we only study the case

that all nodes are only located on the front side of the human body or on the back



4.3 Spectral Efficiency Optimization 57

side of the human body rather than the limbs. Thus, a two-surface system model can
be established under the reasonable assumption that each side of the human body is
approximately treated as a level surface, as shown in Fig. 4.1. Without loss of generality,
we assume that D is located on the front side of the human body (Surfacel) and S and R
are located on the back side of the human body (Surface2). The distance between these
two surfaces is d,. (d. > 0). dsp, dsgr, and dgp denote the distances from S to D, S to
R, and R to D, respectively. We denote the projection of D on Surface2 by point P and
point T is located in the middle between P and S. To represent the location of R, we
construct a xy-plane on Surface2, where S is set to be the origin point and the x-axis is
along P to S. It is worth noting that this equivalent cooperative model will be simplified
to the one for the along-torso scenario when d, = 0. In this case, D is located on the
same surface with S. Thus, we can consider the along-torso scenario as a special case in
the around-torso scenario.

Due to the similarity in structures, the around-torso scenario and along-torso scenario
can be analytically similar for solving the SE optimization problem. In the sequel of this
section, we focus on the SE optimization in the around-torso scenario and only detail the
solution for the around-torso scenario. As a special case in the around-torso scenario, the
corresponding solution in the along-torso scenario is not repeated in this work.

In the around-torso scenario, with given coordinates {x,,y,} for R, we have

dSR(mm yr) =V .CE% + yga (47)

and

dpp (T, yr) = V/ (2, + dspsin 0)2 + y2 + d2, (4.8)

where 0 = arccos(d,/dsp).
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Formulation for the SE Optimization

Similar to D, R is also equipped with a matched filter. With the considered AF
cooperative protocol, after summing up all the outputs over N; frames, the decision

statistic b in the first time slot at R and D can be given by

Py

bop = bNsy | ——M 2 4.
SR f PLsn(dsn) §sr + Nsr, (4.9)
and
b =bN ! Esp + 1 (4.10)
SD,1 f PLSD(dSD) SD T Nsp, .

respectively, where P is the transmit power at S in cooperative transmission. In the

around-torso scenario, we have

PLsp(dsp) = 10P4A" (dsp)/10 M,d§),,
and

PLgg(dsr) = 107E6"@sm)/10 — ppgne.

where My = (1/dy)"010%0/10 and M; = (1/d;)™10L1/1010H0/10 are constant. £gx and Esp
are the captured multipath energy during 7' over the links S-R and S-D in the around-
torso scenario, respectively. ngg is a white Gaussian noise with zero mean and variance
Nf@qRafL. ngp is a white Gaussian noise with zero mean and variance Nf§5DafL.

In the second time slot, R forwards its received signals to D and the the forwarded

symbol waveform at R can be expressed as

Ny—1
P .
SRD(t) = bSR ’bsj%‘ E w(t — 2ij), (411)
Jj=0

X . N2P 2
where P, is the transmit power at R and |bsp| = 5+ 155’?') + Ny&spo?.

PLsr(dsr
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Accordingly, the decision statistic b in the second time slot at D can be given by

Py
b = bgpN 1 4.12
RD,2 SR f\/|bSR|PLRD(dRD)€RD + NRD, ( )

where

PLRD(dRD) = 10PLtliB(dRD)/1O _ Mldng

Erp are the captured multipath energy during T over the links R-D and ngp is a white
Gaussian noise with zero mean and variance N {grpo2.
After maximum-ratio combining (MRC) [108] with brp; and bgrpo at D, the SE of

the single-relay cooperative transmission in the around-torso scenario can be given by

1
SEsrp = z—10gy(1 + 71 + 72), (4.13)
oN;

where v, is the received SNR at D in the first time slot and

~

YSRYRD YSRYRD
Yo = ~ , (4.14)
Ysr+7Yep +1  7Ysr+ VED

is the received SNR at D in the second time slot. vsg and ygp are the received SNRs for
the links S-R and R-D, respectively.

The expressions of 71, y7sg and ygrp are given by

N¢Pi&sp

= J o 4.15
T PLsn(dsp)o?’ (4.15)
N¢Pi&sr
R L 4.16
Ny Ps8rp
= ) 4.17
YRD PLro(drp)o? ( )

In this work, to make a fair comparison with direct transmission, we assume that the
total transmit power resource in cooperative transmission is not more than that in direct

transmission, i.e., P, + P, < P,
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Substituting (4.7), (4.8), and (4.14)-(4.17) into (4.13), we have

1 NP
SESRD<xT7y7‘7 Pl, PQ) = _10g2 (1 + f 1€SD

2Nf PLSD(dSD)O-?L
—_——
Y1 (P1)
1 4.18
T PLsr(dsr(zryr))o2 + PLgrp(drp(@ryr))o2 |- ( ’ )
NyPi€sr Ny P2érpD

-

’72($T‘7y7"7P17P2)
Obviously, SEsgp is the function of variables {z,, ., P1, P»}. To obtain the maximum
SEsgrp in the around-torso scenario, we must find the optimal set {z2¢, ¢, Pj¢, P5¢} to

maximize SEsgrp(Zy, Yy, P1, Py). Thus, the joint optimal RL and PA problem for the SE

optimization in the around-torso scenario can be mathematically formulated as

maximize SEsgp(zy, yr, P1, P2)
Tr,yr,P1, P

. 2 . 9
subject to C1 : (Ir + M) +y2 < (M) 7
’ : (4.19)

C2:xz, <e,
C?)ZPl—I—PQSPS,

where C1 is imposed to guarantee that R is only located in the circle centered at T with
radius w. This special circle for R is considered based on the fact that we can
always find a corresponding relay location within the circle which can provide a better
performance than those beyond the circle. C2 is imposed to guarantee that {z, = 0,y, =
0} has to be beyond C1 since R cannot coincide with S, where |e| is a very small constant
and we set —107% < € < 0. With C1 and C2, we have dgg, drp < dsp.

As the along-torso scenario is considered as a special case of the around-torso scenario
in the proposed network model, the SE expression in (4.18) and the problem formulation
in (4.19) can also be applied to the along-torso scenario with d, = 0. However, due to

different channel parameters, the path loss models in the along-torso scenario from S to
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D , S to R, and R to D should be expressed as,

PLSD(dSD) = 10PLgB(dSD)/10 _ MongD,

PLgr(dsr) = 10PLEE dsr)/10 _ Mods,,
and
PLRD(dRD) = 10PLgB(dRD)/10 _ ModgoD,

respectively.

In the next part, we detail the derivation and solution of the optimal RL and PA prob-
lem for the SE optimization in the around-torso scenario. For the along-torso scenario,
the related optimal RL and PA can also be achieved with similar derivations and it is not

repeated in this work.

Joint Optimal RL and PA in Cooperative Transmission

Since logy(1 4+ z) is a monotonically increasing function of x, we can rewrite the

optimization problem as

maximize v1(Py) + Y2 (2, yr, P, Ps)
Zr,Yr,P1,P2 (420)

subject to C1, C2,C3.

From (4.15), we can see that 7;(P;) is a linear function of P;, which indicates that
~1(Py) is concave. To prove that vyo(x,, y,, P1, Py) is a concave function, we introduce the

following Proposition and Theorem.

PLsp(d 2 PLrp(d 2 ‘
sa(dsr(@eyr)on g g PLRDERD @0 Yn))On i1 the around-torso scenario
prlﬁsR NfPQSRD

are both convex for Py, P, > 0.

Proposition 4.1.
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Proof. For notational simplicity, we define

PLsg(dsr(tr,y,))02 (22 +y2) % Myo?

T Yy, P1) = = , 4.21
filarsyr P1) N¢Piésp N¢Piésp (4.21)
and
PLpp(dpp (@, y,))02 (2, + dsp sin0)? + 42 + d2) 2 Myo?
fZ(xraymP?) - - .
NfP2§RD NfP2§RD
(4.22)

Then, we denote H( f1(z,, y,-, P1)) and H( f2(x,., y,, P»)) as the Hessian matrices of func-
tions fi(z,,y,, P1) and fo(x,, y,, P»), respectively. The determinants of H(fi(x,, y,, P1))
and H(f2(z,, yr, P)) are given by

Moy (nf — 2n8) (7 +y2) ™4
H(f1 (2, yr, P1))| = —2 0 Pf’]\(f)?ggR 7 (4.23)
and
. o MG (nd = )@, + dspsind) 3) £ i
| (fQ(xT7yr7 2)>| - N3¢3 . 6—3n ) ( : )
HI Py ((z, +dspsin€)? 4+ y2 + d?)
respectively.

Since n — 2nZ > 0 and n$ — 2n? > 0, H(fi (2., v, P1)) and H(f2(z,, y., P»)) are both
positive definite matrixes with P, P, > 0. In other words, fi(z,,y., Pi) is jointly convex

w.r.t. x., Y., and Pi. fo(x,, y., Py) is jointly convex w.r.t. z,, y,, and P. O
Theorem 4.1. Given that f(x) and g(y) are both convez, ¢(x,y) = f(x)+g(y) is conves.
Proof. Since f(z) and g(y) are convex, we have

ftey + (1 —t)zo) <tf(xy)+ (1 —1)f(xa), (4.25)

and

gltyr + (1 —t)y2) < tg(yr) + (1 —1)g(y2), (4.26)
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where x; and x5 are any two points for function f(x) and y; and y are any two points
for function g(y). 0 <t < 1. We define that z; = {x1,y1} and 2o = {z2,92}. Then we

can write

O(tzr + (1 —t)zg) = ¢d(txy + (1 — g, tyr + (1 — t)ya)
= f(ter + (1 = t)z2) + g(tys + (1 — t)yo)
<tf(x) + (1 =) f(z2) +tg(yr) + (1 = )g(y2)

= tP(z1) + (1 — t)¢(22) (4.27)
Thus, ¢(z,y) is convex. O]

By Proposition 4.1 and Theorem 4.1, we can see that 1/ve(z,,y,, Pi, P2) is a convex
function and 1/v,(zy, yr, P1, Py) > 0. Hence, vo(x,, yy, P1, P5) is concave w.r.t. C1-C3. As
a result, the objective function in (4.20) is concave. Thus, it is concluded that the joint RL
and PA problem for the around-torso scenario is a nonlinear convex optimization problem,
which can be solved by using the Lagrange multiplier method with Karush-Kuhn-Tucker
(KKT) conditions [109].

The Lagrangian of (4.20) can be given by

L(xTJyT7P17P27N17M27ﬂ3)

dspsin dspsin 6
:Pyl(Pl)—i_")/Q(xT?yTaPlaPQ)_,ul ((mr“‘%) +y3— (%) )
— po(zr — €) — pa(Pr + Py — P), (4.28)

where 1, o, 13 > 0 are the Lagrange multipliers connected to C1-C3.

Taking the stationarity condition of g, and z,., we get

oL , no Mo Ay (2, yy) +y ny My Az (2, yy) y 2111
Oy ' NfP1€SR ' NfP2§RD TA%(xmyT?Pl?P?)

=0, (4.29)
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and
aﬁ o xrnoMOAl(xm yr) + ('TT + dSD sin 9)”1M1A2 (.TT, yr)
oz, N¢Pi&sr N¢Py§rp

2(337"_‘_ dSDsme),u +M2
)\%(xraymPhPQ)

_ 0. (4.30)

no— ny—2
Since A;(x = (22 +9? % and As(x = ((z, + dgpsin)? + % + d? T are
1\ Ly, Yr r Yr 20Ty Yr r SD Yy T
both positive. Consequently, the optimal y’¢ = 0.

2 _ (dSD251n9)2 and

Considering the case p; # 0, we can set (2,° + 9S2500)2 4 (y0)
t2 = 0 based on the KKT conditions. With y? = 0, 2, = —dgpsinf, and substituting
Z,° into (4.30), we can see that g—frky,o < 0. Hence, we can force p; = 0. Similarly, it is
easy to prove that py = 0.

Taking the stationarity condition of P; and P, we get

oL _ §sp Ny foSRfRDP§A3<xT7 0)
0P1 MldngO—,% J%(PQA{),(Z’T,O) +P1A4(~TT70))2

— U3 = 0, (431)

and

oL _ Ny&spErp P Ay(2,, 0)
8P2 O'TQL(PQA?,(ZET,O)+P1A4<J?7«,0))2

— 3 =0, (4.32)

where As(x,, yr) = ErpMo(22+42)2 > 0 and Ay(z,,y,) = EspMy (2, +dgp sin 0)2 + 32 +
df)%l > 0. To make sure that g—é =0 and g—é = 0, p3 should be positive. Based on the
KKT conditions, we thus have P¢ + Pj¢ = P;.

In conclusion, {x¢, ys¢, P¢, Py} satisfies (4.33)-(4.36):

s =0 (433)
z,;noMoP5Erp
L A (x36,0 d 0)A 0) = 4.34
M 0 (05,0) + o -+ dsp sin0) sl 0) = 0, (434
sp Esrérp(Ps°)? As(xi¢,0) _ EsrErp (P°)? Ag(xs, 0)

e+ = |
Mdgpy — (PseAs(wse,0) + PP A, 0)" (PgAs(aye, 0) + Pyt As(aye, 0))°
(4.35)
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and
P + Pj¢ = P, (4.36)

Based on (4.33)-(4.36), the optimal solution {z3¢ y3¢, Pf¢, Ps¢} is achieved for the SE

maximization problem in the around-torso scenario. For the along-torso scenario, similar

proofs and derivations are not repeated herein.

4.3.3 Spectral Efficiency Optimization for In-Body Transmis-

sions

Proposed Network Model for In-Body Transmissions

In Fig. 4.2, the cooperative network model for in-body scenario is considered, where
S is located inside the human body (e.g., chest), and R and D are located on the same
side of the human body. The penetration depth from S to the body surface is d, (d, > 0).
Similar to the on-body cooperative model, we denote the projection of S on the body
surface by point P. On the body surface, we can construct a xy-plane to present the

location of R, where P is set to be the origin point and the x-axis is along P to D.

A One side of the
Y human body
/' /
P/ D
/ -
7 ' T —
2 d /dSR./ dg
I. : /.
4

S . <«—— Inside the human body

Figure 4.2: Proposed cooperative model for in-body transmissions in WBANS.
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With given coordinates {x,,y,} for R, we have

dsw =2+ 2+ &, (4.37)

and

drp = \/(z, — dgpsin )2 + y2, (4.38)

Formulation for the SE Optimization

In the in-body scenario, the along-torso channel model for on-body to on-body links
and the in-body channel model for in-body to on-body links are used for the formulation
of SE optimization. Based on Table 4.1, the path losses in the linear scale from S to D,

S to R, and R to D in the in-body scenario can be obtained as,

PLgp(dsp) = 107427 (4s0)/10, (4.39)

PLsg(dsg) = 107147 (@sm)/10, (4.40)
and

PLrp(drp) = 10PLgB(dRD)/1O7 (4.41)
respectively.

With (4.37)-(4.41), the SE in the in-body scenario can also be written as a function

of relay location {z,,y,} and power allocation {Py, P»}:

1 NP
HHsnolin i P B2) =g ot (”ﬁ
—_—
Y1(P1)

+ ! ) . (4.42)

PLsr(dsr(zr,yr))o2 + PLrp(drD (Tr,yr))o2
NyPi€sr Ny P2€RrD

-~

72(33r7yr=P17P2)
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Thus, the corresponding SE optimization problem in the in-body scenario can be

mathematically formulated as

maximize SFEgsgrp(T,,yr, P, Ps)
Tr,Yr, P1,P2

subject to C1: 22 + y? < (dspsind)?,
C2:x, <dgpsinf + 5, (4.43)
C32P1+P2§Ps,

Ci: P <Py

where C1 is imposed to guarantee that R is only located in the circle centered at P with
radius dgpsinf. C2 is imposed to guarantee that {x, = dspsiné,y, = 0} has to be
beyond C1 since R cannot coincide with D. |<§ | is an extremely small constant and we set
—1076 < § < 0. C4is imposed to guarantee that P, meets the requirement of the FCC

PSD emission limit for IR-UWB signals since R is an on-body node.

Joint Optimal RL and PA in Cooperative Transmission
Similar to Section 4.3.2, we can rewrite the SE optimization problem as

maximize v (P1) + Y2 (@, ypr, P1, P)
T yr, P1,Pa (4.44)

subject to C1,C2,C3, C4.

Since 7y, (Py) is a linear function of Py, v, (P;) is concave. To prove that o (2, Yy, P, Ps)

is a concave function, we introduce the following Proposition.

PLsr(dsr(@ryr))on o 1 PLRD(ARD (@ryr))on
N;yPi€sr Ny P2€rp

Proposition 4.2. in the in-body scenario are both

convex for Py, P, > 0.

Proof. For notational simplicity, we define

PL d - Ur 2 M-h 210M4(:E2+y3+d3)n72
fl(Irayr; Pl) = SR( SR(I' Y ))On = 3%y, , (445)
N¢Piésr N¢Piésr




68 Chapter 4. Spectral Efficiency Optimization in Single-Relay UWB based WBANs

and
PLpp(drp(z,,y,))o2 » —dspsin0)2 + y2) 3 Myo?
N¢Polrp Ny Py§rp
where Mz = 10%2/10, h = 105/19 M, = <o

Then, we denote H(f;) and H(f5) as the Hessian matrices of functions fi(z,,y., Pi)

and fo(z,, yr, Ps), respectively. The determinants of H(f;) and H(f;) are given by

2 2 2 2
(f)| = DM o IR T ) folar ) (47)
NPPPEgp(a + y2 + dZ)= |

where

fs(zr,yr) = 2d,% + 2n2xf + 2n1yf — 2902 — ny

n2
2

+ In 10Myno(y2 + 22) (22 + y2 + d2) (4.48)

and

M358 (n3 — on2 o —d in0)2 2y 3no—4
H(f)| = 07 (12 ”o)((ﬂf5 dspsin ty) T (4.49)
PQNfSRD

Since f3(z,,y,) > 0 and n3 — 2n2 > 0, H(f1) and H(f,) are both positive definite
matrices with Py, P» > 0. In other words, fi(z,,y,, P1) is jointly convex w.r.t. x,, y,, and

Pi. fo(zy, Yy, P) is jointly convex w.r.t. x,, y,, and Ps. O

By Proposition 4.2, 1/vo(z, Y, P1, P2) is a convex function and 1/ve(z, y,., P1, P2) >
0. Hence, vo(2y,yr, P1, P2) is concave w.r.t. C1-C4. As a result, the objective function
in (4.44) is concave. Thus, the SE optimization problem in this case is also a nonlinear
convex optimization problem. It is therefore solved by using the Lagrange multiplier
method with the KKT conditions.

The Lagrangian of (4.44) can be given by

‘C(xrayraPlaPQ;uI;MQ;M37M4)
=71(Py) + Y2 (@, yr, P, Po) — iy (22 + g7 — (dspsind)®) — pa(w, — dspsinf — )

— p3(Pr+ Py — Py) — pa(Po — Pr,), (4.50)
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where i1, p2, 3, ft4 > 0 are the Lagrange multipliers connected to C1-C4. Considering the
KKT conditions and taking the stationarity condition of each variable, we can prove that

p1 = ps = 0 and the globally optimal solution {x¢, y¢, P¢, Py} satisfies (4.51)-(4.55):

T

Yy =0, (4.51)

"2 — PfeSSRMono(dsD sinf — xse)nofl

sepr, d se () se\2 d2 2 r 4.52

Ly SR( SR(xT ’ ))(<x7“ ) T r) Pjetrp In 10Myns ’ ( )

Py + Py =P, (4.53)
and

Py = min{P? .., ]52}, (4.54)
where P, satisfies

Esp EsrérpAs(23€, 0) P3
PLsp(dsp) — (PyAs(ase,0) + (P — Py) Ag(a3¢,0))
__ EsnfpA(ar 0)(P — Py)? (4.55)

(PyAs(23¢,0) + (P, — Py) Ag(3,0))”

and A5(ZL“;€, 0) = PLSR(dSR(fo, 0))£RD and AG(I‘ie, 0) = PLRD (dRD(l‘ie, O))gSR

4.3.4 Discussions

1. A typical application for the around-torso scenario in a WBAN is the post-neck
surgery tracking for the patient, where a sensor node is placed on the neck of the
patient to measure the angular motion of the neck and send the updated status of

recovery to the coordinator in the front pocket.

2. A typical application for the in-body scenario in a WBAN is the pacemaker inside

the chest. Normally, the pacemaker system, which consists of a battery pack (pulse
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generator) and either one of two wires (leads), is surgically implanted under the skin
in the chest. It can continuously monitor (sense) the patient heart’s natural rhythm
and feedback the patient health status to the coordinator. If it is necessary, the
pacemaker will stimulate the heart to beat when it senses that the patient heart’s

rhythm is too slow.

. In a WBAN, the number of nodes and their application types depend on the re-

quirement of the patient. Based on the 802.15.6 standard [13], a multiple access
mode known as “improvised access” is supported in the WBAN standard, where-
by the coordinator can inform nodes that they have been granted one-off exclusive
time slots to transmit or receive information. Thus, in a particular time slot, only
one node is active and other nodes are inactive (in a sleep mode or act as relays).

Without loss of generality, an ideal MAC layer is assumed.

. The proposed joint optimal RL and PA scheme provides an insight into the spectral-

efficient design of healthcare applications with respect to the proper placement of
the wearable relay node along with the optimal transmit power level in WBAN-
s. When the number of nodes in a WBAN is small (e.g., only one or two nodes
are attached on or in the human body), relays can be added to the WBAN with
the optimal placements based on the proposed scheme, which would not cause the
comfort issue to the patient. When the node density in a WBAN is high, it is
inappropriate to add additional relays for nodes. In fact, inactive nodes can be
selected as relays to cooperate in forwarding the data from the active node towards
the coordinator. Thus, the proposed scheme can be also considered as a source of
inspiration for the relay selection in this case. For instance, the coordinator can
adopt the proposed scheme for the current active node. Based on the information

about the corresponding optimal relay location, the inactive node, whose location
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is closest to the optimum, can be selected as a relay candidate.

4.4 Simulation Results

To evaluate SE of the proposed single-relay assisted transmission scheme in UWB
based WBANS, numerical simulations are conducted in this section, which consist of two
parts: the SE evaluation for on-body transmissions and the SE evaluation for in-body
transmissions. The simulations are performed in MATLAB with Monte Carlo method.
MATLAB'’s optimization toolbox is used for solving the convex programming in the sim-
ulations. All the simulation results are averaged over 5000 channel realizations.

In simulations, T}, and T} are chosen to be 2ns and 150ns, respectively. Ny is set to be
4 and the noise power density is set to be —174dBm/Hz and the system bandwidth B is
500MHz [13]. Since the average FCC PSD emission limit for on-body UWB transmissions
is —41.3dBm/MHz [6], the maximum average transmit power P, is —14.3dBm. With the

duty cycle T,,/T%, P2... = Pave * T¢/T,, = 4dBm [56]. For the in-body transmissions, we

ax

set P < 10dBm considering the emission limit and safety inside the human body [56].
According to the scale of the human body, dsp is very limited in UWB based WBANSs.
Without loss of generality, we consider the case that 0.5m< dgsp < 0.8m for on-body

transmissions and 0.2m< dgp < 0.3m for in-body transmissions. At R and D, we assume

that all of the dispersive energies are captured without considering the ISI.

4.4.1 Spectral Efficiency Evaluation for On-Body Transmissions

In this part, the SE performance for on-body transmissions is evaluated. We first
analyze the features of the optimal RL and PA in each scenario. Then, the comparison

between the proposed scheme and other transmission schemes is presented.
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Analysis of Optimal Relay location and Power Allocation

Table 4.2: Averaged optimal set {E{z:°}, E{y:°}, E{P;°}, E{P;°}} for on-body trans-

missions

Along-torso scenario (d, = 0)

dsp 0.5m 0.6m 0.7m 0.8m
E{z:*} -0.30 -0.36 -0.42 -0.48
E{yz} 0 0 0 0
E{P/°} 0.70P, 0.70 P, 0.70P, 0.70P,
E{Ps°} 0.30P, 0.30P, 0.30P, 0.30P,

Around-torso scenario with d, = 0.2m

dsp 0.5m 0.6m 0.7m 0.8m
E{z:*} -0.41 -0.51 -0.61 -0.70
E{yz} 0 0 0 0
BE{P:*} 0.40P, 0.48P, 0.54P, 0.59P,
B{Ps°} 0.60P, 0.52P, 0.46P, 0.41P,

Table 4.2 presents the averaged joint optimal set {E{z:¢}, E{y:°}, E{P;*}, E{P5}}
with various values of dgp for the along-torso scenario and the around-torso scenario,
respectively. It is shown that the simulation results match the theoretical derivation
in Section 4.3.2. The optimal relay is always located on the negative x-axis for both
scenarios and we can see that the averaged optimal relay location is very close to the
point P in the around-torso scenario. With P 4 PJ¢ = P;, it is evident that the optimal

SE based scheme always uses the maximum power for capacity maximization. For the

ee

along-torso scenario, we can see that the optimal power allocation ratio is invariant

v
Pge
with different dsp. This is due to the fact that, since in the along-torso scenario, all signals

are transmitted over the along-torso channels, the optimal relay location relative to S and

se
Pl

D is unchanged when dgp varies. Thus 5t
2

does not vary. As opposed to the along-torso

se

scenario, ps varies with dgp in the around-torso scenario. This can be explained by the
2

fact that signals are transmitted over the along-torso channel only for the S-R link and

over the around-torso channels for the other two links. The change of dgp has an impact
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on the optimal relay location relative to S and D and therefore %. Moreover, with a
fixed d, and larger dgp, it can be observed that more power is allocated to S to make

sure that the maximum SE can be achieved in the around-torso scenario.

Effect of Body Motion

As mentioned in Section 4.2.2; the shadowing for on-body transmissions results from
the body motion and a walking motion only produces measurable fluctuations in the
around-torso scenario. Thus, we only study the impact of the body motion on the pro-
posed scheme in the around-torso scenario.

Table 4.3 shows {E{z:°}, E{y:°}, E{P;}, E{P5°}} in the around-torso scenario with-
out body motion when d, = 0.2m. By comparing the optimal RL and PA in Table 4.2
and Table 4.3, we can observe the impact of shadowing due to the body motion on the
proposed scheme and it is clear that the proposed scheme is able to adjust the optimal RL
and PA readily when external circumstances vary. To overcome the shadow fading, the
optimal RL in the proposed scheme moves towards point S slightly and accordingly more
power is allocated to R. In this manner, vsr and vgp are balanced adaptably under the

condition that the body motion is present, and thus SE is optimized in this circumstance.

Table 4.3: Averaged optimal set {E{z:°}, E{y:°}, E{P;},E{Ps°}} in the around-torso
scenario without body motion

d, = 0.2m
dsp 0.5m 0.6m 0.7m 0.8m
E{z:*} -0.42 -0.52 -0.62 -0.72
E{yz} 0 0 0 0
E{P/*} 0.42P, 0.50P, 0.56 P, 0.61P,
E{Ps°} 0.58P, 0.50P, 0.44P, 0.39P,

In Fig. 4.3, the SE performance of the proposed scheme with and without body motion

in the around-torso scenario is illustrated. Undoubtedly, the case without considering the
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—/— Proposed, without body motion
—O— Proposed, with body motion

Spectral Efficiency (bits/s/Hz)

P, (dBm)

Figure 4.3: SE performance of the proposed scheme with and without body motion in
the around-torso scenario when dgp = 0.6m and d, = 0.2m.
body motion is ideal since the shadow fading is neglected and thus the optimal SE in
this case can be treated as an up-bound that can be achieved by the proposed scheme.
Evidently, the proposed scheme can achieve a close to up-bound performance when the
shadowing is considered, which means that the proposed scheme is capable of overcoming
the effect of the shadowing by adjusting its optimal RL and PA adaptably, as shown in
Table 4.3.

In the following, with the features of the optimal RL and PA presented in Table 4.2
and Table 4.3, some intended comparisons are also made in the around-torso scenario to

further verify the effectiveness of our proposed scheme.
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Spectral Efficiency Performance Comparison

In Fig. 4.4, the average SE is compared between direct transmission and the proposed
scheme in the along-torso scenario (d, = 0). As shown in this figure, direct transmission is
much more spectral efficient than the proposed scheme and the performance gap between
the two schemes increases significantly as P; increases. This is because when a line-of-
sight (LoS) between S and D is present in UWB based WBANS, the path loss exponent
is small and a high SNR can be achieved by direct transmission. However, the pre-log
factor % in (4.13) causes a substantial loss for cooperative transmission in SE in this case
and this loss is especially more significant in the higher SNR regime. Thus, we can see
that the proposed scheme is not beneficial to the spectral efficiency in the along-torso
scenario. In other words, when the source and destination are on the same side of the
human body, the source prefers to transmit its signals to the destination directly.

Fig. 4.5 depicts the average SE versus P, with dsp = 0.6m and d, = 0.2m in the
around-torso scenario. To evaluate the performance of the proposed scheme, comparisons
are made with: 1) the optimal PA scheme at point P, 2) the optimal PA scheme at point
T, 3) selection amplify-and-forward (S-AF) scheme [73], and 4) direct transmission. In the
optimal PA schemes at points P and 7', the optimal P; and P, are exploited to maximize
SE when R is fixed at points P and T, respectively. In the S-AF scheme, we assume that
6 relays are randomly located in the circle defined in C1 and each relay has the same
power as S, i.e., % The relay that can achieve the maximum SE is selected. From this
figure, it can be observed that the proposed scheme can achieve the best SE among all
the schemes and all the cooperative transmission schemes outperform direct transmission.
Moreover, SE with the optimal PA at P is very close to the optimum in the proposed
scheme, which indicates that the location of P is a good choice to place the relay node
in this case. Compared to direct transmission, we can see that the proposed scheme can

provide a remarkable performance improvement and up to 17 times improvement can be
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Figure 4.4: Average SE versus P; for the along-torso scenario.

achieved when the battery of the sensor node is very limited (e.g., P < —8dBm). From
the perspective of power consumption, we notice that the transmit power at S by using
the proposed scheme can be much less (more than 14dB) compared to that by direct
transmission when the same SE is achieved. This evidence indicates that the lifetime of
the sensor node can be prolonged considerably with the assistance of the relay, which
demonstrates that the proposed scheme is an effective way to enhance SE and prolong
the lifetime of the sensor node.

Fig. 4.6 illustrates the average SE versus dgp with different d, and fixed P, = 4dBm
in the around-torso scenario. Comparisons are made with: 1) the optimal PA scheme at
point P, 2) the equal PA scheme at point T, 3) S-AF scheme, and 4) direct transmission.

Similar to Fig. 4.5, it is shown that the the proposed scheme is the most spectral efficient
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Figure 4.5: Average SE versus P; in the around-torso scenario when dgp = 0.6m and
d, = 0.2m.

among all the schemes. We also notice that direct transmission is very sensitive to dgp.
That is to say, without the LoS between S and D, the significant propagation loss in the
around-torso scenario would affect the performance of direct transmission adversely. In
contrast, the proposed scheme exhibits a weak dependence upon dgp, which reveals that
the proposed scheme can extend the transmission range effectively in the around-torso

scenario.

4.4.2 Spectral Efficiency Evaluation for In-Body Transmissions

In this part, the SE performance of the proposed scheme in the in-body scenario
is evaluated. Similar to the on-body transmissions, we firstly present the corresponding

optimal RL and PA for in-body transmissions. With the presented features of the optimal
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Figure 4.6: Average SE versus dgp in the around-torso scenario with different d, and
P, = 4dBm.

RL and PA, some intended comparisons are then made to verify the effectiveness of
the proposed scheme in the in-body scenario. Note that, the shadowing for in-body
transmissions results from scattering inside the human body. In practice, the scattering
inside the human body is not avoidable in WBANs. Thus, there is no need to study the

effect of the scattering inside the human body on the proposed scheme separately.

Analysis of Optimal Relay location and Power Allocation

Table 4.4 shows the averaged joint optimal set {E{z:¢}, E{y:°}, E{P;°}, E{P5¢} } with
various values of P; for the in-body scenario. Since the on-body transmit power P, cannot

exceed the FCC PSD limit, i.e., P?

© w» We can see that P; is limited to be equal to Py ... in

max

the high total transmit power regimes, i.e., P; > 6dBm. This result indicates that the SE
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Table 4.4: Averaged optimal set {E{z:}, E{y:*}, E{P;}, E{P;°}} for in-body trans-
missions

In-body scenario with d, = 5cm and dgp = 0.2m
P, -10dBm | -6dBm -2dBm 2dBm 6dBm 10dBm
E{zs¢} 0.033 0.033 0.033 0.033 0.038 0.055
E{y*} 0 0 0 0 0 0
E{P} | 0.28P 0.28 P, 0.28 P, 0.28P, | P,—P%.. | Ps—P?2,..
E{Ps¢} | 0.72P, 0.72P; 0.72P; 0.72P; Pe . P ..
In-body scenario with d, = 5cm and dgp = 0.3m
P, -10dBm | -6dBm -2dBm 2dBm 6dBm 10dBm
E{zs¢} 0.038 0.038 0.038 0.038 0.050 0.67
E{y:*} 0 0 0 0 0 0
E{Pf¢} | 0.18F; 0.18P; 0.18P; 018P;, | P,—P%.. | Ps— P2,
E{Ps¢} | 0.82P 0.82P; 0.82P; 0.82F; P . P .

of the proposed scheme may increase gradually over the high total transmit power regimes

since PJ¢ is constrained by the transmit power allowance P¢

° . and Py¢ plays a critical

role on the SE performance considering the R-D link transmission takes the advantage of
experiencing a much lower path loss compared to the S-R link in the in-body scenario.
Moreover, with the optimal PA in the proposed scheme, it turns out that S only needs to
transmit a small amount of P; in the low-to-moderate regimes so that the optimal SE can
be achieved. This evidence reveals that the proposed scheme can transfer the most power
consumption from the implant node to the on-body relay. In this way, the lifetime of the
implant node can be prolonged, which is very beneficial to the implant node considering

its battery cannot be easily replaced.
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Figure 4.7: Average SE versus P; for the in-body scenario with different dsp and d, =
sem.

Spectral Efficiency Performance Comparison

Fig. 4.7 presents the average SE versus P, with different dgp and fixed d, = 5cm in
the in-body scenario. As expected, we can see that the proposed scheme can provide a
significant improvement in term of SE compared to direct transmission. Moreover, it can
be noticed that the SE of the proposed scheme ascends in a gradual way and the SE with
optimal PA at point P approaches a constant over the high total transmit power regimes.
This result verifies the accuracy of our analysis based on Table 4.4 well. In addition,
it is observed that the SE of direct transmission deteriorates drastically when dgsp =
0.3m, which indicates that direct transmission cannot provide a satisfactory transmission
performance in this scenario due to the severe propagation conditions within the human

body. Thus, the deployment of a relay node is essential for in-body transmissions.
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In conclusion, direct transmission may not be able to provide an acceptable transmis-
sion performance in UWB based WBANSs except in the along-torso scenario. In contrast,
the proposed scheme is an effective approach for the spectral-efficient transmission, partic-
ularly in the around-torso and in-body scenarios. By utilizing an on-body relay node with
the joint optimal RL and PA, the proposed scheme can achieve a better performance in
terms of SE than other transmission schemes. It is also shown that the proposed scheme
is capable of overcoming the effect of the shadowing and achieving a SE performance
close to that without considering the shadowing. Furthermore, with the joint optimal
RL and PA scheme, the transmission range in WBANs can be extended effectively and
the power consumption can be transferred from the sensor node to the relay node, in
which the lifetime of the sensor node can be prolonged significantly compared to direct

transmission.

4.5 Summary

In UWB based WBANSs, ultra-low power transmissions with strong propagation block-
age around or inside the human body may lead to unsatisfactory spectral efficiency. Hence,
enhancing spectral efficiency is a major task in UWB based WBANs that needs to be
tackled.

In this Chapter, we consider using relay networks to enhance spectral efficiency per-
formance and extend coverage in UWB based WBANSs, where an on-body wearable relay
is employed to assist a WBAN node in communicating with a WBAN coordinator. The
basic idea of this work is to exploit the optimal relay location along with the optimal
power allocation for the spectral efficiency optimization in UWB based WBANs. Defined
in the IEEE 802.15.6 standard, three practical transmission scenarios in WBANs were

taken into account, namely, the along-torso scenario, the around-torso scenario and the
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in-body scenario. Each scenario refers to the different relative physical locations between
source and destination nodes. In each scenario, realistic wireless propagation channel
models are adapted to provide a comprehensive and accurate analysis.

Specifically, the relay-location based network models for on-body transmissions and
in-body transmissions are firstly developed, respectively. Due to the similarity in struc-
ture, the along-torso scenario can be treated as a special case in the around-torso scenario.
We therefore only detail the solution of the spectral efficiency optimization problem in
the around-torso scenario and in-body scenario. For each scenario, the relationship be-
tween the relay location and link distances is then setup based on the proposed network
model. Accordingly, the spectral efficiency optimization problem in terms of relay loca-
tion and power allocation is mathematically formulated. Considering the realistic power
constraints, we prove that globally optimal solutions exist for each optimization problem
and provide the derived closed-form expressions. Numerical results show the necessity of
utilization of a relay node for the spectral-efficient transmission in UWB based WBANSs
and demonstrate the effectiveness of the proposed scheme in particular for the around-
torso and in-body scenarios. With the joint optimal relay location and power allocation,
the proposed scheme is capable of overcoming the effect of shadowing. Moreover, it is able
to prolong the lifetime of a sensor node and extend the transmission range in WBANSs
significantly compared to direct transmission. In practice, the proposed scheme can be
considered as a source of inspiration for the relay selection in WBANSs, which provides an
insight into the spectral-efficient design of WBANSs with respect to selection of the proper
placement of the wearable relay node along with the optimal transmit power level. The
related research work in this Chapter is published in IEEE WCNC 2014 and EURASIP
Journal on Wireless Communications and Networking 2015.

In the next Chapter, the objective of achieving optimal energy efficiency in single-

relay UWB based WBANs will be further investigated, where algorithm for the optimal
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solutions is proposed.
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Chapter 5

Energy Efficiency Optimization in
Single-Relay UWB based WBANSs

5.1 Introduction

Besides spectral efficiency, energy efficiency is also an important metric in UWB based
WBANS. In this Chapter, the energy efficiency optimization in terms of relay location
and power allocation is investigated in single-relay UWB based WBANs. As mentioned in
Section 2.4.3, considerable related research has focused on the intelligent MAC protocol
design (i.e., by turning off the radio whenever data transmission and receiving are not
expected) or transmission power control to enhance energy efficiency. Yet, the influence
of relay location has been rarely studied from an energy efficiency point of view in UWB
based WBANs. Thus, similar to the spectral efficiency optimization in Chapter 4, a truly
joint optimization scheme for the energy efficiency optimization problem is proposed, in
which relay location and power allocation are optimized jointly.

Since system scenarios and channel models are assumed as exactly the same as those
in Chapter 4, they are not repeated in this Chapter. Without loss of generality, on-body

transmissions and in-body transmissions in WBANSs are also both considered in this work.

85
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The relay-location based network models developed in Section 4.3 are adapted to setup the
energy efficiency optimization formulations mathematically. Based on the formulations,
the energy efficiency optimization problem can be categorized into a nonlinear concave
fractional programming problem. To solve this problem, an iterative algorithm known
as the Dinkelbach method is proposed. As demonstrated by simulations, relay location
also has a notable impact on energy efficiency. With the joint optimal relay location
and power allocation, the proposed scheme outperforms other single-relay transmission
schemes. Moreover, up to 30 times improvement on energy efficiency can be achieved
compared to direct transmission in particular for the around-torso scenario and in-body
scenario when the battery of the sensor node is very limited, which indicates that the
proposed scheme is able to prolong the network lifetime in WBANSs significantly.

The Chapter is organized as follows. In Section 5.2, the energy efficiency optimization
problems for on-body transmissions and in-body transmissions are formulated and solved,
respectively. Simulation results are illustrated in Section 5.3. A summary is given in

Section 5.4.

5.2 Energy Efficiency Optimization

In this section, the analysis of the EE optimization in single-relay UWB based WBANs
is detailed. To solve the EE optimization problem effectively, an iterative algorithm is
proposed to guarantee that the optimal EE for each scenario can be achieved. With
the proposed algorithm, closed-form expressions of the optimal RL and PA are derived

accordingly.
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5.2.1 Energy Efficiency Optimization for On-Body Transmis-

sions

Problem Formulation

In this part, the EE optimization for on-body transmissions in UWB based WBANS is
studied, where the around-torso scenario and along-torso scenario are taken into account.
As presented in Section 4.3.2, the along-torso scenario is treated as a special case in
the around-torso scenario. We therefore only detail the solution of the energy efficiency
optimization problem in the around-torso scenario in this section.

In this thesis, we define the EE as the ratio of SE over the total power dissipation
[unit:bits/Joule/Hz| [110]. Based on the SE formulation in Section 4.3.2, the SE expression

in the around-torso scenario can be written as

N¢Pi&sp
PLSD(dSD)O'%
—_———

~v1(P1)

1
SEsrp(zr,yr, Pr, P2) = ngz (1 +
f

1
+ PLsr(dsr(zryr))o 4 PLrp(drp (2 )02 )7 (5.1)
NfP1£SR NfP2§RD

NV
Y2 (xr,yr,P1,P2)

where

PLgp(dsp) = 107" Wdsp)/10 — pp g

PLSR(dSR) = 1OPLgB(dSR)/10 — Modg(‘)R’
and
PLRD(dRD) — 1OPL(1iB(dRD)/lO _ Mld}?D

On the other hand, the average power dissipation per frame in cooperative transmission

can be written as

PSRD = (5<P1 + P2> + 2Pct + 3Pcr)7 (52)

N | —
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where ¢ is a constant which accounts for the inefficiency of the power amplifier. P, is the
power dissipation for transmitter circuit per frame and P,,. is the power dissipation for
receiver circuit per frame.

Using (5.1) and (5.2), the EE of cooperative transmission in the around-torso scenario

can be given by

EE _ SESRD _ 1Og2 (1+71(P1)+72($7’7y7‘7P17P2)) (5 3)
SED = T pern Ni(e(Py+ P) + 2P, + 3P.,) ‘

Obviously, EFEsgp is the function of variables {x,., y,, P1, P,}. To obtain the maximum
EFEsgp for cooperative transmission, we must find the optimal set {xz¢ yc¢, Pe, Ps¢}
that makes FFEsgrp(x,,y,, P1, P;) achieve its maximum. Thus, the joint optimal RL and
PA problem for the energy efficiency optimization in the around-torso scenario can be

mathematically formulated as

maximize FFEgsgpp(x,,y,, P, P3)
ZTryYr, P1,P2

d ino\>2 d o\ 2
subject to C1 : (xTJr ﬂ) L < < sp sin ) |
’ 2 (5.4)
C2:x, <e,

C?)Zpl—l—PQSPS.
Joint Optimal Relay Location and Power Allocation

As we can see, the EE optimization problem in (5.4) is a nonlinear concave fractional

programming problem [111]. Thus, we introduce the following Theorem.

Theorem 5.1. The joint optimal relay location and power allocation {xt¢, ys¢, Pfe, Ps¢}

achieves the maximum enerqy efficiency EFE,,q. if and only if

maxr SESRD($M Yr, P, Pz) EEma:cPSRD(Pla PQ)

T Yr, P1, P2

:SESRD< iea yr 7P1667 Pee) EEmaxPSRD(plee7 P266> =0
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Proof. Proof of Forward Implication:
With {z¢€ yc¢, Pre, Ps¢} and EFE,.., we have

T

SEsrp(xe, ye, Pre, Ps©) S SEsrp(zy,yr, P1, )
Pspp(Pre, Ps©) - Pspp(Py, Ps)

= SEspp(zs,Yr, Py P2) — EE e Psrp (P, Py) <0,

EEmax =

SEsrp (2}, 4%, Pi°, P5°) = EEma: Psrp (P, F5°).

T

Therefore, we can see that

max SEspp(@r, Yr, Py ) — EE 0 Pspp(Pr, Ps) =0,

Ty Yr, P1, P2

and {x¢° y<°, Pre, Py°} is the corresponding optimal solution for achieving the maximum.
Proof of Reverse Implication:
Suppose that {zF, vy}, P}, Py} is the optimal solution that makes SEggp (2}, ys, Py, Py) —

EFE,0:Psrp(Py, Py) = 0. Then, we have

SESRD(xmyru Pla P2) - EEmaxPSRD<P17 P2)

< SESRD<x:7y:7 Pl*a PQ*) - EEmaIPSRD(Pl*7 PQ*) = 0’

which implies that

SEsrp(Tr, Yr, Pr, P») < SEsrp (T}, yr, Py, Py)
Psrp(P1, P) - Psrp(Py, Py)
SEsrp(x},yr, Py, Py)
Psrp(Pr, F5)

and — EEmam .

Thus, it proves that {x, y*, P}, Py} is also the optimal solution for the original EE

optimization problem. O

Based on Theorem 5.1, for the considered nonlinear fractional programming problem in
(5.4), there exists an equivalent problem with an objective function in a subtractive form,
e.g., SEsrp(y,Yr, P, Py) — EE 00 Pspp(Py, Py), which has the same optimal solution.
Therefore, with the transformed problem, an iterative algorithm known as the Dinkelbach

method can be proposed for solving the EE optimization problem in (5.4) equivalently,
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which guarantees the convergence to EE,,,, [112]. Table 5.1 summarizes the proposed

iterative algorithm. In each iteration, the problem in (5.5) with a given ¢ has to be solved.

maximize SEsrp(z,,yr, P, P2) — q¢Psgrp(P1, P)
x'ryy'r;PLPQ (55)

subject to C1,C2,C3.

Table 5.1: The proposed iterative algorithm

Initialization:

1) Set the maximum number of iterations L,,,, and maximum error

tolerance 7).

2) Set the iterative index k = 0 and the initial value ¢t*=% = 0.
Iterations:
WHILE k < L4,
Solve the optimization problem in (4.38) with the updated ¢* and
denote the corresponding optimal solution {z*, y*, Pk Pk}
IF SEsrp(zk, yk, PF PY) — ¢*Pspp(PF, PY) <n THEN
BREAK;
ELSE

k+1 _ SESRD(qujvyi?7P1kvP2k) — .
Set ¢ - Psrp(Pf,Py) and b=k +1;

END IF
END WHILE
Output:
RETURN {z, y;*, Pi*, P5°} = {z7, y;, P, Py}

r

SESRD(mk7yk7Pk7Pk)
and FE,, .. = PSRDEP{:,PQ’I“) 2

Since the problem in (5.5) is a strictly quasi-concave optimization problem, we can

solve it by using the Lagrange multiplier method with the KKT conditions. The La-
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grangian of (5.5) can be given by

£(x7"7 Yr, Pl) PQ) M1, 2, ﬂ3)

=SEsrp(®r, Yr, P1, P2) — qPsrp(P1, P) — pn (P + P — Py)

dspsin 6 dspsin g
—m((:w%) +yg_(¥)>_ﬂg(%_e), 5.6

where piq, pi2, 3 > 0 are the Lagrange multipliers connected to C1-C3.
We define {&,,7,, Pi, P,} as the solution of the problem (5.5). Considering the KKT
conditions and taking the stationarity condition of each variable, we can prove that us =

pt3 = 0 and the solution {Z,, §,, P, P} meets (5.7)-(5.10) with a given ¢, e.g.,

gr = 07 (57)
Wm(@, 0) + (&, + dsp sin 0) As(%,, 0) = 0, (5.8)
ni My Piésr
~r 592 ~r pg
Ayt EsrErpAs(Ty, 0) P5 _ EsrErDAs (27, 0) P (5.9)

(PyAy(i,0) + Py A5 (5,,0))2  (PyAy(Z,,0) + Py As(3,,0))2
and

1 __ &srErDAs(Er,0)PF
202 (P2A4(Zr,0)+P1 A5(Zr,0))2 = IH(Q)(

Ny 5 Ny £srERDPLP:
L+ o Pids + o A )

e

no— n1=2
where Ay (z,,y) = (22 +12)" 5 and Ay(z,,9,) = (2, + dspsin0)? +y2 + d2) 2 . Ay =
Jvflsdléb is constant. Ay(z,,yr) = ErpMo(x2442) % and As(x,, y,) = Esp My ((x,+dsp sin 0)2+

g+ d2)7

Discussion

With (5.7)-(5.10), we can see that the optimal relay location is always located on the

x-axis in the proposed model. Besides, it is revealed that the value of 25¢ and o = Pf¢/ Pg¢
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are determined by the given dsp and d, and they are independent of ¢ and P;. In (5.10),
it is noted that whether the value of p; is equal to 0 or not depends on the values of P
and ¢. Based on the KKT conditions, pl + ]52 < P when p; = 0 and f’l + f)g = P, when
up > 0.

For the along-torso scenario, the related problem can be also formulated and the
corresponding joint optimal RL and PA can be achieved with the same iterative algorithm
and a similar derivation.

Similar to the proposed SE optimization scheme in Section 4, the proposed EE opti-
mization scheme can provide an insight into the energy-efficient design of WBANs with
respect to the proper placement of the wearable relay node along with the optimal trans-

mit power level.

5.2.2 Energy Efficiency Optimization for In-Body Transmissions

Similarly, the corresponding EE in the in-body scenario can be written as

SESRD(iUr>yr,P1,P2)

(5.11)

where

1

SEsrp(Tr,yr, Pr, Pa) :m log, (1 +

N¢Pi&sp
Msh10Midsh g2
716’1)

1

no
Msh10Ma95hE@r ) 52 Mod™ (2,,y,)02
NfP1£SR NfP2§RD

~
Y2 (@, yr,P1,P2)

_|_

Therefore, the EE optimization problem in the in-body scenario can be mathematically
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formulated as

maximize FFEgsrp(z, yr, P1, Ps)
Ir,y'mPl»PQ

subject to C1: 22 + 42 < (dspsin0)?,
C2:x, <dgpsinf + 5, (5.12)
C?)Ipl—i‘PQSPS,

Ci: P <Py

max-*

Since the problem in (5.12) is also a nonlinear concave fractional programming prob-
lem, the proposed iterative algorithm can be applied in this case. As the corresponding
derivations for the optimal solution are similar to those in (5.4), we do not include them

herein.

5.3 Simulation Results

To evaluate EE of the proposed scheme in UWB based WBANSs, numerical simulations
are conducted in this section. The simulations are also performed in MATLAB with
Monte Carlo method. The MATLAB’s optimization toolbox is used for solving the convex
programming in the simulations. All the simulation results are averaged over 5000 channel
realizations.

In the simulations, T\, and T are chosen to be 2ns and 150ns, respectively. Ny is set
to be 4. The noise PSD is —174dBm/Hz and the system bandwidth is 500MHz. Since
the average FCC PSD emission limit for UWB signals is —41.3dBm/MHz, the maximum
average transmit power P, is —14.3dBm. With the duty cycle T,,/T%, Pluyw = Pave *
Ty/T,, = 4dBm. In addition, ¢ is set to be 2. P, and P, are set to be 100uW and 150pW,
respectively [107]. According to the scale of the human body, dgp is very limited in UWB

based WBANs. Without loss of generality, we consider the case that 0.5m< dsp < 0.8m
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for on-body transmissions and 0.2m< dgp < 0.3m for in-body transmissions. At R and

D, we assume that all of the dispersive energies are captured without considering the ISI.

5.3.1 Energy Efficiency Evaluation for On-Body Transmissions

Table 5.2: {E{z¢°}, E{yc°}} and o = E{P{°/P5°} for both scenarios

Along-torso scenario (d, = 0)
dsp 0.5m 0.6m 0.7m 0.8m
E{zc} -0.30 -0.36 -0.42 -0.48
E{yc} 0 0 0 0
« 2.37 2.37 2.37 2.37
Around torso-scenario with d, = 0.2m
dsp 0.5m 0.6m 0.7m 0.8m
E{zc} -0.41 -0.51 -0.61 -0.70
E{yc} 0 0 0 0
Q@ 0.74 1.02 1.32 1.64

Table 5.2 presents the averaged optimal relay location {E{z¢*}, E{yc°}} and power
ratio o« = E{ Pf¢/P§¢} of the proposed scheme with various values of dgp for both on-body
scenarios. It is shown that the optimal relay is always located on the negative x-axis for
both scenarios and it is very close to the point P in the around-torso scenario. For the
along-torso scenario, we can see that the power ratio « is invariant with different dgp.
This is due to the fact that, since in the along-torso scenario, all signals are transmitted
over the along torso channels, the optimal relay location relative to S and D is unchanged
when dgp varies. Thus a does not vary. Different from the along-torso scenario, o varies
with dgp in the around-torso scenario. This can be explained by the fact that signals are
transmitted over the along-torso channel only for the S-R link and over the around-torso
channels for the other two links. The change of dsp has an impact on the optimal relay
location relative to S and D and therefore «.

Fig. 5.1 depicts the average EE versus P; in the around-torso scenario. Five transmis-
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Figure 5.1: Average energy efficiency versus P, in the around-torso scenario with dgp =
0.6m and d, = 0.2m.

sion schemes are illustrated in this figure to compare with the proposed joint optimal PA
and RL scheme, which are the SE-maximizing (SE-Max) scheme, the optimal PA scheme
at point P, the optimal PA scheme at point 7', the S-AF scheme, and direct transmission,
respectively. In the SE-Max scheme, SE with constraints C1-C3 is maximized. In the
optimal PA schemes at points P and T, the optimal P; and P, are exploited to maximize
EE when R is fixed at points P and T, respectively. In the S-AF scheme, we assume that
6 relays are randomly located in the circle defined in C1 and the relay that can achieve the
maximum EE is selected. As shown in this figure, the proposed scheme outperforms all the
other schemes. The optimal EE and SE can be achieved simultaneously by the proposed
scheme when P; is in the low-to-moderate regimes. As P, increases in the moderate-to-

high regimes, the energy efficiency of the SE-Max scheme decreases rapidly, which can



96 Chapter 5. Energy Efficiency Optimization in Single-Relay UWB based WBANs

be explained by the fact that the SE-Max scheme always uses the maximum power for
capacity maximization which is harmful for EE. Compared to direct transmission, we can
see that the proposed scheme can provide a remarkable performance improvement and
up to 30 times improvement can be achieved when the battery of the sensor node is very
limited (e.g., Ps < —20dBm). This evidence indicates that the lifetime of WBANSs can
be prolonged considerably by using the proposed scheme. Furthermore, it is noticed that
a large performance gap exists between the optimal PA schemes at points P and T and
the EE of the optimal PA scheme at point P is very close to the optimum, which matches
our analysis well in Table 5.2. Based on these observations, we can see that relay location
is also an important factor for energy-efficient transmissions in WBANs and placing the

relay close to P is a good option for achieving high EE.

T T T T
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1600 B . Optimal PA at P, dr:0.2
——f3—— Optimal PAat T, q:0.2
( S-AF, d=0.2
- . g
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Figure 5.2: Average EE versus dgp in the around-torso scenario with P, = 4dBm.
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Fig. 5.2 illustrates the average EE versus dgp with fixed P, = 4dBm in the around-
torso scenario. Two cases with d, = 0.15m and d, = 0.2m are considered, respectively.
It is shown that the EE of direct transmission is sensitive to dgp. In contrast, the EE
of the proposed scheme exhibits a weak dependence upon dgp, which indicates that the

proposed scheme can be an effective way for the extension of transmission range.
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Figure 5.3: Energy efficiency versus P; in the along-torso scenario.

In Fig. 5.3, the average EE versus P, with different dsp in the along-torso scenario
(d, = 0) is depicted. Different from the results in Fig. 5.1, direct transmission is more
energy efficient than the proposed scheme when P; is in the low-to-moderate regimes. This
is because when a LoS between S and D is present, the path loss exponent is small, and
thus the circuit power dissipation dominates the performance of EE. Since cooperative

transmission costs more circuit power, it would not be of advantage in this case.
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5.3.2 Energy Efficiency Evaluation for In-Body Transmissions

Table 5.3: Averaged optimal solution {E{z¢}, E{yc°}, E{P{°}, E{Ps}}

Parameters: d, = 5cm and dgp = 0.3m
P, -14dBm | -10dBm | -6dBm -2dBm 2dBm 6dBm
E{z¢} 0.038 0.038 0.038 0.038 0.038 0.038
E{yc} 0 0 0 0 0 0
E{%fe} 0.1800 0.1800 0.0677 0.0269 0.0105 0.0042
E{%fm} 0.8200 0.8200 0.2926 0.1165 0.0464 0.0185

Table 5.3 shows the averaged optimal solution {E{z¢}, E{yc°}, E{ P}, E{Ps°}} for
the EE optimization when d, = 5cm and dsp = 0.3m. Similar to the results in the SE
optimization, the optimal relay location for EE is always on the positive xz-axis and the
averaged optimal relay location is fixed for all the scenarios and close to P. Actually, the
similarity of the optimal relay locations between SE and EE is based on the fact that the
denominator in (5.11) is not related to {x,,y,}, consequently, the optimal EE and SE may
share the same optimal relay location when P is in the low-to-moderate regimes. On the
other hand, different from the results in the SE optimization, only a small amount of total
power P; is used for the optimal energy efficient transmission when P, > —10dBm and
Pr¢ and P3¢ both remain unvaried as P; increases, which provides the evidence that the
system will get consistently saturated at the maximum EE after reaching it. Accordingly,
the power allocated to S and R will remain unchanged as P; varies.

In Fig. 5.4, the average EE versus P, with dsp = 0.3m and d, = 5cm is illustrated.
Undoubtedly, with the joint optimal relay location and power allocation, the proposed EE-
maximizing scheme outperforms all the other schemes. Moreover, the EE of the proposed
EE-maximizing scheme approaches a constant when P, increases, which complies with the

analysis in Table 5.3. By comparing the other schemes to the proposed EE-maximizing



5.3 Simulation Results 99

—/— EE-Max
—B8— SE-Max
—¥— OPAatP

—A— oPAatT
1000 S-AF

—<— Direct Trans.

800
600
400;/A/A/A/r
200f5— SR
——————4—

-16 -14 -12 -10 -8 -6 -4
P_ (dBm)

Energy Efficiency (bits/Joule/Hz)

NA -

<l
N
-2

Figure 5.4: Average EE versus P; in the in-body scenario with dgp = 0.3m and
d, = bem.
scheme, the conclusion for the SE optimization can also be similarly reached for the EE
optimization in this figure. Without the assistance of the relay, direct transmission is
clearly impractical for energy efficient transmission in the in-body transmission scenario.
Furthermore, we can see that the relay location also plays a critical role for the energy
efficient transmission in the in-body scanrio. For the proposed SE-maximizing scheme,
its EE coincides with the optimal EE when P is in the low regimes. As P, increases, EE
of the proposed SE-maximizing scheme decreases rapidly since the total transmit power
is always fully used for capacity maximization which is detrimental to EE.

In Fig. 5.5, the average EE versus dgp with P, = 10dBm and d, = 5cm is displayed.
Similar to the results in Fig. 5.2, it is shown that the proposed EE-maximizing scheme

also exhibits a weak dependence upon dgp in the in-body scenario. Therefore, based on
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Figure 5.5: Average EE versus dgp in the in-body scenario with P; = 10dBm and
d, = bem.
the results in Fig. 5.2 and Fig. 5.5, it is demonstrated that the utilization of a single relay

is very helpful to boost the energy-efficient transmission range in UWB based WBANSs.

5.4 Summary

In this Chapter, we investigate energy efficiency of single-relay cooperative transmis-
sion in UWB based WBANSs. Similar to the spectral efficiency optimization in the last
Chapter, the joint optimal relay location and power allocation are derived and analyzed for
the energy efficiency optimization. The related research work in this Chapter is published

in IEEE ICC 2015.

Based on the observations in Section 5.3 along with the results in Section 4.4, it is
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stated that the utilization of an on-body relay node is essential especially in the around-
torso scenario and in-body scenario for the spectral and energy efficient transmission,
and the impact of the relay location cannot be neglected. With the corresponding joint
optimal relay location and power allocation, spectral efficiency and energy efficiency can
be remarkably improved compared to direct transmission. Moreover, most of the power
consumption can be transferred from the on-body/implant node to the on-body relay,
which helps the node with lifetime increase.

Although the energy efficiency and spectral efficiency in UWB based WBANSs are
thoroughly studied in Chapter 4 and Chapter 5, it is noticed that the optimal energy
efficiency and spectral efficiency coincide only when P; is in low regimes. In fact, as
shown in Fig. 5.1 and Fig. 5.4, the two metrics conflict in the moderate-to-high regimes
of P,, in which the optimal spectral efficiency leads to a comparably low energy efficiency
and vice versa. As a result, balancing the performance between spectral efficiency and
energy efficiency is important in UWB based WBANSs. In the next Chapter, joint optimal
energy efficiency and spectral efficiency is further investigated in single-relay UWB based
WBANS.
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Chapter 6

Joint Energy Efficiency and Spectral
Efficiency Optimization in

Single-Relay UWB based WBANSs

6.1 Introduction

Although energy efficiency and spectral efficiency are two important metrics in UWB
based WBANSs, optimizing one metric may not result in the other one being optimized.
As pointed out in Chapter 4 and Chapter 5, the optimal energy efficiency and spectral ef-
ficiency conflict when the battery resources of a node are in the moderate-to-high regimes.
Thus, how to balance the tradeoff between energy efficiency and spectral efficiency is of
prime significance in UWB based WBANS.

In this Chapter, a utility function is constructed for the tradeoff between energy effi-
ciency and spectral efficiency by applying the Cobb-Douglas production function. Since
the utility optimization problem is a non-concave fractional program, a numerical al-
gorithm by combining sequential quadratic programming (SQP) algorithm and scatter

search is firstly proposed to obtain the globally optimal solution. Then, a low complexity
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algorithm based on linear approximation is proposed to obtain the suboptimal solution.
In the simulations, we validate the efficacy of the proposed algorithms for achieving the
optimal utility. We also compare the proposed suboptimal algorithm to the numerical al-
gorithm and it is shown that the suboptimal algorithm has close-to-optimal performance.
The proposed utility, as an effective metric for the energy-spectral efficiency tradeoff,
is able to balance the performance between the spectral efficiency and energy efficiency
with any desirable preference, which can be a guideline with regard to the relay placement
and power allocation in designing energy-spectral efficient transmissions in UWB based
WBAN:S.

The Chapter is organized as follows. In Section 6.2, the utility for the tradeoff be-
tween energy efficiency and spectral efficiency is proposed. In Section 6.3, the proposed
algorithms for the tradeoff optimization are presented. Simulation results are given in

Section 6.4. The Chapter is summarized in Section 6.5.

6.2 Utility for Tradeoff between Energy Efficiency

and Spectral Efficiency

To balance performance between EE and SE and optimize the two metrics simulta-
neously with desirable preferences, the utility for the tradeoff between these two metrics
is constructed firstly by the Cobb-Douglas production function [113]. In economics, the
Cobb-Douglas production function is a popular functional form of the production func-
tion which has been widely used to represent the technological relationship between the
amounts of two or more inputs, particularly physical capital and labor, and the amount
of output that can be produced by those inputs. Accordingly, the simplest Cobb-Douglas

model has the following form:

Y = ALPK*, (6.1)
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where Y is the total production. A is the total factor productivity. L and K represents
the label and capital, respectively. g and « are the output elasticities of capital and
labor, respectively. Currently, this model has been applied to various aspects in wireless
communications [114,115,116, 117]. Inspired by the Cobb-Douglas production function

model, the utility function used in this thesis is obtained as follows:
U= (EEsgp)" (SEsrp)' ", (6.2)

where w € [0,1]. w and 1 — w are defined as the desirable preferences for EE and SE,
respectively. When w > 0.5, it reveals that EE is more of a concern than SE for the
WBAN node and vice versa.

Based on the definitions of SE and EE in Chapter 4 and Chapter 5, we have the

following transformation:

SESRD(:L"M Yr, P17 PQ)

Uler yr B1 P) = o(PL B

(6.3)

where w(PhPZ) = PéuRD(P17P2>'
With (6.3), we can formulate the utility optimization problem for the considered three
transmission scenarios. In the around-torso scenario, the utility optimization problem

subject to the relay location and power allocation can be written as

maximize U(z,,y,, P1, P»)
ZTr,Yr, P1, P2

subject to Cl:(g:TjL%) +y3§<%) |

C2:xz, <e,
C3IP1+P2SPS.
Note that, the along-torso scenario is considered as a special case of the around-torso

scenario in the proposed network model.

Similarly, the utility optimization problem in the in-body scenario subject to the relay
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location and power allocation can be given by

maximize U(z,,y,, P1, P»)
TryYr,P1, P2

subject to C1: 22 + y? < (dspsin6)?,
C2:z, <dspsinf + 5, (6.5)
C3:P1+P2§PS,

C4: P, <Py

mazx*

6.3 Proposed Algorithms for Tradeoff Optimization

In (6.4) or (6.5), {x2,y?, P?, Py} denotes the optimal solution and U,,,, denotes the
maximum utility. From (6.3), we can see that the optimization problems are non-concave
fractional programs [111] since SEsgrp(x,, Y, P1, Py) and (Py, Py) are both concave. In
fact, there is no standard approach for solving this type of problem. In this section,
we first use a numerical algorithm to find the optimal solution. Then, we propose a

low-complexity algorithm to find a suboptimal solution.

6.3.1 Numerical Algorithm

To find the globally optimal solution, the SQP algorithm and scatter search are em-
ployed in this work.

The SQP algorithm [109] is a powerful iterative method for non-convex and nonlinear
optimization. Schittkowski [118], for example, has implemented and tested a version that
outperforms every other tested method in terms of efficiency, accuracy, and percentage
of successful solutions, over a large number of test problems. In the SQP algorithm, the

principal idea is the formulation of a QP subproblem based on a quadratic approximation
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of the Lagrangian function, as shown in (6.6).

Lx,A)=U(x)+ Z Aigi(X), (6.6)
i=1
where x = [z, y,, P1, P5] and A = [A;...\;]. r denotes the number of inequality con-

straints in (6.4) or (6.5). g; denotes the inequality equation in the ith constraint.

With (6.6), a QP subproblem can be generated as follows:

1
maximize §pTHkp +VU(x) p
P (6.7)
subject to Vgi(xe) p+gilxe) <0, i=1,...,r.

This subproblem can be solved using any QP algorithm and the solution is used to

form a new iterate:

Xk+1 = Xk + Qgp, (6.8)

where the step length parameter o, is determined by an appropriate line search procedure
so that a sufficient decrease in a merit function is obtained. The matrix Hj, is a positive
definite approximation of the Hessian matrix of the Lagrangian function in (6.6) and Hy,
can be updated by any of the quasi-Newton methods. Within finite iterations, the SQP
algorithm will converge to a local optimum.

On the other hand, the scatter search is a global optimization algorithm, which can find
the optimal solution effectively by calling the SQP algorithm several times with different
initial points. In our simulations, Matlab’s optimization toolbox is used to implement the

the SQP method.

6.3.2 Sub-Optimal Algorithm

However, the computational complexity of the proposed numerical algorithm is u-
naffordable in practice. Consequently, we propose a computationally more affordable

algorithm to obtain a suboptimal solution.
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With a linear approximation, we firstly approximate ¢( Py, P») in a linear form, which

is given by

V(P Py) = Y(Pr, Py)

(B B4 Y
_w(PbPz)—i_aP

1

(P, Py) (P, — Py) + g—g(ﬁl, P)(P, — Py). (6.9)
2

Y(Py, P») can be approached by @Z(Pl, P,) when P is close to P, for i = 1,2.
Substituting (6.9) into (6.3), the maximization subject for the EE-SE tradeoff can

then be modified as

SE rs Yrs P1, P
maximize SRD~(x Yo 1 2). (6.10)

Ty Yr,P1,P2 w(P]-?PQ)

Since 1h(Py, Py) is a linear function of P, and Py, the problem in (6.10) is transferred
into a concave fractional program problem. Thus, the proposed method for the EE opti-
mization in Chapter 5 is applicable here. On the other hand, we can see that the value of
{P1, P,} is important for approaching the optimal solution of (6.4) or (6.5). In fact, we
can approach the optimal solution of (6.4) or (6.5) by a sequence solution of (6.10) with
updating {Pl, Pg}. As a result, the proposed suboptimal algorithm to solve the problem

in (6.4) or (6.5) can be summarized as the following sequence of steps:

1. Set {0,340, P?, P9} as the initial value and {P,, P,} = {P?, P%}. Set the iterative

index k£ = 1.

2. Solve the problem in (6.10) in the kth iteration and define the optimal solution as
(@, 95, P, Pf}.

3. If U(zk, g%, PF, Py) — U(&k1, gF=1, PF~1 PF~1) < 7, then the algorithm ends and
return {z2,y°, P°, P¢} = {&* g% PF PF}. Otherwise, {P;, P} = {PF P!} and

update kK = k + 1, and return to Step 2 until L/ is reached.

max

Here L/ .. denotes the maximum number of iterations and 77 denotes the maximum error

tolerance.
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6.4 Simulation Results

In the simulations, all the simulation parameters are the same as those in Chapter 4
and Chapter 5. All the simulation results are averaged over 5000 channel realizations.
To make the proposed utility comparable with EE and SE, normalization is used in

the simulations. The normalized utility, EE and SE can be defined as

U(xw Yr, Pl) PQ)

_ EEspp (e, Y, Pty PO\ ( SEsrp (e, yp, P, Po)\ ' (6.11)
EEmax SEmaz ‘
4 EE T T?P 7P
EESRD(:L‘T7yTﬂ P, P2) = SRDgEE Y - 2>7 (6-12)
and
Bl SE T T:P 7P
SESRD(xT7yT7 P17 P2) == SRD(x Y ! 2) (613)

SEmam ’

respectively. Note that, K F,,,, and SFE,,,, are both constant.

Table 6.1: Averaged optimal solution {E{z¢}, E{y2}, E{P{}, E{Pg}} for the utility op-
timization

Around-torso scenario: d, = 0.2m, dgp = 0.6m, and P, = 0dBm

w 0 0.2 0.4 0.6 0.8 1
E{x2} -0.51 -0.51 -0.51 -0.51 -0.51 -0.51

E{y’} 0 0 0 0 0 0
@ 0.4800 0.4676 0.2595 0.1449 0.1025 0.0802
@ 0.5200 0.5324 0.2541 0.1420 0.1004 0.0786

In-body scenario: d, = becm, dgp = 0.3m, and P, = 0dBm

w 0 0.2 0.4 0.6 0.8 1
E{x2} 0.038 0.038 0.038 0.038 0.038 0.038

E{y¢} 0 0 0 0 0 0
@ 0.1800 0.1476 0.0476 0.0291 0.0210 0.0168
@ 0.8200 0.6353 0.2064 0.1262 0.0925 0.0735
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Table 6.1 illustrates the averaged optimal solution {E{z2}, E{y2}, E{Py}, E{Py}} for

the utility optimization with various values of w. As shown in this table, the averaged
optimal relay location {z2,y°} is independent of w when Py = 0dBm. This is because
that the optimal EE and SE share the same optimal relay location when P, = 0dBm.
At w = 0, the EE-SE tradeoff optimization is simplified to the SE optimization, thus
{0, y°, PP, P9} = {as¢, ys¢, Pf¢, Ps}. As w becomes bigger, we can find out that there is
a tendency for the usage of P, to get smaller and when w = 1, only the EE optimization is
considered, thus {z2, y2, P, Py} = {x¢, yce, Pre, Ps¢}. Intuitively, EE is more of a concern

than the SE for the implant node when w is bigger, a less amount of the total transmit

power P, therefore will be allocated to S and R to optimize the desirable tradeoff.
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Figure 6.1: The normalized utility versus P; with w = 0.5 in the around-torso scenario.

To verify the effectiveness of the proposed algorithms for the EE-SE tradeoff, the nor-

malized utility versus P, in the around-torso scenario and in-body scenario are shown
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Figure 6.2: The normalized utility versus P; with w = 0.5 in the in-body scenario.

in Fig. 6.1 and Fig. 6.2, respectively, where EE and SE have equally preference. In
both figures, the proposed numerical algorithm (denoted as “Optimal”) and the proposed
suboptimal algorithm (denoted as “Suboptimal”) are both displayed. For comparison,
U{xce yee, Pee, Pye} and U{xse, y3¢, Pse, Ps¢} are also considered. As expected, both pro-
posed algorithms provide the best performance and the suboptimal algorithm has close-
to-optimal performance.

In Fig. 6.3 and 6.4, the normalized utility, EE and SE achieved by {z¢,y2, P, Py}
with various values of w are presented for the around-torso scenario and in-body scenario,
respectively. It can be seen that EEgpp{z?, 32, P?, P§} is a non-decreasing function of w
and SEsrp{x?,y°, P?, Py} is a non-increasing function of w, these observations comply

with the results and our analysis in Table 6.1. Furthermore, from this figure it can

be determined that the proposed utility for the EE-SE tradeoff can effectively balance
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performance between EE and SE with any given preference w.

In conclusion, the observations from Fig. 6.1 to Fig. 6.4 validate the efficacy of the
proposed algorithms for achieving the optimal utility and demonstrate that the proposed
utility, as an effective metric for the EE-SE tradeoff, is able to balance the performance
between EE and SE with any desirable preference, which can be a guideline in terms

of the relay placement and power allocation in designing the energy-spectral efficient

transmission in UWB based IBANS.

6.5 Summary

In this Chapter, the joint optimal energy efficiency and spectral efficiency is studied
in single-relay UWB based WBANs. To design the energy-spectral efficient WBANS, we
adopt a utility for the tradeoff between energy efficiency and spectral efficiency. Since
the utility optimization problem is a non-concave fractional program, algorithms are pro-
posed to obtain the globally optimal solution and a low complexity suboptimal solution,
respectively. We prove the efficacy of the proposed algorithms and validate that the pro-
posed utility, as an effective metric for the energy-spectral efficiency tradeoff, is able to
balance the performance between energy efficiency and spectral efficiency with any desir-
able preference. The related research work in this Chapter is submitted to IEEE/ACM
Transactions on Networking.

As described throughout Chapter 4 to Chapter 6, we mainly focused on the design and
optimization in single-relay UWB based WBANSs. In the next Chapter, we will extend the
work from the single-relay case to a multiple-relay case. Spectral efficiency optimization
and energy efficiency optimization will be studied from the point of view of distributed

beamforming.
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Chapter 7

Spectral Efficiency Optimization and
Energy Efficiency Optimization in
Multiple-Relay UWDB based WBANs

7.1 Introduction

In this Chapter, spectral efficiency optimization and energy efficiency optimization
are investigated in multiple-relay UWB based WBANs. To the best of knowledge, there
is little work about optimizing spectral efficiency and energy efficiency in multiple-relay
assisted WBANSs. Since the basic idea and principle for solving the optimization problems
are the same in the cases of in-body transmissions and on-body transmissions, we only
present the work for in-body transmissions herein.

Explicitly, an implant WBAN, consisting of one implanted transmitter, several parallel
wearable relays and one body network coordinator is considered in this Chapter. At
the coordinator and at each relay, a Rake receiver and matched filter are employed to
capture the multipath energy, respectively. To evaluate the impact of relay location

in the multiple-relay case, a modified model based on the proposed one in Fig. 4.2 is

115
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developed. With the modified model, the spectral efficiency optimization and energy
efficiency optimization problems are mathematically formulated, respectively, under the
assumption that the individual relay power is constrained due to the FCC regulations
for UWB signals. After some transformations, both problems are equivalent to solving
distributed network beamforming problems, where each relay properly adjusts its own
power to make the system spectral efficiency and energy efficiency maximized.

In the spectral efficiency optimization, the network beamforming can be reduced to
a quasi-convex optimization problem, which can be solved by using convex optimization.
In the energy efficiency optimization, since the problem is a non-convex and nonlinear
problem, the SQP algorithm combined with scatter search proposed in Section 6.3 are
exploited to find the global optimum. Simulations results show that the proposed beam-
forming scheme is superior to other transmission schemes regarding spectral efficiency
and energy efficiency. A considerable improvement can be achieved not only in spectral
efficiency but also in energy efficiency compared to direct transmission. Moreover, our
numerical examples reveal that the optimal relay location varies with the battery power
of the implant node.

The Chapter is organized as follows. In Section 7.2, the system scenario and multiple-
relay based cooperative model are presented. In Section 7.3, distributed beamforming
transmissions are described. Optimal power allocation schemes are proposed for spectral
efficiency optimization and energy efficiency optimization in 7.4 and 7.5, respectively.

Simulation results are given in Section 7.6. The Chapter is summarized in Section 7.7.
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7.2 System Scenarios and Proposed Cooperative Mod-

el

As shown in Fig. 7.1, a modified cooperative model based on the proposed one in Fig.
4.2 for implant WBANS is developed, where S is implanted in the human chest, and m
wearable relay nodes (R;, for i=1,...,m) and D are assumed to be on the same side of the
body surface. In this work, a special parallel relay topology is considered, where m relays
have the same x-coordinate zy [mm] (zo > 0) and are evenly distributed along y-axis.

With a given y-coordinate y; [mm] for relay i, we have

dgpw. = \/xg—l—yf—i—d%,

and

dRiD = \/(270 — dSD sin0)2 + y?,

where dgsg, and dg,p are the distances from S to relay ¢ and relay 7 to D, respectively. It
is worth to note that we herein study a simplified two-step AF protocol. In the first step,
S broadcasts its signal to relays, and during the second step, the relays forwards their

received signals to D.

Inside the human body

Figure 7.1: Modified cooperative model for implant WBANs.
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7.3 Distributed Beamforming Transmission

For analytical simplicity, we present the IR-UWB signal model with BPSK. The ran-
dom TH or DS codes are also not considered in this thesis.
As presented in Section 4.3, the transmitted symbol waveform at S can be expressed

as

Ny—1

s(t) =bV/P, Y w(t—jTy), b= =1 (7.1)

=0
With the assumptions that channel hy(t) remains invariant over a symbol duration

but it changes from symbol to symbol, the received signal at relay ¢ is given by

Ny—1
(t)=1b 'Ty) 2
rsr,(t) = PLSR dSR ZQSR — JTy) + nsr, (1), (7.2)
where
LSR —1
9sr,(t) = w(t) * hsr,(t Z a,sr,W(t — T 5R,), (7.3)

1=0
and ngg, (t) is AWGN with zero mean and variance 0. T} is set to be large enough to
avoid the ISI.
At each relay, a received pulse waveform matched filter is employed. During each
frame duration, the output of the matched filter at relay ¢ is given by

. J+1)Ty _
Tsr,(J) = / rsr,(t)gsr, (t — jTy)dt
JTy

/ Py _ _
=) mef(hSRi) + Ngg, (]), (74)

where j € [0, Ny —1]. &1, (hsg,) is the captured multipath energy during 7T at relay i and

sk, (7) is still AWGN with zero mean and variance &, (hsg, )0

After summing up all the outputs over Ny frames, the decision statistic b at relay i



7.3 Distributed Beamforming Transmission 119

can be written as

Ny—1
P
brp, =bN;| ——— hsr, E_ 7.5
R; f PLSRi(dSRi)ng( SRz) + ~ nSRz(]) ( )
LY
SR,

With {bg, }*,, distributed space-time block coding (STBC) is applied at relays to
achieve spatial diversity gain [119]. Let B be the STBC matrix with the dimension
m X N J’c, where N J'c is the block length. Examples of the STBC matrix are shown in Table
7.1. In this thesis, we assume that Ny = QN} and (@ is an integer. Thus, Ny frames are
divided into ) frame blocks and the transmitted signal vector from relays in the second
hop can be modeled as

Q
tr(t) = \/Poay Y brKrWrBw(t — N, Ty, q), (7.6)
g=1
where tg(t) = [tg, (t),tr,(t), ..., tr, (t)]T and the element ¢y, () represents the transmit-

ted signal at relay 7. P¢ . is the maximum transmit power at each relay, which is con-

strained by the FCC regulations. bp 2 diag{bg,, ..., br, }. Kr £ diag{|br,|™", ..., |br,.| "'}

N3P.& (hsn,) 1
and || represents the absolute value of @. |bg,| = (G gy + Nrér, (hsr,)o?)?.
Wy, 2 diag{ws, ..., w,} is the diagonal matrix of the relay power allocation weight-

sand 0 < w; < 1. Clearly, the transmit power of relay i is w?P? We define

w(t,q) = w(t=Np(q—1)T}),w(t—=Npg—1)T;=Ty), ..., w(t=Nj(g— )T — (Np = 1)Ty)]"
is the waveform vector with length N7.

After passing through the channels from the relays to D, the received signal at D can

be represented by

Q m pr v
- brKrWrBgr,p(t — N;T
ro(t) = Pﬁmz e; brKr W rBgr, p( )
q=1 i=1 PLRiD(dRiD)
+np(t), (7.7)

where e; is the ith column of the identity matrix. gg,p(t,q) = [gr,0(t—N}(q—1)T}), gr,p(t—
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Table 7.1: Examples of STBC matrix B for relays

m N]’c B
1 -1
2 2
1 1
1 -1 -1 -1
3 4 1 1 1 -1
1 -1 1 1
1 -1 -1 -1
1 1 1 -1
4 4
1 -1 1 1
1 1 -1 1

Ni(q—=1)Ty =T),...,9r,p(t = Nj(a— 1Ty — (N; = 1)Ty)]" and gr,p(t) = w(t) * hr,n(t).
np(t) is the AWGN with zero mean and variance o?.

At D, a Rake receiver with L, fingers is employed and the delayed reference waveforms
{w(t —7(1,))}/ are used. After combining the Rake outputs over N ¢ frames in each

frame block, the output per frame block can be written as

L,—1

20 =\ Poar Y Bhp(l) BB'KrWPLypbpg + npl(t)

1»=0

= N} V P%azsgDKRWRﬁLRDbR +np (7.8)

where [, € [0,L, —1]. bg = [bg,,....,br,|"- Brp(ly) = [BE,p(), ..., 8%, p(l)]" and
~ _1 _1

Bro(y) = [ gropw(t — 7(1,))dt. PLpp 2 diag{PLy,(drp);- -, PLy’ p(dr,.p)}-

€rp = [EriDy - €R,p])T and &p,p = {:’:01 B% p(lr). Notice that &g,p represents the

captured multipath energy from link R; to D. np is the AWGN with zero mean and

variance N; Y 2" Ep,po”.
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Summing up all outputs over ) frame blocks and substituting (7.5) into (7.8), the

decision variable for b can be given by

2 = Niv/P3uu&hpKrWrPLEpbg + ip
= bN}y/ P P& K e W PLipPLisr€ s

+ Niv/Pounb hip KW rPLgphsg + fip, (7.9)

. _1 _1
where PLSR £ dlag{PLsél (dSRl), ey PLS]%m (dSRm)} and £SR £ [5Tf<hSR1)7 e 7£Tf (hSRm)]T.
fisg £ [AsR, - -, Nsr,)T- fup is the AWGN with zero mean and variance Ny Y | &g, po?.

In (7.9), we identify three components

2y = bN}\/ P2 P& pKrWrPLpPLsrE g, (7.10)

Znsn = Niv/Punb pKrW rPLgphis, (7.11)
and

énRD = np, (7.12)

as the useful signal, noise from the first hop, and noise from the second hop, respectively.
Obviously, the SE/EE optimization based beamforming design is to find the optimal
wp = [wy,...,w,]T to maximize the received SE/EE, which is equivalent to the optimal

relay power allocation.

7.4 Optimal Power Allocation for Spectral Efficiency
Optimization

In this section, we analyze the optimal relay power allocation at the relays for SE
optimization. Since SE is a monotonically increasing function of the received SNR, the

received SNR is optimized accordingly.
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Based on (7.9)-(7.12), the received SNR at D can be expressed as
B{|%[*}
SNRD(WR) = = = . (713)
E{|Znsal*} + E{|Zns, 1}
Using (7.10), we have
B{[%*} = w;O,wg, (7.14)

where Oy = N7 P3,,,P.VVTand V = ErpKrPLrpPLsr€sp. €rp 2 diag{épp. ... rup)-

max

Using (7.11), we have

E{|2nsR|2} = WEOTLWRv (715)

max

diag{fo(hSRl)v R ng(hSRm)}'
From (7.12), we obtain

where O, = N}P;, 02£%DK%P\L;DESR and g £

B{|2nn |’} = Nt > Eropo”. (7.16)
i=1

Using (7.13)-(7.16), the distributed beamforming problem for the SE optimization can

be written as

w%OSWR

maximize ™
WR W%OnWR + Nf Zizl fRiDU2 (717)

subject to 0,, X wgr <1,
where 0,,, is an m-dimensional vector with all zero entries and I,, is an m-dimensional
vector with all one entries. With two m-dimensional vectors a and ¢, a < ¢ means a; < ¢;
for all i € [1,m)].

With an auxiliary variable 7 [109], (7.17) is equivalent to

maximize T
WR,T

T
WrOsWr > 72 (7.18)

subject to = >
whO,Wr + Np Y " Eppo?
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Introducing the following notations

Ny Erpo® OF

v'u 2 , (7.19)
0., 0,
wr £ [1,wg]", (7.20)
and
V2o, VI, (7.21)

(7.18) can be further written as

maximize T
WR,T

subject to N?\/PmaxPSVT’RV > 7||Uwg|| (7.22)

Since (7.22) is a quasi-convex problem, it can be reduced to the following second-order

cone programming feasibility problem

find \X/R

subject to N?\/Pmaxpsﬁfg\? > 7||Uwg|| (7.23)
7.23

Let 7* be the optimal value of in (7.22). Then, for any 7 > 7%, (7.23) is infeasible. On
the contrary, if (7.23) is feasible, then we conclude that 7 < 7*. Hence, the optimum 7*
and the optimal power allocation vector w$ can be found by using the bisection search
method [109]. Assuming that 7* lies in the interval [T,,in, Timaz|, the bisection search

procedure to solve (7.22) can be concluded as the following sequence of steps:
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1. 7 = (Tomin + Tmaz)/2-

2. Solve the convex feasibility problem (7.23). If (7.23) is feasible, then 7, = T,

otherwise Ty = 7.
3. If Thhaz — Tmin < 1, then stop. Otherwise, go to the first Step.

Here, 1 is the maximum error tolerance in 7.
After obtaining the optimal power allocation vector w%, the optimal SE can be given

by ﬁ log, (14+ SNRp(w$%)).

7.5 Optimal Power Allocation for Energy Efficiency
Optimization

For the EE optimization, we formulate the distributed beamforming problem in this
section. Since the problem is nonconvex, a numerical algorithm is proposed to find the
global optimum.

Based on the EE definition in Chapter 5, EE for the distributed beamforming trans-

mission can be expressed as

A SEsrp (WR)

EEsrp(Wr) [ — (7.24)
where
S Bsnn(wi) = —— logy(1 + ——VEOWR_ ), (7.25)
2Ny wrOnwWp + Ny 32 Erpo?
and
Psrp = % (Ps+ WiWRP s + (m + 1) (P + Poy)) - (7.26)
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Consequently, the distributed beamforming problem for the EE optimization can be

written as
.. SEsrp(Wr)
maximize ———————=
weo Psao(Wa) (7.27)

subject to 0,, X wg = 1,,.

Using (7.25) and (7.26), we can see that the problem in (7.27) is a non-convex and
nonlinear programming problem and the corresponding Karush-Kuhn-Tucker (KKT) e-
quations are only necessary for the optimal solution. In this work, the SQP algorithm and
the scatter search proposed in Section 6.3 are employed to find the global optimal solution
w%. As mentioned in 6.3, the SQP algorithm is a powerful iterative method for nonconvex
and nonlinear optimization. At each major iteration, an approximation is made of the
Hessian of the Lagrangian function using a quasi-Newton updating method. This is then
used to generate a QP subproblem whose solution is used to form a search direction for
a line search. The procedure for the SQP algorithm combined with the scatter search is
detailed in Section 6.3.1 and thus it is not repeated herein. Unfortunately, it is unable
to provide the close-form expression of w% since the optimal solution can only be found

numerically.

7.6 Simulation Results

To evaluate performance of the proposed distributed beamforming scheme regarding
SE and EE in UWB based WBANSs, numerical results and examples are presented in this
section. In the simulations, T, and T are chosen to be 0.7ns and 100ns, respectively. Ny
is set to be 4 and the system bandwidth is 1.4GHz. Since the average FCC PSD emission
limit for UWB signals is —41.3dBm/MHz, the maximum average transmit power P, is

—9.8dBm. With the duty cycle T, /Ty, P2 oo = Pave * T¢/T,, = 12dBm. For the transmit

ax

power of the implant node, we set P, < 10dBm considering the emission limit and safety
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inside the human body. dsp and d, are set to be 200mm and 50mm, respectively. At the
relays, we assume that {7, (hsg,) & 1 for all i € [1,m] without considering the ISI. At D,

a selective Rake receiver is employed to combine the L, strongest multipath components.

7.6.1 Spectral Efficiency of Proposed Distributed Beamforming

Scheme
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Figure 7.2: Average SE versus P; with L, = 4 in a 2-relay network.

Fig. 7.2 shows the average SE versus P; in a 2-relay UWB based implant WBAN-
s. For this 2-relay case, we assume that the coordinates of the two relays are set to be
{(90,20)} and {(90, —20)}, respectively. Performance of the proposed distributed beam-
forming scheme is compared to those of the equal power allocation (EPA) scheme (each
relay has an equal transmit power), S-AF scheme (the relay with the highest SNR is

selected), and direct transmission. We can see that the proposed distributed beamform-
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ing scheme outperforms all the other schemes. With perfect channel information at the
relays, it is about 5dB better than the EPA scheme which needs no channel information
about the second hop at the relays. Compared to direct transmission, we can see that
the proposed distributed beamforming scheme can provide more than 16dB performance
improvement and this improvement mainly results from the fact that the path loss of
the“in-body to on-body” link is much stronger than that of the “on-body to on-body”
link. From the perspective of power consumption, the transmit power at S by using
the distributed beamforming scheme is much less (more than 28dB) compared to that
by direct transmission when the same SE is achieved. This evidence indicates that the
lifetime of the implant node can be prolonged considerably in distributed relay networks,
which demonstrates the effectiveness of the proposed distributed beamforming scheme
when applied to UWB based WBANSs.

Fig. 7.3 depicts the average SE versus P, with different numbers of relays and relay
locations. Specifically, three cases with m = 1,2, and 3 are considered, respectively. For
the case m = 1, the coordinate of the single relay is set to be {(xy,0)}. For the case
m = 2, the coordinates of the relays are set to be {(xo,20)} and {(z, —20)}, respectively.
For the case m = 3, the coordinates of the relays are set to be {(z,20)}, {(z0,0)}, and
{(z9, —20)}, respectively. For all the cases, xq is set to be 30,90, and 150, respectively,
where zy = 30 represents that the relays are close to P, xg = 90 represents that the
relays are located near the middle of P and D, and xq = 150 represents that the relays
are close to D. As shown in this figure, the SE performance improves when the number
of relays is increased. This improvement benefits from the spatial diversity offered by
multiple-relay channels. Thus, given a targeted SE, employing more relays can improve
the power efficiency of the implant node. On the other hand, it is shown that the relay
location plays an important role for the distributed relay implant WBANs. With a given

P;, the SE performance of the proposed distributed beamforming scheme is sensitive to
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Figure 7.3: Average SE versus P, with different numbers of relays and relay locations
when L, = 4.

the relay location and SE is the highest when the relays are at zy = 30 among all the
three locations.

To further investigate the impact of relay location, the average SE versus xy with
different P, in a 2-relay UWB based implant WBANSs is illustrated in Fig. 7.4. The
coordinates of the two relays are set to be {(z9,20)} and {(x¢, —20)}, respectively. From
this figure, we notice that the optimal z( exists with a fixed P, and the optimal z varies
with P,. When the battery power of S is very limited and P, = —18dBm, employing the
relays at P can achieve the utmost SE. As P, becomes larger, the optimal zy increases
and choosing the relays close to P is the best option.

Fig. 7.5 presents the average SE versus P; with different L, in a 2-relay network,

where the locations of the two relays are set to be {(30,20)} and {(30, —20)}, respectively.
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Figure 7.4: Average SE versus xy with different P; in a 2-relay network.

150

Obviously, employing more Rake fingers can achieve better SE performance because more

multipath energy can be captured. From the power consumption viewpoint, the lifetime

of the implant node can be prolonged at the cost of deploying more Rake fingers at D.

In conclusion, the proposed distributed beamforming scheme can be applied to UWB

based WBANSs effectively, which is superior to the other transmission schemes in terms

of SE. In the in-body scenario, the lifetime of the implant node can be prolonged at the

cost of deploying more relays and more Rake fingers at D with a targeted SE. As the

fact observed in the single-relay case, the relay location also exhibits a significant impact

on the system performance in the multiple-relay case and choosing relays close to P can

achieve a better SE performance compared to that with other relay locations.
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Figure 7.5: Average SE versus P; with different L, in a 2-relay network.

7.6.2 Energy Efficiency of Proposed Distributed Beamforming

Scheme

Fig. 7.6 shows the average EE versus P; in a 2-relay UWB based implant WBAN.
For this case, the coordinates of the two relays are set to be {(90,20)} and {(90, —20)},
respectively. Four transmission schemes are illustrated in this figure to compare with the
proposed beamforming scheme, which are the average power allocation (APA) scheme,
the power-maximizing (Power-Max) scheme (every relay uses its maximum power), the
SE-Max scheme and direct transmission, respectively. In the APA scheme, the power
allocation weight for the relay ¢ is set to be E{w{}, which denotes the average transmit
power consumed by the relay i in the proposed beamforming scheme. Thus, the APA
scheme uses the same amount of power resource as the proposed scheme. As shown in this

figure, the proposed distributed beamforming scheme is superior to all the other schemes



7.6 Simulation Results 131

1600 T T
—— Proposed
—<— APA
1400 —%— SE-Max
—p— Power-Max
Direct Trans.
1200

Juny
o
o
o

Energy Efficiency (bits/Joule/Hz)

10

P_ (dBm)

Figure 7.6: Average EE versus P, in a 2-relay network.

in terms of EE. For the APA scheme, its performance is only slightly inferior to that of the
proposed scheme, especially when P; is in the moderate-to-high regimes. For the Power-
Max and SE-Max schemes, both of them cannot achieve a satisfactory performance, which
results from the fact that employing large transmit power in both schemes is deleterious
to EE. Compared to direct transmission, we can see that the proposed beamforming
scheme can provide a substantial performance improvement. This evidence indicates that
the lifetime of WBANS can be prolonged considerably by using the proposed distributed
beamforming scheme.

Fig. 7.7 depicts the average SE versus P; in a 2-relay network. The coordinates of
the two relays are the same as those in Fig. 7.6. Obviously, the SE-Max scheme has the
best performance in terms of SE. Although the performance gap between the proposed

scheme and the SE-Max scheme grows larger as P, increases, our proposed scheme still
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Figure 7.7: Average SE versus Py in a 2-relay network.

has an acceptable SE, which outperforms the APA scheme with the same power resource
and direct transmission.

To investigate the impact of relay location on EE, Fig. 7.8 presents the average EE
versus P, with different relay locations in a 2-relay network, where the y-coordinate of
the two relays are fixed at {20} and {—20}, respectively. For the x-coordinate, we assume
that xy has the value of 0,90, and 150, respectively, where xy = 0 represents that the
relays are close to P, xg = 90 represents that the relays are located near the middle of P
and D, and zy = 150 represents that the relays are close to D. Based on the observations,
the EE performance of the proposed scheme is also sensitive to the relay location with a
given P;. When the battery power of S is very limited, employing the relays close to P
can achieve the utmost EE. As P, becomes larger, choosing the relays close to the middle

point of P and D is the best option.
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Figure 7.8: Average EE versus P, with different relay locations.

7.7 Summary

In this Chapter, spectral efficiency optimization and energy efficiency optimization
are both investigated in multiple-relay UWB based WBANs. To solve the optimization
problems, network beamforming schemes are proposed. With the assumption that each
relay has an individual power constraint, we prove that the proposed network beamforming
schemes are equivalent to solving a distributed power allocation problem, where each
relay properly adjusts its own power such that the system spectral efficiency and energy
efficiency can be maximized.

In the simulations, we evaluate the performance of the proposed distributed beam-
forming schemes and exploit the optimal relay locations. As the fact observed in the
single-relay case, the relay location also exhibits a significant impact on the system per-

formance in the multiple-relay case. Moreover, results demonstrated the effectiveness of
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the proposed distributed beamforming schemes applied to UWB based WBANs. Com-
pared to the other relay-based schemes, the proposed distributed beamforming schemes
can provide a better performance regarding spectral efficiency and energy efficiency, which
allows for WBANS to deliver consistent high transmission performance to patient in vari-
ous eHealth applications. The related research work in this Chapter is published in ACM

BodyNets 2014 and IEEE VTC 2015.



Chapter 8
Conclusions and Future Work

This thesis proposes relay-assisted schemes to effectively achieve spectral efficiency
and energy efficiency related optimization for UWB based WBANSs. In this Chapter, we
summarize our research work presented in the previous Chapters. The open problems

and interesting future extensions of this thesis are also discussed.

8.1 Research Summary

As a new emerging type of wireless networks for telemedicine and mHealth, WBANs
have drawn much attention from researchers, which target providing reliable and accurate
health monitoring for patients and giving patients great experience in mobility. With the
properties of large bandwidth and extremely low transmission power, UWB is able to
offer several advantages when applying to WBANs. In UWB based WBANSs, spectral
efficiency and energy efficiency are viewed as the major challenges which need to be
tackled. Moreover, the tradeoff between spectral efficiency and energy efficiency is also
a prime issue worth studying. This thesis explores the spectral and energy efficiency
optimization and tradeoff problems and presents joint optimal power allocation and relay

location based schemes to solve the problems. The proposed joint optimal schemes can

135
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be considered as a source of inspiration for the relay selection in WBANSs, which provides
an insight into the spectral-energy efficient design of WBANSs with respect to selection of
the proper placement of the wearable relay nodes along with the optimal transmit power
levels.

Chapter 1 gives the overview of this research work, where the research background,
objectives, thesis organization and contributions are presented.

Chapter 2 presents the overview of UWB and WBANSs, respectively. Main challenges
of UWB based WBANSs are comprehensively reviewed. Along with the description of the
challenges, the motivations of the research in the thesis are stated.

In Chapter 3, an energy-saving based relay-location selection criterion is develope-
d for UWB based WBANs with a realistic nonlinear energy consumption model. The
optimal power allocation with a given relay location is derived for single-relay cooper-
ative transmission to minimize the total energy consumption. Considering the energy
consumption difference between direct transmission and cooperative transmission, the
energy-saving relay selection criterion is proposed and analyzed afterwards. Based on
theoretical derivations and numerical results, the relay location in different regions makes
a big difference on the energy-saving performance of cooperative transmission. The re-
lay location, therefore, plays a critical role from the system optimization point of view.
Hence, it is concluded that deploying a relay node optimally in terms of the relay location
in UWB based WBANS is of paramount importance.

In Chapter 4 and Chapter 5, spectral efficiency optimization and energy efficiency
optimization are studied thoroughly in single-relay UWB based WBANs. Three typical
transmission scenarios are taken into account herein. To deploy the relay node optimally,
relay-location based network models are developed. With the proposed models, opti-
mization problems are mathematically formulated and schemes are proposed to optimize

the metrics. The basic idea of the proposed schemes is to seek the optimal relay loca-
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tion in WBANSs together with the optimal power allocation. Based on the theoretical
analysis and numerical results, some interesting results are revealed. In the along-torso
scenario, we show that direct transmission is preferable to the cooperative transmission,
even though the optimal relay location is selected and the optimal power allocation is
achieved in cooperative transmission. In the around-torso scenario and in-body scenari-
o, direct transmission is unable to provide an acceptable transmission performance in
UWB based WBANs. The utilization of an on-body relay node is thus essential for the
spectral and energy efficient transmissions. With the proposed joint optimal schemes, it
is demonstrated that the two metrics can be significantly enhanced compared to other
transmission schemes. Moreover, most of the power consumption can be transferred from
the on-body/implant node to the on-body relay, which helps the node with a lifetime
increase.

In Chapter 6, performance between energy efficiency and spectral efficiency is bal-
anced in single-relay UWB based WBANSs. To design energy-spectral efficient WBANS,
we adopt a utility for the tradeoff between energy efficiency and spectral efficiency. S-
ince the utility optimization problem is a non-concave fractional program, algorithms are
proposed to obtain the globally optimal solution and a low complexity suboptimal so-
lution, respectively. We prove the efficacy of the proposed algorithms and validate that
the proposed utility, as an effective metric for the energy-spectral efficiency tradeoff, is
able to balance the performance between energy efficiency and spectral efficiency with
any desirable preference.

In Chapter 7, we extend the work from the single-relay case to a multiple-relay case.
Spectral efficiency optimization and energy efficiency optimization are investigated in
multiple-relay UWB based WBANs. Under the assumption that an individual relay power
is constrained, both metric optimization problems are formulated as a distributed network

beamforming problem, where each relay properly adjusts its own power to make the
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metrics maximized. In the spectral efficiency optimization, the network beamforming
can be reduced to a quasi-convex optimization problem, which can be solved by using
convex optimization. In the energy efficiency optimization, since the problem is a non-
convex and nonlinear problem, the algorithm proposed in Chapter 6 is exploited to find
the global optimum. Simulations results show that the proposed beamforming scheme is
superior to other transmission schemes regarding spectral efficiency and energy efficiency.
A considerable improvement can be achieved not only in spectral efficiency but also in
energy efficiency compared to direct transmission. Moreover, our numerical examples

reveal that the optimal relay location varies with the battery power of the source node.

8.2 Future Work

The study presented in this thesis provides potential extensions for future work. Some

interesting topics of open problems for future research are discussed as follows.

8.2.1 Channel Modeling

In this thesis, the state-of-the art UWB channel model in the human chest is used
for designing the energy-spectral efficient transmission in the in-body scenario. This
statistical model is developed by using a heterogeneous anatomical model that includes
the frequency-dependent dielectric properties of different human tissues. Although this
channel model has been widely used for evaluating the performance of implant WBANs
via computer simulation, the limitations of this channel model implemented in real life
cannot be ignored. In this model, only the chest was considered. Owing to the highly
inhomogeneous structure of the human body, the proposed model may not be applied
to other anatomical parts. Thus, a customised channel model for implant transmissions

must be derived in the future.
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8.2.2 Error Resilience and Reliability

This thesis is mainly focused on the spectral and energy efficiency optimization and
tradeoff for UWB based WBANSs. In fact, error resilience and transmission reliability
are also important in UWB based WBANs. As we may realize, low transmission power
and small antenna sizes of WBAN sensor nodes causes reduced SNR, thus causing higher
bit error rates and reducing the transmission reliability. However, the reliability of data
transmission in WBANS is vital, especially for some healthcare applications. Therefore,
error resilient schemes for data transmission should be developed in UWB based WBANs

for reducing bit error rates and increasing network reliability.

8.2.3 Interference Mitigation

This thesis only considers the design and optimization for a single WBAN. As we
discussed in Chapter 4, the nodes in a WBAN can be centrally coordinated by the coor-
dinator, thus allowing a number of sensor nodes to coexist in a single network without
having them interfere with each other. In practice, several WBANs may come into range
of each other (for instance, multiple people wearing WBANS are in a small room or lift). In
this case, it is impossible to coordinate among different WBANSs due to unpredictable peo-
ple’s movement and the private security issues. Therefore, interference mitigation schemes
need to be proposed to minimize interference while maintaining satisfactory overall spec-

tral efficiency or energy efficiency as well as fairness among WBANS.
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Abbreviations

3G Third Generation

AF Amplify-and- Forward

AWGN Additive White Gaussian Noise
APA Average Power Allocation

BPSK Binary Phase-Shift Keying
BER Bit Error Rate

CCA Clear Channel Assessment

CIR Channel Impulse Response

DS Direct Sequence

DF Decode-and-Forward

EE Energy Efficiency

EIRP Effective Isotropic Radiated Power
ECG Electrocardiogram

EFC Electric Field Communication
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EPA Equal Power Allocation

FCC Federal Communications Commission

HBC Human Body Communications

IR Impulse Radio

IST Inter-Symbol Interference

KKT Karush-Kuhn-Tucker

MAC Medium Access Control

mHealth Mobile Health

MB-OFDM Multi-Band Orthogonal Frequency-Division Multiplexing

MIMO Multi-Input Multi-Output

MRC Maximum-Ratio Combining

OOK On-Off Keying

Power-Max Power-Maximizing

PHY Physical

PSD Power Spectral Density

PDA Personal Digital Assistant

PSDU Physical-layer Service Data Unit

PPDU Physical-layer Protocol Data Unit

PHR Physical-layer Header
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PA Power Allocation

PPM Pulse-Position Modulation

QoS Quality of Service

RL Relay Location

RF Radio Frequency

SFD Start Frame Delimiter

SHR Synchronization Header

SNR Signal-to-Noise Ratio

S-AF Selection Amplify-And-Forward

SE-Max SE-Maximizing

STBC Space-Time Block Coding

SE Spectral Efficiency

TH Time Hopping

TDMA Time-Division Multiple Access

UWB Ultra Wideband

WBANs Wireless Body Area Networks

WSNs Wireless Sensor Networks

WLANs Wireless Local Area Networks

WPANs Wireless Personal Area Networks
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