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Chapter 1
Introduction

Qammer H. Abbasi*, Masood Ur Rahman™*,
Khalid Qarage’ and Akram Alomainy'

Body-centric wireless networks (BCWNs) have recently gained substantial
recognition and interest in both academic and industrial communities due to its direct
and beneficial impact both economically and socially in various application domains.
Such networks refer to a number of nodes/units scattered across the human body and
the surrounding areas to provide communication on the body surface, to access points
and wireless devices in the near vicinity and also to provide hieratical networking
structure from implants to the main communication hub [1].

BCWN, in essence, is a combination of wireless body area networks (WBANS),
wireless sensor networks (WSNs) and wireless personal area networks (WPANs)
considering all their associated concepts and requirements. BCWN has got numerous
number of applications in our every day life, including healthcare, entertainment,
space exploration, military and so forth [2]. The topic of BCWN can be divided into
three main domains based on wireless sensor nodes placement, i.e., communication
between the nodes that are on the body surface; communication from the body-surface
to nearby base station; and at least one node may be implanted within the body. These
three domains have been called on-body, off-body and in-body, respectively, as shown
in Figure 1.1.

The major drawback with current body-centric communication systems is the
wired or limited wireless communication that is not suitable for some user and the
restrictions on the data rate (like video streaming and heavy data communication,
where we need to transfer large amount of data). Many other connection methods
like communication by currents on the body and use of smart textile are proposed in
the literature [2]. Communications using the minute body current suffers from low
capacity, whereas smart textile method needs special garments and is less reliable;
however, it is fair to say the latter is gaining more momentum specifically with the
advances in smart materials and fabrications as it will be seen later in this book.

*Department of Electrical and Computer Engineering, Texas A & M University at Qatar, Qatar and School
of Electronic Engineering and Computer Science, Queen Mary University of London, UK
**Departement of Electronics Engineering, University of Bedfordshire, UK

TDepartment of Electrical and Computer Engineering, Texas A & M University at Qatar, Qatar

TSchool of Electronic Engineering and Computer Science, Queen Mary University of London, UK
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In-body On-body Off-body
® Sensor
Neural ——— :J O Main unit
Cochlear —— (( ))
b 4
+ Wireless
2 '.' access
point

Orthopaedic— &8

Figure 1.1 Envisioned body area network

BCWN provides the way forward for future smart, intelligent and effective
communication technology. This is mainly owed to the less power requirements,
re-configurability and unobtrusiveness to the user considering all requirements are
met [3]. In order to make these networks optimal and less vulnerable, many challenges
including scalability (in terms of power consumption, number of devices and data
rates), interference mitigation, quality of service (QOS) and ultra-low power pro-
tocols and algorithms need to be considered. The radio channel in BCWN exhibits
highly scattered paths and antenna near field effects due to body proximity condi-
tions [4]. Radio transceiver systems used in BCWNs have to be low profile and light
weight, while operating with low power for longer lifetime. The systems should also
be designed with minimal restriction for the user, so that they can be used during
regular day-to-day activities without inhibition. They should be easily integrated with
the human body, or as a part of the clothing. Many currently existing short-range
wireless technologies provide communication medium and cable replacement tech-
nologies for different transmission types. To design a suitable efficient radio interface
for the wireless body-centric network, the understanding and integration of existing
standards are required in order to bring to light the main areas in which new techniques
are required to meet the harsh and demanding communication environment. In this
book and subsequent chapters, the fundamentals behind BCWNSs, theoretical limita-
tions and explorations, experimental investigations from MHz to THz and also the
interdisciplinary nature of the topic collaborating with material scientists, physicists,
biological and chemical experts, human interaction and machine learning will be
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explored further and the current state-of-the-art in addition to the future directions
will be discussed and detailed.

1.1 Frequency band allocation for body area communication

Wireless communications systems can operate in the unlicensed portions of the
spectrum. However, the allocation of unlicensed frequencies is not the same in every
country. Important frequency bands for BCWN are reported in Table 1.1 and they are:

Medical Implanted Communication System (MICS): In 1998, the International
Telecommunication Radio sector (ITU-R) allocated the bandwidth 402—405 MHz
for medical implants [5]. MICS devices can use up to 300 kHz of bandwidth at a
time to accommodate future higher data rate communications.

Industrial, Scientific and Medical (ISM): ISM bands were originally preserved
internationally for non-commercial use of radio frequency. However, nowa-
days it is used for many commercial standards because government approval
is not required. This bandwidth is allocated by the ITU-R [6], and every coun-
try uses this band differently due to different regional regulation as shown in
Table 1.1.

Wireless, Medical Telemetry Services (WMTS): Due to electromagnetic inter-
ference from licensed radio users such as emergency medical technicians or
police, the Federal Communication Commission (FCC) has dedicated a por-
tion of radio spectrum, 608-614 MHz, 1395-1400 MHz and 1427-1432 MHz for
wireless telemetry devices in USA [7] for remote monitoring of patient’s health;
however, such frequency bands are not available in Europe. WMTS is approved
for any biomedical emission appropriate for communications, except voice
and video.

Table 1.1 Unlicensed frequencies available for personal area networks

(Reproduced from Reference 11)

Name Band (MHz) Max Tx power (dBm EIRP) Regions
MICS 402.0-405.0 —16 Worldwide
ISM 433.1-434.8 +7.85E Europe
ISM 868.0-868.8 +11.85 Europe
ISM 902.8-928.0 +36 w/spreading Not in Europe
ISM 2400.0-2483.5 436 w/spreading Worldwide
ISM 5725.0-5875.0 +36 w/spreading Worldwide
WMTS 608.0-614.0 +10.8 USA only
WMTS 1395.0-1400.0 +22.2 USA only
WMTS 1427.0-1432.0 +22.2 USA only
UWB 3100.0-10,600.0 —41.3 USA, etc.
UWB 3100.0-10,600.0 —41.3 (low duty cycle) EU

MM WAVE 57-64 GHz +82 USA

MM WAVE 57-64 GHz +55 Europe
THZ 0.1-10THz 420 Worldwide
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Ultra-WideBand (UWB): It is a communication system, whose spectral occu-
pation is greater than 20%, or higher than 500 MHz. Initially, it was available
only in USA and Singapore but on August 13, 2007, Office of Communications
(OFCOM) approved the use of ultra-wideband wireless technology without a
license for use in the UK.

Millimetre Wave (MMW): The FCC regulation 15.255, for devices operating
in the 60 GHz band, initially specified Equivalent Isotropically Radiated Power
(EIRP) up to a maximum average power level of +40 dBmi. In August 2013, a
ruling by the FCC extended the EIRP for outdoor use between fixed points to as
much as 482 dBm and later on same for indoor. In Europe, the European Telecom-
munication Standards Institute (ETSI) adopts recommendations for operation of
devices in the 57-64 GHz band and calls for a maximum EIRP power level of
+55 dBmi, In 2010, the UK OFCOMOFCOM approved the unlicensed use of the
57-64 GHz spectrum, although the spectrum allocation follows the FCC standard
(maximum EIRP of +55 dBm) [8].

Terahertz (THz): The band above 275 GHz is the main part of terahertz band.
Terahertz waves, also known as submillimetre radiation, usually refer to the fre-
quency band between 0.1 THz and 10 THz with the corresponding wavelength of
0.03—-3 mm [9]. In this direction, the IEEE 802.15 WPAN Study Group 100 Gbit/s
Wireless (SG100G), formerly known as the IEEE 802.15 WPAN Terahertz Interest
Group (IGThz), has been recently established. The ultimate goal of the SC100G is
to work towards the first standard for THz band (0.1-10 THz) communication able
to support multi-Gbps and Tbps links [10]. However, currently 20 dBm power is
being used.

1.2 Book organization

The book is divided into two different parts: Part I (Chapters 2—7) deals with the

state-of-the-art and recent advances in this area, whereas Part II deals with the
applications of body-centric wireless communication (Chapters 8—12) and finally con-
cluding remarks and the future of body-centric wireless communication is presented
in Chapter 13. The details about the book chapters are given below:

Chapter 2 presents diversity and cooperative communications, and particularly
cooperative diversity, for body-centric communications in WBANSs.

Chapter 3 discusses about the various experimental investigations undertaken
to thoroughly understand the UWB on-/off-body radio propagation channels
for both static and dynamic scenarios.

Chapter 4 deals with characterization of body-centric wireless communica-
tion channels by applying sparse non-parametric model in addition to
compressive sensing technique.

Chapter 5 presents a review of the state-of-the-art, recent advances and remain-
ing challenges in the field of antenna/human body interactions in the 60 GHz
band, with a particular emphasis on the near-field interactions that may occur
in emerging body-centric millimetre wave applications.
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Chapter 6 provides an overview of ingestible capsule wireless telemetry with the
main focus on specific challenges and difficulties associated to the design
of ingestible gastrointestinal capsule antenna systems.

Chapter 7 describes the state-of-the-art of in vivo channel characterization
and several research challenges by considering various communication
methods, operational frequencies and antenna designs are discussed. Fur-
thermore, a numerical and experimental characterization of in vivo wireless
communication channel is presented.

Chapter 8 discusses the use of antenna diversity and MIMO for on-body channels
to support reliable and high data rate communication in addition to use of
diversity for cancelling the co-channel interference.

Chapter 9 discusses the performance of on-body GPS antennas in real working
scenarios discussing a recently developed statistical model and considering
different body postures and antenna positions on the body.

Chapter 10 deals with the textile substrate integrated waveguide technology for
the next generation wearable microwave systems. A state-of-the-art in this
domain is presented, followed by various proposed design for next generation
wearable systems.

Chapter 11 provides details about 3D localization by applying compact and
cost-effective wearable antennas placed at different locations on the body by
considering both numerical and experimental studies.

Chapter 12 presents a review of nano-scale communication for body area
networks followed by a thorough simulation and experimental studies for
nano-scale communication at terahertz frequencies. In addition, future
directions in this topic are also presented.

Chapter 13 The road ahead for body-centric wireless communication and
networks demand of WBANSs is ever increasing. This chapter discusses dif-
ferent challenges faced by the WBANSs that hurdle their expansion. It also
identifies future venues and research trends for the application of WBAN
systems.
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Chapter 2

Diversity and cooperative communications
in body area networks

David B. Smith* and Mehran Abolhasan®

Abstract

In this chapter, we investigate diversity and cooperative communications, and
particularly cooperative diversity, for body-centric communications in wireless body
area networks (BANs). Cooperative diversity for BANs is vitally important for
required communications reliability, as well as increasing network and sensor life-
time by potentially reducing energy consumption, as will be shown here. We describe
what is meant by cooperative communications and cooperative diversity, including a
brief survey of the state-of-the-art. Description and analysis of the benefits of coop-
erative diversity in BANs is mainly with respect to the physical layer, but there is
also some brief discussion of the MAC layer and network layer. In terms of cooper-
ative receive diversity, feasible in IEEE 802.15.6 Standard compliant BAN, several
cooperative receive combining techniques are described, which are all beneficial over
single-link communications in terms of first- and second-order statistics. A simple,
practical, technique of switch-and-examine combining shows good performance in
terms of important metrics, and this can be further enhanced when combined with
a simple “sample-and-hold” transmit power control, which can help reduce energy
consumption for sensor radios.

2.1 Introduction

Wireless body area networks (BANSs) represent the forefront of personal area networks
in body-centric communications, with communications networks of sensors and/or
actuators placed in or on the human body. In this context in BANs, this communication
can occur to other devices on the human body “on-body”, from human body-to-body
or off the body “off-body” to another location, and from in the body [1]. In this
chapter, in the context of cooperative diversity in body area networks the focus will

*Data61(NICTA) CSIRO, Australian Technology Park, NSW Eveleigh 2015, Australia and Australian
National University (ANU), Canberra, ACT 0200, Australia
fUniversity of Technology, Sydney (UTS), NSW 2007, Australia
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be on-body communications, as this is expected to be most prevalent. In terms of
cooperative communications, off-body nodes can be important in providing useful
diversity, so these will also be addressed where appropriate.

One key main application in the development and applications of body area
networks is in health-care [2, 3]. In health-care communications, reliability is vitally
important, as this is potentially life-saving, and with this BANs have the potential to
greatly improve the standard of health-care, providing very early intervention, and
helping avoid medical emergency. Another further advantage of the implementation
of BANSs is from the aspect of potential home or community health-care rather than
far more expensive hospital, or nursing-home care.

It has been shown that BAN communications can be effected by significant path
losses for any given single-link of BAN communications [4, 5], furthermore the chan-
nel may be significantly attenuated for any given link, such that it is in outage for a
duration longer than an acceptable delay for successfully transmitting vital communi-
cations packets [6]. Hence single-link, star topology communications, where there is
only sensor-to-hub link communications, will often not provide the required reliability
for BANSs, particularly as have been prescribed for the IEEE 802.15.6 BAN stan-
dard [7, 8]. Thus cooperative diversity and cooperative communications can be vitally
important for body area networks, where there can be one or more relay-links pro-
viding diversity gain along with the direct single-link communications. Furthermore,
cooperative communications can be very beneficial to reducing circuit power con-
sumption, and increasing network life-time, as it can enable sensor devices to transmit
at lower power and reduce their circuit power consumption. The fact that this cooper-
ative diversity is distributed spatially enables it to be more easily to be implemented.

When considering single-link communications, it may sometimes be beneficial
to employ co-located diversity at the hub as a means of improving reliability and
obtaining greater throughput from sensor communications — but due to sizes of typi-
cal sensor radios, and limits on power consumption at the sensor, co-located diversity
will often not be practical at the sensor side. In some cases, co-located diversity may
be practical at hubs and for on-body devices with less-limits on size and battery power
consumption.

Maintaining reliability in different communications scenarios is very important
for body area networks, in terms of enabling excellent users mobility, as well as
enabling best performance in scenarios particularly common to BANs, such as those
used for sleep monitoring. The best method to test such reliability is by employing
extensive experimental data for everyday “mixed” activity body-channel measure-
ment data [9, 10], as well as for particular BAN scenarios such as sleep monitoring
[11]. Such data can be found in the open-access data found in Reference 10, which
has extensive measurements, including those that can be used to test cooperative com-
munications where multiple wireless nodes can act as transmitters and receivers. The
measurements for the person sleeping channel, where sleep monitoring was evaluated
for many sleeping subjects are also particularly useful for ascertaining the value of
cooperative communications.

As further background on BANs good reviews of radio propagation and channel
modelling can be found in References 1, 12 and 13 — hence the focus of this chapter
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will not be channel modelling, but rather the focus here will be system design in
cooperative communications. However, in the context of system design, description
of channel statistics is important, so the impact on radio communications schemes
will be described with respect to typical channel statistics in BANSs. This is in terms
of measures such as outage probabilities, and second-order statistics such as fad-
ing durations and also switching rates (i.e., the rate of switching between different
diversity branches).

In the majority of work here decode-and-forward communications is considered,
potentially the simplest strategy for half-duplex channels [14]. The typical consider-
ation therein is to (i) Source sends packet to destination; (ii) If the relay succeeds in
decoding this packet in the same time, it sends a copy of it in a further slot. Note that the
relay has to be listening; (iii) The sink decodes a packet with the two received copies.

Also, as stated in Reference 15, minimising energy consumption is critical in
BAN:Ss, particularly for health-care, so relays should be used as efficiently as possible.
Such a pursuit raises many interesting questions, for example: How does the hub
decide that a node needs a relay (as opposed to attempting retransmissions)? Which
node should act as a relay? Throughout this chapter, we will seek to answer these
questions posed in Reference 15.

2.2 Cooperative on-body communications — illustrations

It now serves to illustrate what is meant by on-body, in-body and off-body commu-
nications. This is best visualised as in Figure 2.1, where we show a non-cooperative
star topology. This follows from the illustration in Reference 13.

u Hub/gateway
@ On-body node
&) Implant node
-~ Wireless link

==~ ) Alternate
=l off-body hub

Figure 2.1 BAN on a male subject, illustrating gateway (hub), sensors and in-body,
on-body and off-body links, following from Reference 13
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FRONT BACK

<) Relay .Hub/destination . Sensor/source

Figure 2.2 General set-up for uplink combined diverse and cooperative
communication of Tx (sensor)/relay/hub positions for on-body
measurements

Next we present an illustration of multi-hop communications for sensors com-
municating with relays on right hip and chest, with a hub on left hip, where the uplink
is shown in Figure 2.2. One particular case concerning transmissions from the sensor
on the left ankle is illustrated. Importantly, it should be noted here that cooperative
communications for the uplink is significantly more important for the uplink than
the downlink — as sensor devices are significantly more energy constrained than hub
devices. Often hubs will be able to transmit at a maximum power of 0 dBm, where as
often it may be desirable to transmit at far lower powers from sensor devices, often
—10dBm or less.

2.3 General overview of cooperative communications

In cooperative communications techniques, multiple network nodes’ resources are
shared making use of wireless broadcast, to create effective diversity gain at the
receiver [ 16]. One or many nodes are used as relays between the source and destination



Diversity and cooperative communications in body area networks 11

O Relay 1
@) ® O

Rgay : Relay 3 : Relay 2
Souree Destination
Source O Relay 3
O Relay 2 Destination
® (b)

Figure 2.3 Sequential and parallel relaying topologies [19]. (a) Sequential
relaying and (b) parallel relaying

to provide effective receive-diversity gain towards the receiver [17], this can be imple-
mented in multiple-input multiple-output (MIMO) cooperatively, or single-input
multiple-output or multiple-input single-output (MISO), as described in Reference 18,
where there are three cases: (i) MIMO — Source (S) communicates with relay (R)
and destination (D) simultaneously during the first time slot. In the second time slot,
relay and source simultaneously communicate with destination. This protocol realises
maximum degrees of broadcasting and receive collision. (ii) SIMO — In this protocol
terminal S communicates with terminals R and D simultaneously over the first time
slot. In the second time slot, only R communicates with D. This protocol realises max-
imum degree of broadcasting and exhibits no receive collision. (iii) MISO — The third
protocol is identical to the first case apart from the fact that terminal D chooses not to
receive the direct S— D link in the first time slot. This protocol does not implement
broadcasting but realises receive collision.

As shown in Figure 2.3 from Reference 19, sequential, parallel relaying or a mixed
of them can be used to form the multi-hop cooperative communications schemes. In
terms of 802.15 task group 6 compliance, parallel relaying is typical, as three-or-more
hops is not allowed in the 802.15.6 BAN standard [8] and may be overly complex to
coordinate in BAN.!

The advantages of cooperative communications have been widely acknowledged
in different types of network systems. In Reference 20, two intra-cell coordinated
multi-point (CoMP) schemes are investigated for LTE-advanced systems, where relay
nodes act as transmission points. Significant advantage is shown in capacity expan-
sion. A potential drawback is that transmission from relays could possibly cause
congestion to the centre-user in a cellular network. In Reference 21 a solution is pro-
vided by allowing a transmitter to be used as a relay at the same time as transmitting
its own data with superposition coding in the downlink. In wireless ad-hoc networks,
References 22—24 have shown that incorporating cooperative communications not

IThis is also due to throughput degradation in half-duplex multi-hop links, with bandwidth halved at
each hop.
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only enhances the connectivity, but the network coverage is also extended signifi-
cantly, both of which have a great impact on quality-of-service (QoS) of a wireless
sensor network [25].

InReference 26, it is argued that the use of an optimal relay in cooperative commu-
nication has equivalent performance to the use of all potential relays, which motivates
the use of opportunistic relaying for WBANSs. Opportunistic relaying reduces the com-
plexity by adopting the concept that only the single relay with the best network path
towards the destination forwards per hop [27]. It could also potentially avoid unnec-
essary interference, which is caused by all relays forwarding to the destination, to
other operating nodes in the same vicinity [28]. In References 29-31, opportunistic
relaying is proposed in a simple cooperative protocol where the best relay is selected
and utilised among all the participating relay candidates.

2.4 State-of-the-art in BAN literature

Here, we present a survey of the state-of-the-art in the literature for diversity and
cooperative communications for BANs with a particular emphasis on cooperative
diversity, as it is anticipated that this will be the most common form of diversity
in BAN communications. However, before moving to cooperative communications,
we will provide a brief insight into co-located diversity, from the aspect of antenna
system design.

2.4.1 Co-located spatial diversity in BANs

One such application for co-located diversity is presented in Reference 32 particu-
larly with respect to antenna design and system measurement. This work highlights
the problem of co-located diversity in BAN, with problems of on-body array footprint
making unsuitable for everyday wearing and attachment to a typical sensor. A wear-
able integrated antenna (WIA) array and printed-F antenna array are presented, with
co-located spatial diversity, hub or transmitter side, with 0.25 wavelengths (1) sep-
aration between antennas, giving a somewhat cumbersome overall array dimension
of 6 x 3cm.

In Reference 32, the antenna arrays were tested for various receive positions, with
two extremes, an anechoic chamber with no multipath and a reverberation chamber
with excessive multipath. Equal gain combining, maximum-ratio combining (MRC)
and selection combining (SC) were tested, maximum-ratio combining and selection
combining will be described later, simply to state that MRC is a more optimal com-
biner and SC provides significantly more simplicity. Importantly SC only experienced
~1 dB performance degradation from MRC. There were considerable gains for the
WIA, using a mean diversity power level measure — and as might be expected there
were considerably more performance gains with excessive multipath of the reverber-
ation chamber, where there would typically be more channel gains over diverse paths,
than the no-multipath case of the anechoic chamber.
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2.4.2 Cooperative diversity

Cooperative diversity in wireless body area networks has been analysed for both
ultra-wideband (UWB) (with typical bandwidths in BAN of 500 MHz) and narrow-
band (with typical bandwidths of 1 MHz). Due to the lower carrier frequencies and
lower path losses, narrowband communications is more appropriate for applications
in health-care, whereas UWB may be more appropriate for consumer entertainment
applications where larger data rates may be desired and there are less stringent QoS
requirements.

It is reasserted here that decode-and-forward communications protocol is most
appropriate for BANs, but there have been some variants of decode-and-forward com-
munications, and even amplify-and-forward communications (a potential problem in
terms of energy efficiency for BANSs).

One of the first works in cooperative communications for BAN appeared in Ref-
erence 33. In Reference 33, the authors discuss the use of virtual MIMO and postulate
that with opportunistic relaying high capacity can be achieved at the cost of increased
complexity and synchronisation requirements. The multi-hop approach consists of
organising the network to route information. Unsurprisingly, but importantly, it is
found that the S—R— D link alone is worse than the S— D link, because two succes-
sive transmissions are needed on the S—R— D a channel having the same conditions,
but good gains combining both paths. Two-branch cooperative diversity is described,
based on modelling with Rician fading and not on experimental conditions.

In Reference 34, the body-centric multipath channel is characterised, and diver-
sity analysis is facilitated in a UWB cooperative BAN (CoBAN). The typical mode
of operation is described, where in the first stage, the source transmits to the des-
tination and the relays and in the next stage, the relays transmit to the destination.
Measurement-based analysis is presented, in which the spatial diversity provided by
the relays is dependent on the channel properties derived from the measurements
around a human trunk. An intrinsic metric is then used to quantify the cooperative
diversity of such networks, which is defined as the number of independent paths that
can be averaged over to detect symbols. A form of detect-forward communications is
presented, where there is relaying upon successful detection of a symbol. Of course
there may be some further diversity benefits from the multiple channel taps available
in UWB. Very large diversity gains are found in Reference 34 when the relay is coop-
erating with the source. In the presented scenario, little diversity can be achieved for
link S— D without the help of R due to the severe path loss between S and D. Another
important observation is that in general the relay should be placed in the middle of S
and D to achieve higher diversity gains. One potential problem in a practical imple-
mentation in BAN communications is the large carrier frequency consideringa 5 GHz
bandwidth required for this UWB scenario.

In Reference 35, it is proposed that within a possible range of the channel quality
in WBAN, cooperative communication is more energy efficient than direct transmis-
sion only when the path loss between the transmission pair (i.e., source and relay,
and relay and destination) is higher than a threshold, which has been found for other
wireless networks. Furthermore, for a practical WBAN, cooperative communication
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in most cases is still effective in reducing energy consumption, which is demonstrated
in Reference 35. In Reference 36, an experimental campaign is presented, with
theoretical analysis of packet error rate, transmit power and shows experimentally
the valuable combination of S—R—D and S— D paths. One possible problem in the
practicality of the analysis in Reference 36 is that the relays are not centrally located
as they might be expected to be in a practical BAN, rather they are placed at the ear,
thigh and shoulder. Prior to the release of the IEEE BAN standard specification, the
Bluetooth LE PHY specification [37] was employed, which has higher power con-
sumption than IEEE 802.15.6, partly due to its link layer specification. It is shown that
using one two-hop path is less effective than only the direct link, but there are some
good long-term advantages of combining multiple paths, by not choosing between
different paths.

In Reference 38, a prediction-based dynamic relay transmission (PDRT) scheme
that makes use of on-body channels correlation is proposed. It is claimed that in the
PDRT scheme, that “when to relay” and “who to relay” are decided in an optimal
way based on the last known channel states. Only links with bad quality are relayed.
It is claimed that neither an extra signalling procedure nor dedicated channel sensing
period is introduced by the proposed scheme as the relay allocation is fully controlled
by the coordinator based on the last obtained channel states and is realised through
beacon broadcasting. Consequently, the energy consumption and system complexity
are further reduced over typical cooperative communications schemes.

The majority of cooperative communications analysis in BAN has been with
respect to on-body communications, but in Reference 39 it is described with respect
to in-body communications with UWB. With the aid of a relay node on the body
surface, cooperative transmission can achieve a significant improvement on energy
efficiency compared with direct transmission over a range of relay locations under
various scenarios. The large existing path loss may still be a problem however in a
practical implementation of the method described in Reference 39.

In Reference 40, a possible mode of operation for BAN cooperative communi-
cations is described accordingly at both the physical (PHY) and link (MAC) layers.
Nodes select an adequate cooperator, when a node directly receives a hello packet
from another node, the node measures the received-signal-strength-indicator (RSSI)
of the packet and re-broadcasts the packet adding the measured RSSI in it only once.
When a node receives a re-broadcast hello packet, the node never re-broadcasts it.
In Reference 40, each node attempts only first packet transmission. Namely, when
a node transmits a packet to a BAN coordinator, if it receives an acknowledge-
ment (ACK) packet from the BAN coordinator, it recognises successful transmission
of the packet. On the other hand, even if it does not receive an ACK packet, it
does not re-transmit the same packet by itself. The re-transmission is made only
by a cooperator selected by the node. Choice of BAN coordinator is also allowed,
but this is not varied in experimental implementation as is appropriate for typi-
cal BANs where there is normally only a single hub/coordinator. Hence the hub
is fixed for each of three subjects, two with hub in right hip front pocket and one
with hub on finger. In the measurements in Reference 40, eight cooperating nodes
are possible.
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In Reference 41, an emergency services application for BAN is presented with
respect to spatially separated receivers and SIMO operation, with instantaneous statis-
tics combining for paths to four on-body locations. MRC has 8.7 dB gain, and SC gives
5.4 dB gain. A printed-F antenna is used, with dimensions not given. The raw signal
envelopes for all receiver branches were combined in postprocessing to form virtual
multiple-branch diversity receivers for each of the two experiments in Reference 41.

In Reference 42, incremental relaying is presented, which is somewhat similar to
opportunistic relaying, where the stated aim is to save channel resources by ensuring
that the relaying process adapts to the channel conditions. It relies on the broadcast
nature of the wireless channel and exploits short feedback messages from the des-
tination (in the form of an acknowledgement (ACK) or negative acknowledgement
(NACK) packet indicating success or failure of the direct transmission). If the signal-
to-noise ratio (SNR) of the source-to-destination (S— D) link is sufficiently high, the
ACK feedback from the destination indicates that direct transmission over the S—D
link is successful, and hence, relaying is not required. If the SNR over the S— D link
is not sufficiently high for successful direct transmission, the NACK feedback from
the destination indicates that the relay must decode and forward the data it received
from the source in the previous phase. Such a protocol can efficiently use channel
resources, as compared with some conventional cooperation schemes, because the
relay will forward the signal to the destination only when it is necessary, similarly to
opportunistic relaying. The results in Reference 42 show that an interesting thresh-
old behaviour exists that separates regions where direct transmission is better from
regions where this form of cooperation will be useful in terms of energy efficiency.
For example, in the case of in-body communications, below a threshold of 16 cm, the
overhead of cooperation out-weighs its gains and direct transmission is more energy
efficient. For on-body LOS communication, this threshold distance is equal to 135 cm
for the corresponding set of channel parameters — although such distance-based spec-
ification may be doubtful, as in the general cases for BANS, particularly on-body
BAN, path losses are not distant dependent [43]. Above the distance threshold, coop-
eration gains can be achieved. Furthermore, the results in Reference 42 also show that
choosing the best relay location for cooperation plays an important role in determin-
ing the overall energy efficiency. From the results of Reference 42, it appears that the
gains of incremental relaying are less than those for opportunistic relaying, although
to-date there is no work that has compared the two.

In Reference 44, amplify-and-forward is described for impulse-radio (IR)-UWB.
According to theoretical BER analysis using Nakagami-m fading using direct and
indirect links with one-relay gives 23 dB gain, two-relays 27 dB gain. Amplify-and-
forward is described rather than the typical decode-and-forward for Reference 44.
The amplification factor is not clear in Reference 44, and it is not obvious whether a
constant power constraint is met.

In Reference 45, a network layer approach is presented with opportunistic routing
for two-hops, with analysis in terms of IR-UWB. In the opportunistic routing approach
in Reference 45, the sensor node examines if the sink is in line of sight by sending
an RTS and receiving acknowledge from the sink. Then it decides to send the packet
through the relay or send it through the sink. The sink is only considered at the
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hand, with relay at the waist and sensor on the chest. Only either a dual-hop link or
a single-hop link is used at any time. According to the simulation settings therein,
for one particular scenario with IR-UWB, BER is maintained compared to multi-
hop, while energy consumption is reduced. In Reference 46, the broadcast nature of
the wireless transmission is used, and a simple timer-based opportunistic routing for
BANS is proposed. As soon as a packet is received at a relay, a timer that considers
the quality of the second-hop channel is triggered. The relay with a timer that expires
first will forward its packet to the hub, and the other relays do not send when hearing
its transmission in Reference 46. In Reference 46, the next hop information uses
broadcast.

In Reference 15, it is importantly noted that the IEEE 802.15.6 standard also
allows a single relay (i.e., dual-hop) to be used in cases where the typical single-hop
star topology cannot maintain the required levels of reliability. In contrast to other
work, the use of relays in Reference 15 is particularly motivated for the case when
the BAN subject is not moving, such as when they are sleeping, as some links may be
attenuated below the receiver sensitivity for tens of minutes at a time. There is a cost,
however, to the energy consumption of a relay node as it must remain awake, listening
for packets to relay to the hub from the sensor that cannot reach the hub directly.

Sleeping subjects wearing on-body sensors and being monitored by an off-body
device that is acting as the BAN hub have been considered in Reference 11. This
would be a common health-care scenario where a monitoring device is placed beside
the bedhead. In Reference 11, when there is channel attenuation of more than 90
dB resulting in outage, there is a node that could act as a successful relay 85%
of the time the sensor node (7x) to hub link (Rx) is in outage. If in Reference 11,
instead, the hub is placed on the subjects left hip, there is a viable relay 80% of the
time that the direct link is in outage considering an attenuation threshold of 90 dB.
Measurements show that long outages occur for about 15% of the time that subjects
are sleeping, and hence relays can play a significant role in improving BAN reliability
for sleep monitoring [11].

2.5 Experimental method, gaining data for studies
of cooperative communications

In the proceeding four sections, after this section, four case studies of the use of
cooperative communications are presented that motivate such implementation. These
are evaluated using open-access channel gain data with “everyday” mixed activity over
long time periods (hours), where the effect of combined dual-hop communications
could be accounted for. As summary of this method:

An experiment was set up to measure on-body BAN communication links while
test subjects performed everyday activities over two hour periods. The subjects wore
small body-mounted “channel sounder” radios that operated as both transmitters (7x)
and receivers (Rx), and the activities were mainly office work, some driving in a car,
some walking and some activity at home. The measurements were made at 2360 MHz,
one of the carrier frequencies in the draft IEEE 802.15.6 BAN standard [8].
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Table 2.1 Tx/Rx radio locations, x indicates a channel measurement.
Lh — left hip, Rh — right hip, C — chest, Hd — head, Rw — right
wrist, Lw — left wrist, Lar — upper left arm, La — left ankle,
Ra — right ankle, B — back

Tx-Hd Tx-Rw Tx-Lw Tx-Lar Tx-La
Rx-Lh X X X X X
Rx-Rh X X X X X
Rx-C X X X X X

Tx-Ra Tx-B Tx-C Tx-Lh Tx-Rh
Rx-Lh X X X X
Rx-Rh X X X X
Rx-C X X X X

For each experiment, ten channel sounder radios [47] were placed on the bodies
of three male and two female test subjects, with heights ranging from 1.65mto 1.9 m.
Three of the ten radios (representing relays/hubs, the remainder representing sensors)
operated as both 7x and Rx, each one broadcasting in turn at 1 mW (0dBm) in a
round-robin fashion, with transmissions spaced 5 ms apart (hence, each individual
transmitter would transmit every 15 ms). All of the radios, 7x and non-Tx, continu-
ously listened for packets as a Rx and logged the RSSI value whenever successfully
detecting a packet.

Reciprocity of the BAN channel means that any 7x/Rx link will exhibit the same
channel gain, regardless of which device in the link actually transmitted the packet.
We also note that the 15 ms round-robin transmission period is far less than the BAN
channel coherence time, even for highly dynamic BAN channels [48], which means
that we can effectively treat all communications within one such period as being
concurrent. Hence, these measurements allow us to simulate the operation of a dual-
hop sensor-to-relay-to-hub link. We explain this by example: consider a broadcast by
the left hip in the experiment that is received by channel sounders on the left ankle
and the chest; concurrency and reciprocity allow us to treat this as a 7x that originates
from a sensor on the right wrist, is received by the relay on the right hip and relayed
on to the hub on the chest. This idea is easily extended to a second relay as the Rx on
the left hip would also overhear the Tx from the right wrist and relay that packet on
to the hub on the chest. Table 2.1 gives all the Tx/Rx locations.

2.6 Coded GFSK on-body communications
with cooperative diversity

Here the use of relays is described according to the method of Section 2.5 with either
coherent selection combining and maximum-ratio combining for instance, with no
change required to the transmission strategy, such that a SIMO system is realised.
Possible performance improvements by using one or multiple -relays in BAN with
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a typical transmission strategy [8] following from Reference 49. One such strategy
is to use [31,19] BCH-coded Gaussian frequency-shift keying (GFSK) modulation
at 2.4 GHz carrier frequency, with one-bit per channel use. This method was first
described in Reference 49 and is illustrated again here.

2.6.1 System model for coded GFSK CoBANs

With the use of the channel gain data including relayed data, a block fading chan-
nel model, which is justified based on the channel stability, is assumed for testing
[31,19] BCH-coded GFSK modulation (with a modulation index of 0.5, i.e., GMSK).
Over the fading channel, a phase from a uniform random distribution in [0, 27] is
assumed for the channel. According to the block-fading model incorporated, the
Tx — Rx channel gain, hz,, is constant over each period of a transmitted GFSK
modulated BCH-codeword (which is 5 x 31 samples); and the next 7x — Rx channel
gain block magnitude is based on the subsequent RSSI measurement for that link.
With relay cooperation, decode-and-forward strategy is used where one or two relays
are incorporated. A sensor () sends packets to a hub (or destination) (D), possibly
via one or more relays (R). The procedure is for the sensor to broadcast a packet in
the first time frame to one or more relays and a hub. In the second time frame, the
relay(s) decode the packet and forward it to the hub if it is decoded correctly; e.g.,
passes a CRC check. The relayed packet(s) and direct-link packet are then combined
at the hub using coherent SC or coherent MRC on a packet-wise basis, or a codeword
basis. The time frames are assumed to be significantly shorter than 15 ms, hence each
of the sensor to relay and relay to hub links are simulated with channel gains mea-
sured from the same 15 ms round-robin transmission period. We also assume a block
fading channel, where the Tx — Rx channel gain, hyy, is constant over the length
of the transmitted packet. Block fading over the duration of a packet is a reasonable
assumption given the temporal stability of the BAN channel [48].

Additive White Gaussian Noise (AWGN) is injected into the system, with receive
noise variance varied from —70 dBm to —110 dBm. Instantaneous SNR is used for
combining. Maximum-ratio combining (MRC, based on channel gain and SNR) and
selection-combining (SC) are used to cooperatively coherently combine the relay
channel/s and direct-link, i.e., source. Two- and three-branch MRC and SC are tested
(where one of the branches is the direct link, and the other one or two branches is/are
the decode-and-forward relay link).

For MRC, the decision phase variables yyurc are GFSK demodulated (as GFSK
demodulation only requires phase); and BCH-decoded; where y,urc is found for each
sample as

K
YoMRC = @ <(P (h:drsd) Vsd Z ViedP (h:kdrrkd)> ) (2.1

k=1

where K = 1 or K = 2; the subscripts s,7; and d, represent source, kth relay and
destination respectively; A represents channel gain coefficients; » is the received
signal; ¢(x) implies the phase of x, y represents instantaneous SNR, and (-)* implies
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the conjugate. For selection combining, the detected phase variables y45c are GFSK
demodulated and then BCH-decoded, where y,sc is found for each sample as

j = arg max [yl,min’ Y2,min» ysd] P
Yosc = (,0(){/), where y = [hrldrrld’hrzdrrzd’h:drw] >

Vkmin = Mmin [y,kd, Vsrk] , and with one relay Y5 min = h;"z atra = 0. 2.2)

2.6.2 Performance analysis

Performance analysis is provided for two different scenarios in Reference 49, based
on Monte Carlo simulations using the measured channel gain data according to the
experiment described in Section 2.5 as a basis. The average bit-error-probability (BEP)
performance, versus the ratio of median channel gain to receive (Rx) noise variance, is
determined with respect to all seven Tx-only locations, i.e., the source locations, on the
body. In the first scenario, it is assumed that the gateway or hub, i.e., the destination,
is placed on the chest and cooperative receive diversity performance is tested: using
one relay, where the relay is on left hip or right hip; and for two relays, using both left
hip and right hip as relays; as shown in Figure 2.4(a). The non-cooperative direct link,
or single-link, performance is provided as reference. MRC implies maximum-ratio
combining, and SC implies selection combining. In the second scenario, it is assumed
that the gateway is at the left hip; and cooperation performance is determined with
one relay, on the chest or right hip, and two relays being on both the chest and right
hip; as shown in Figure 2.4(b). In all cases in Figure 2.4, MRC performance is only
marginally better than that of SC. Further, in both scenarios it is found that:

With the hub at the chest, there are significant performance gains in all cases of
cooperative receive diversity in Figure 2.4(a) At a BEP of 1073, there is 4 dB
gain of both SC and MRC over “Direct Link” using the relay at the left hip;
thereis 11 dB gain of SC and 13 dB gain of MRC over “Direct Link”, with one
relay at right hip; and 14 dB gain of SC and MRC with two relays at the left
and right hips. We note that the use of two relays gives some marginal perfor-
mance improvement over the better performing one-relay at right hip strategy.

With the hub at the left hip, there are significant performance gains in all cases
of cooperative receive diversity in Figure 2.4(b). At a BEP of 1073: there is
4 dB gain of SC and 5 dB gain of MRC using the relay at the right hip over
“Direct Link”; there is 8 dB gain of SC and MRC, with one relay at chest,
over “Direct Link”; and 12 dB gain of SC and 13 dB gain of MRC using
relays at the right hip and chest. We note that the use of two relays gives
4-5 dB improvement over the better performing one-relay at chest strategy.

In general, there is no real performance gain of cooperative maximum-ratio com-
bining over selection combining. Depending on the hub placement, there may be some
advantage to using two relays over one relay, if the added complexity is permissible.
Well-considered relay placement with respect to the hub, with receive combining, is
important; as shown in Reference 49 with up to 9 dB performance difference between
two different relay locations when using just one relay for the same hub location.
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2.7 Outage analysis, cooperative selection combining
and maximum-ratio combining

Here first- and second-order statistics of outages with cooperative receive diversity
using experimental results of Section 2.5 are given, hence this is a more general
presentation than that in the previous section, even though the two combining methods,
selection and maximum-ratio, are the same. The outcomes in this section were first
described in Reference 50 and are summarised here.

It is demonstrated that there is significant benefit for well-designed cooperative
communications for the general BAN channel. Maximum-ratio combining and selec-
tion combining are both effective, but selection combining is generally sufficient. One
relay improves performance over the direct link, but there are significant gains for
using more than one relay. Well-considered relay placement is shown to be important.
There is large variation in terms of outage probability for different modes of on-body
cooperative receive diversity, whereas there is only some minor variation in average
fade duration (AFD) for these different modes.

2.8 Implementation of cooperative selection
and maximum-ratio combining

Once again decode-and-forward communications, as described in the previous sec-
tion, is used. Here, for the sensor-to-relay link, it is assumed that a packet is
decoded correctly if |hgg| > hr, where |hgg| denotes the constant channel gain of
the packet from sensor to relay. In this chapter, 3 values of channel gain threshold
ht = {—95, —86, —76} dB are used. These values are chosen to reflect likely thresh-
olds according to the specifications of the IEEE 802.15.6 BAN draft standard in the
2360-2483.5 MHz band.

Constant transmit signal power E; over each packet from sensors and relays
is assumed; and constant noise variance (zero-mean additive-white-Gaussian noise)
across all devices (NVy); such that the relative performance of the decode-and-forward
communications depends on the effective combined channel gain, A, as combined
channel power |Esh¢c| = h¢, and combined channel power ¢ > N,. Thus the relative
performance of the decode-and-forward communications depends on the effective
combined channel gain. With decode-and-forward for one-relay, the first types of
coherent maximum-ratio combining (MRC) and coherent selection combining (SC)
are introduced, where packets are forwarded according to the received channel power
at the relay being greater than a particular receive sensitivity, respectively

hpp|? hgp|?, |h h
{\/| ol + Mspl?, [heg| > hy 23

hyre, = .
' |hgp| otherwise.

max [|hgpl, [hspl], [hsr| > hr

hge, = { (2.4)

|hgp| otherwise.
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and for two relays, R; and R,, where £ = 1,2,

Vg, pl? + [hg,pl? + [hep|?, [hgg, | > hr

v Ihgp|? + [hgp|?, [hgg, | > hr only

hyre, = (2.5)

V4 |hR2D|2 + |hgpl?, |hsg,| > hr only

|hgp| otherwise.

max [|hg, pl, |hg,pl, |hspl], [z, | > ht

max [[hg,pl, |hspl], [hsg,| > hr only
hgc, = (2.6)
max [|hg,pl, |hspl], [hsg,| > hr only

|hgsp| otherwise.

2.8.1 Single-link fading statistics

For all of the single-links between sensors, relays and hubs, the channel gain, nor-
malised to the root-mean-square power of each particular link, is best described by
a gamma distribution. The gamma distribution gives the best characterisation of the
small-scale fading characteristics in terms of negative log-likelihood of maximum-
likelihood (ML) parameter estimates when compared with five other common
distributions: lognormal, Weibull, Rayleigh, Nakagami-m and normal. In Refer-
ence 51, an argument is made for a gamma distribution to model a slow fading process
dominated by shadowing, of which this on-body channel is an example, where deep
fades can be introduced at a slow rate with a change of body position. The cumulative
distribution function, which gives the outage probability, is

y(a,x/b)

P(x|a, b) = W,

2.7
where I'(+) is the gamma function, and y (-, -) is the lower incomplete gamma function.
For normalised channel gain magnitude, the on-body channel ML parameter estimates
from all sensors are: (i) to all hubs the shape parameter @ = 1.74, and the scale
b = 0.459; (ii) to a hub at the chest (@ = 1.85, 5 = 0.438); (iii) to a hub at the left hip
(a =1.63,b = 0.483) and (iv) to a hub at the right hip (a = 1.77,b = 0.454).

An important second-order statistic for the BAN channel is the AFD. The AFD
is the average duration which the received signal remains below a given threshold.
Hence, the shorter the AFD, the more time there is for successful packet transmission.
Following from Reference 52, where derivations for fading according to a generalised
gamma distribution are given, the AFD with gamma fading is given as

P(x)  b*"y(a,x/b)
LCR(x)  /27fpxe05

where fp is the Doppler spread of the process, and LCR(x) is the level-crossing rate.
In this case fp is an average of Doppler spreads of hubs relative to all sensors; due

AFD(x) =

exp (x/b), (2.8)
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to the relative movement of hubs with respect to sensors and also scatterers around
the body.

2.8.2 Performance analysis

2.8.2.1 Analysis of outage probability

Here the outage probability performance is presented following from Reference 50,
where first the overall outage probability is compared for maximum-ratio combining
(MRC) and selection combining (SC) for both one and two relays, i.e., from all sensors
to relays to hubs (see Figure 2.5). All three positions of hubs at chest, left hip and right
hip are considered, and the direct links all emanate from the seven sensor positions.
A channel gain threshold for the source-to-relay link, ht = —95 dB, is considered.
It is shown that the outage probability of the direct link, as well as the theoretical
outage probability, based on the gamma ML parameter estimated of the direct-link
for comparison, where it is noted that theory provides an excellent fit to the empirical
outage probability. To make a fair comparison of all cases, a plot against signal
strength (p,.,s) normalised to the root-mean-square power of each direct sensor-to-hub
link is made, with the outages agglomerated. Overall, there are large improvements
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Figure 2.5 Outage probability, cooperative receive diversity, hy = —95dB,
Selection Combining (SC) and maximum-ratio combining (MRC), 1 or
2 relays, overall; based on Reference 50
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Table 2.2  Performance gains, over direct-links at 10% outage
probability for ht = —95dB from Reference 50

Hub location Relay/s MRC gain (dB) SC gain
Chest Left + right hip 10 9
Chest Left hip 8 7
Chest Right hip 6 5
Left hip Chest + right hip 15 13
Left hip Chest 13 12
Left hip Right hip 7 6

using cooperative receive diversity. At 10% outage probability, the use of two relays
provides 4 dB performance improvement over that of one relay when using MRC and
provides 3.5 dB performance improvement when using SC.2 There is a further 7 dB
performance improvement of MRC for one relay over that of a single, or direct, link.
For two relays, there is a 1 dB performance degradation of SC compared with MRC,
and a 0.5 dB performance degradation when comparing MRC with SC for one relay.
At 1% outage probability, the performance improvement is even more substantial:
7 dB for two relays over one-relay and 7.5 dB for one relay over the direct link.

Next, the two separate scenarios of a hub at the chest and then a hub at the left hip
are considered, with ht = —95 dB. The performance improvements at 10% outage
probability are summarised in Table 2.2. With the hub at the chest and the hub at the
left hip, there are significant performance gains in all cases of decode-and-forward
cooperative communication. With the use of two relays, the hub at the left hip (with
relays at chest and right hip) outperforms the hub at the chest (with relays at left hip
and right hip). Further, the best performing one relay and hub positions are with the
relay at the chest and the hub at the left hip.

2.8.3 Analysis of second-order statistics

The average outage (or fade) durations for cooperative decode-and-forward BAN
communication with selection combining as described in Section 2.9 is presented
here. The AFD (or AOD) is normalised by the different average Doppler spreads of
each process. The maximum measured level crossing rates are used as estimates of
the Doppler spread of the process, these vary between 1 and 1.2 Hz (which is typical
of the “slow movement” that is to be expected as the majority of the experiments were
done in an office). This variation depends upon the placement of the hub, the relays
being used and, only very marginally, on sensors-to-relay channel gain thresholds hr.

The normalised AFD by Doppler spread (AFD.fp), in Figure 2.6 is investigated,
with the same range of ht used previously. Overall, considering all hub positions, SC
results are shown in Figure 2.6(a). The SC results for the hub at the left hip are shown

210% outage probability corresponds to a guideline for maximum packet error rates according to the draft
IEEE 802.15.6 BAN standard [8].



Diversity and cooperative communications in body area networks 25

——— Direct links

““““““ Direct links—theor.

—s— hp=-95dB, 2—relays
—+— hr=-95dB, l-relay : ‘ I ‘
-G - hp=-86dB, 2—relays [«

hy=-86dB, 1-relay [~

# - hp=-76dB, 2-relays |- i ) 4
“““ + hp==76dB, l-relay |~~~ RSO

101 L

Direct links
ww Direct links—theor.
—— hy =-95 dB, right hip + chest relay
|| —— hp=-95 dB, chest relay
-0 - hy=-86 dB, right hip + chest relay
hr =—86 dB, chest relay
% hp=-76 dB, right hip + chest relay

NS + - hy=-76 dB, chest relay
A
=
10°
107!
=30 25 20 -15 -10 -5 0 5 10 15 20
(b) Normalised signal strength (to direct link), prmg (dB)

Figure 2.6 Normalised AFD. fp, Various hy, Selection Combining (SC), 1 or 2
relays based on Reference 50



26 Advances in body-centric wireless communication

in Figure 2.6(b). Each curve represents one process with only minor variation, if any,
in fp from the processes represented by other curves. The empirical AFDs for direct
links are shown for reference in Figure 2.6, with the theoretical AFDs for the direct-
link given by (2.8) also shown. These are in good agreement with empirical direct link
AFDs. It is found in Reference 50 that the AFD of two relays with hy = —95 dB when
compared with two relays for hy = —86 dB is almost identical, similarly for one relay.
There is some increase of AFD at the highest threshold, hy = —76 dB, for one relay
in Figure 2.6(a). For Figure 2.6(b), with SC and hub at the left hip, the performance in
terms of AFD is identical when comparing two relays (at chest and right hip) and also
when comparing one relay (at chest) for ht = {—96, —86} dB, and the one relay and
two relay performances are also identical to each other. With hy = —76 dB, there is
some increase in AFD in Figure 2.6(b) for relay at chest case and also for the relays at
right hip and chest case, and hub at left hip. Most importantly in Figure 2.6 the AFD
with relays, over the range of p,ns, is always significantly lower than for the direct
link; implying shorter fades for the combined signal and longer times for successful
packet transmissions than for the direct link.

2.9 Cooperative diversity with switched combining

The diversity technique switched combining can be implemented for both multiple
branch co-located diversity and multiple branch cooperative diversity communica-
tions. Unlike selection combining, which requires channel estimation for all branches,
switched combining requires only a single end-to-end channel estimation for each
transmission, thus reducing the overall complexity while still achieving good outage
performance [53, 54].

Once again we employ the experimental results described in Section 2.5. Here
switch-and-examine combining is presented for WBANS, as a summary of the work
in Reference 55. For two-branches when the channel gain for any branch is below
(rather than crosses below [56]) a given threshold over the communications for any
packet, a switch occurs to the alternate branch and communications occur across that
branch [53] for that packet. However, for three branches, a switch to another branch
occurs when the channel gain on the current branch is below a certain threshold.
But if the channel gain on this alternate branch is also below that threshold then the
last-branch to try is switched-to, and this branch becomes the chosen branch, for that
packet, whether or not the channel gain is above-or-below the threshold at that time
instant; although at the next time instant switching may again occur if the chosen
branch is below the threshold [57]. There is switching whenever the channel gain is
below this threshold.

In Reference 55, it is demonstrated that there is significant benefit for coopera-
tive traditional switch-and-examine combining for the general BAN channel. It has
relatively good performance when compared to the less-simple cooperative selec-
tion combining, and significantly better outage performance than that presented in
Reference 56. Three-branch is somewhat more effective than two-branch SwC for
cooperative communications. The rate of switching between branches is still much
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lower for this SwC than SC for CoBAN, typically by a factor for SwC of between
10% and 15% of that of SC for any switching threshold.

2.9.1 Switched combining — implementation

The same assumptions are made as in previous sections with respect to receive signal
energy, noise power and combined channel gain — with analysis on a per-packet or
per-codeword basis. This is also a block-fading channel. Here two forms of switched
diversity with decode-and-forward communications are investigated and compared
with cooperative selection diversity with decode-and-forward communications.

For the work in Reference 55, a switched combining method similar to that
in Reference 53 is proposed. For the two-branch switch-and-examine combining
here, L = 2, when the channel gain for any branch is below a given threshold hgr at
time (for transmission of one packer) t, a switch occurs to the alternate branch and
communications occur across that branch for that packet as described in (2.10),

he(t) = hi(t) where k € {0, 1}, iff
{hsw(t — 1) = he(z — 1) A hi(t) = hgr} Vv
{hsw(t = 1) = hg—1),(x — 1) Ahg1),(t) < hst}, (2.9)

where (x), implies x modulo 2, i.e., L =2, and A and V are the “and” and “or”
operations, respectively.

Here in three branch switch-and-examine combining, L = 3, a switch to another
branch occurs when the channel gain on the current branch is below a certain threshold
hgr during packet transmission time 7. But if the channel gain on this alternate branch
is also below hgr then the last-branch to try is switched-to and, whether or not this
channel gain is above or below hgr, this branch becomes the chosen branch. For
switch-and-examine combining (SwC) employed in this chapter, to check whether
to switch to an alternate branch, the switching occurs based on the current branch
channel gain only (as well as what branch was last chosen). This 3-branch SwC is
described in (2.10) in the following, where (x); implies x modulo 3.

hu(t) = he(T) where k € {0, 1,2}, iff
{hsw(t — 1) = hi(t — 1) A Iy (7) = hgr} Vv
{hsw(t — 1) = hg_1),(t = 1) A h(t) = hst A hgeoy,(T) < hst} v
{hsw(t = 1) = hg—a), (T = 1) A hg—1,(T) < hst A hg_a)y(t) <hgt}.  (2.10)

2.9.2 Theoretical performance

The theoretical outage probability and switching rates for the proposed switched com-
bining in (2.9) and (2.10) depend on the steady-state branch activation probabilities,
which are for two-branches from Reference 58,

i = :(le; k=01, @.11)
0 1
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where (x); is x modulo 2 and g, is the cumulative distribution function for channel
gain hgr on branch £, i.e., probability that #; < hgr.® The analysis of Reference 58 is
expanded to three branches in Reference 55 such that

. = k=139 ¢%-2)3 . k=0,1,2, (2.12)
9190 + 9290 + 4192
where again (x); implies x modulo 3.
Hence the outage probability, Pc(h) = Pr(hc < h), for switched combining
L =2 branches is, from Reference 58,

: Fi(h) — qr + qiF—1,(h),h = h
Pe(hy =Y "1 x( ¢ R A (2.13)
k=0 qu(k—l)z(h)’h < hST

And following from the method for L = 2, an expression for Pc(h) for L =3 is
provided in Reference 55:

2 Fie(h) — qi + qi(Fa—1);(h) = q-1)s)

Pc(h) = Z Ok + @k -1y F -2y, (h), h = hgr ) (2.14)
k=0 qkq-1)3Fe—2); (1), h < hst

An approximation to theoretical switching rate for traditional switch-and-
examine combining can be found from the dwell time according to average non-fade
duration ANFD for each branch at level hgr, i.e., the expected contiguous time for
which the channel gain # > hgr,* and the steady-state relay activation probabilities
given by (2.11) and (2.12). The average non-fade duration for each branch £ is

1 — g

ANFDy (hst) = LCR;(hst)’

(2.15)
where LCR; (hgr) is the level crossing rate at threshold hgr (i.e., the rate at which /¢
crosses above hgr).

For the particular CoOBAN scenarios here all dual-hop and single-hop links,
LCRy(hst), as well as g, and outage probabilities Pc(%), can be approximated by
closed form expressions, as all small-scale fading links (when normalised by mean
path loss) can be well described by a gamma, Weibull, and sometimes lognormal
distribution. LCR;(hgt) for gamma, Weibull and lognormal fading can be found in
References 59, [60] and [61], respectively.

Hence the overall branch switching rate is

1

L—1 ’
{ > ANFDkPk}

k=0

SR, ~ (2.16)

which is an alternate, i.e., different, formulation to that described in Reference 62.

Swhere with respect to the form in Reference 53, this is the same as probability that hf, < hgr?.
“Please note this is an approximation due to the possibility of switching to a branch with / < hsr.
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2.9.3 Analysis of outage probability

Here the outage probability performance is presented of decode-and-forward cooper-
ative communications according to the mode of operation described by equations (2.9)
and (2.10) for switched combining (Sw; C) as in Reference 55, the switched combining
described in Reference 56 (Sw,C) and selection combining (SC). To make a fair com-
parison of all cases, signal strength, o, is plotted, normalised to the root-mean-square
power of each direct sensor-to-hub link, with outages agglomerated.

2.9.3.1 Optimum hgt

The relative performance of the switched combining (Sw;C) used here will be depen-
dent on the choice of switching threshold hgr. Here, it is also attempted to reduce
the switching rate, which is lower with a lower switching threshold hgr, as the con-
tiguous time for a channel gain for any branch to be above this threshold is larger
for smaller hgr. Accordingly, there is similar performance, empirically determined,
in terms of outage probability for hgt > —93 dB for switched combining here, thus
hst = —93 dB is chosen as a switching threshold.

2.9.3.2 Overall outage probability performance

The overall outage probability performance, considering all hub positions for both
methods of cooperative switched combining (Sw;C) and (Sw,C) and selection com-
bining (SC), is shown in Figure 2.7. At 10% outage probability, there is 2dB
performance improvement of the three branch Sw;C over two-branch Sw,C, with
these SwC modes having 5 dB and 3 dB performance improvement, respectively, over
single-link communications. Importantly, at 10% outage probability, two-branch SC
only has 2 dB performance improvement over two-branch Sw;C, with the same 2 dB
performance for three-branch SC over three-branch Sw,C. Importantly, Sw,C, pro-
posed here, has 2-dB performance improvement over Sw,C in Reference 56 for both
two and three branches; and 2-branch, with 1-relay, Sw;C performs the same as
3-branch, with 2-relays, Sw,C.

2.9.3.3 Outage probability performance at particular hub positions

Next considered is the two separate scenarios for Sw;C and SC of a hub at the left hip
and then a hub at the chest, with hst = —93 dB. Performance improvements for Sw;C
with respect to those for Sw,C, with greater improvement for Sw; C, over single-link
communications for 10% outage probability are summarised in Table 2.3. With the
hub at the left hip, there are significant performance gains for both cooperative Sw,C
and cooperative SC with only 2 dB performance degradation of Sw,C for all relay
positions (compared to a further 2 dB performance degradation for Sw,C with respect
to Sw;C). Considering the case of the hub at the chest, there is 2.5 dB gain at 10%
outage probability with Sw; C for using the left-hip and right-hip relays over just using
right hip. Further, the best performing one relay and hub positions are with the relay
at the chest and the hub at the left hip.
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Figure 2.7 Outage probability, cooperative switched combining (SwC), Sw,;C (2.9)
and (2.10), Sw;C from Reference 56 and cooperative selection
combining (SC), 1 or 2 relays, overall based on Reference 55

Table 2.3 Performance gains, over direct-links at 10% outage probability for
hst = —93dB [55]

Hub Loc. Relay/s Sw; C gain (dB) Sw,C gain (dB) SC gain (dB)
Left hip Chest + right hip 8 6 10

Left hip Chest 6.5 6 8.5

Left hip Right hip 4 2 5.5

Chest Left 4 right hip 4 2.5 6

Chest Left hip 1.5 —0.5 3.5

Chest Right hip 2.5 2 4.5

2.9.3.4 OQOutage probability performance — empirical compared

with theoretical
Here the empirical performance with the theoretical outage probability according
to (2.13) and (2.14) with respect to two and three branch combining, respectively,
is compared, where the theoretical cdf value ¢, for any sensor-to-hub or sensor-
to-relay-to-hub branch, with respect to switching threshold hgr varies according to
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Figure 2.8 Empirical and theoretical outage probability, cooperative switched
combining (SwC), Sw;C, for 2 and 3-branches overall, for 2 relays, with
hub at right hip, and for one relay at right hip and hub at chest [55]

sensor location, measurement scenario and subject (as well as being drawn from
different statistical distributions; as the mean path loss varies significantly given
different scenarios, subjects and sensor locations). Accounting for this variation, as
shown in Figure 2.8, two and three branch cooperative switched combining proposed
here has around 1.5-2.5 dB better performance at 10% outage according to empirical
measurements than theoretical two and three branch outage from (2.13) and (2.14),
overall. And also for one relay at right hip and hub at chest there is 1.5 dB improvement
of performance over analysis, and with hub at right hip, and relays at chest and left
hip this is also 1.5dB performance improvement in Figure 2.8. According to the
theory and in Figure 2.8, at 1% outage probability there is a 2 dB performance gain
overall from using two relays to using one-relay, which is similar to the 1% empirical
outage probability improvement from using 1 to 2 relays. Importantly, from theory and
Figure 2.8, the gain of two relays of 0.5 dB, over one relay, somewhat underestimates
the empirical gain of 2 dB from the empirical implementation of switched combining
according to (2.9) and (2.10).

2.9.4 Switching rate analysis

The switching rate is the rate at which the selection of any branch changes at the
destination; i.e., the hub device. Switching rates for diversity combining play an
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Figure 2.9  Switching rates, hsy = —93 dB, cooperative switched combining (SwC),
Sw; C from Reference 55, Sw,C from Reference 56, and selection
combining, with 2 and 3-branches, considering all three relay
placements and hub positions with order “S,R,H " indication source,
relay location/s, hub location. Overall-2 relays is Al2r, Overall-1 relay
is Allv, LH — left hip, S — sensor, RH — right hip, C — chest. Based on
Reference 55

important role in assessing receiver outages due to switching transients [63]. Frequent
relay switchings can cause synchronisation problems because the system needs to
repeat an initialisation process each time the active relay changes, in order to re-adapt
to the channel conditions of the new branch [53]. Further, readjustments of frequency
synchronisation leads to increased implementation complexity, as well as potential
delays and outages.

The switching rate is plotted in Figure 2.9 for all scenarios with a switching thresh-
old hgr = —93 dB, where the performance of selection combining is compared, the
switched combining method of Reference 56, Sw,, and the enhanced switched com-
bining proposed here, Swy, presented as described for 2 and 3 branches combining in
(2.9) and (2.10), respectively. The switching rates for both methods of switched com-
bining are in general shown to be around 10%—15% of that for Selection Combining.
As shown the Sw; method proposed here has significantly better outage performance
than Sw, of Reference 56 as demonstrated, and switching between branches occurs
more often for the proposed Sw; method, due to stricter conditions for a branch
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remaining selected than Sw, in Reference 56. However, there is only a marginal
increase in switching rate in ten cases, for all three-branch combining and nearly all
2-branch combining, the increase in switching rate is minimal (for nine cases increase
is under 0.05 Hz and an increase of 5%, and for one relay S, LH,RH case there is a
0.2 Hz increase). The only significant increased switching rate from Sw; to Swy is
for the two-branch, one relay case S, RH, LH, with a relay at right hip and a hub at
left hip where the switching rate doubles by 0.6 Hz from Sw, to Sw;.

The theoretical switching rate is determined according to (2.20), where the branch
activation probabilities p; are determined with respect to hst = —93 dB from Fig-
ure 2.9. From the theoretical expression for two-branch combining according to (2.20),
using branch activation probabilities p; in (2.11) for all six combinations and also
overall (seven cases), there is a mean error comparing with switching rates presented
in Figure 2.9 of 0.15 Hz, with minimum error of 0.002 Hz to a maximum of 0.7 Hz
(second largest error is 0.19 Hz). From the theoretical expression for three-branch
combining according to (2.20), using branch activation probabilities o, in (2.12) for
all three combinations and also overall (four cases), there is a mean error compar-
ing with switching rates presented in Figure 2.9 of 0.14 Hz, with minimum error of
0.05 Hz to a maximum of 0.25 Hz comparing from theory to empirical analysis. This
error suggests the switching rate of (2.20) is a reasonable first-order approximation
to that of empirical analysis.

2.10 Cooperative switched diversity with power control

The description in this section follows from work in Reference 64, where again we
used the channel data captured as described in Section 2.5. Simple transmit power
control is described, using a “Sample-and-Hold” channel prediction method following
from Reference 65, to be incorporated with simple cooperative switch-and-examine
combining following from Reference 55. Using extensive empirical “open-access”
multi-link data, the capture of which is as described before in Section 2.5 it is shown
that the combination of these two mechanisms significantly improves communica-
tions reliability, in terms of reduced outages, and increases energy efficiency, while
maintaining low radio complexity and operational efficiency, further evidenced by
second-order statistics such as switching rate.

As previously, L = 3-branch cooperative diversity switch-and-examine combin-
ing is investigated as described in the previous section, where the threshold is now
modified to a power value, rather than a channel gain. The switch-and-examine choice
of diversity branch is with respect to a certain threshold 47 = hgr/\/P;+(7), where hgr
is the root channel power switching threshold and P, x(7) is the (known) transmit ()
power during packet transmission time t, which can now vary between transmission
times.

2.10.1 Transmit power control using “sample-and-hold”
prediction

According to IEEE 802.15.6 the maximum radiated transmit (7x) power is 0 dBm
(1mW), accordingly transmit power control is applied where the channel gain of
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the previous received packet, at T — 1 is used to set the sensor (and relay, if active)
transmit power at time t. The range of output Tx power is from —30 dBm to 0 dBm
(0.001 mW to 1 mW), where 2 dB spacing with 16 discrete power levels is chosen
such that Txynee = {—30, =28, ..., —2,0} dBm. The transmit power control properly
applied uses the knowledge of receiver power sensitivity rxg,s. Accordingly, in the
linear domain

X
P,(t) =min { | 1, TXranee = —————P,(t — 1) x offset |}, 2.17
/(@) {[ Kange Z o PAT = 1) ]} @.17)
where /,(t — 1)? is received channel power (in mW) at 7 — 1, and a power offset is
applied to mitigate for possible reduction in channel gain at the next time sample .
Across all measurements, a suitable value for offset is found as 6 dB (a multiplier of
3.98 in the linear domain).

2.10.2 First- and second-order statistics

For the three-branch switch-and-examine combining here described in (2.10), incor-
porating power control described in (2.17), of particular concern is branch activation
probabilities, outage probability with respect to non-normalised channel gains and
overall-branch switching rate as previously. The switch-and-examine combining is
dependent on the branch activation probabilities, for the current packet, inst., and
overall, these follow from (2.12).

The outage probability is P,,; & Pr(hc < h), where h is any given channel gain,
and A¢ is combined SwC channel gain. Both ¢, and P¢(4) found in (2.14) can be
estimated in closed-form due to a good fit of a lognormal distribution to all of the non-
normalised branch channel gain (as opposed, as previously described in the chapter of
the fit of the gamma distribution, to normalised channel gain). Distribution log-means
vary from —9.5 to —8.75, and log-standard deviations vary from 0.71 to 1.

The switching rate can be found from the dwell time according to the average
non-fade duration ANFD for each branch at root power switching threshold level
hgr, with respect to the maximum transmit power required for that threshold level

vmax (P ginst.)s hrn = hsr / vmax (P, xinst.), When that branch is chosen,

1 — g (hm)

ANFDy (hr,) = LCR, (i)’
Tn

(2.18)
where LCR,(x) is the branch level crossing rate, the rate at which the channel gain
crosses above (or below) a given threshold x, which has a closed form for LCR, with
the lognormal distribution of x, of

—(In(x) — M/)2>

2.19
207 (2.19)

LCRy(x) = fp exp <
where fp is the Doppler spread, In(-) is the natural logarithm, w,; is the log-mean,
and oy is the log-standard deviation; a good approximation for f, according to the
empirical data used here is 0.8 Hz.
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The switching rate SR, then can be expressed in terms of the average non-fade
duration for any branch, the contiguous duration for channel gain to be above channel
gain threshold /7, and the branch activation probabilities, giving

1
SR, ~ . (2.20)

g (ANFDhr) i) }

2.10.3 Performance analysis

Here performance analysis is provided, based on the empirical data, and the switched
combining and power control outlined for power control, PC, alone (simply using
the direct link), switched combining, SwC alone (where a suitable fixed transmis-
sion power is used) and SwC + PC, the combination of switched combining and
power control recommended here. First, the outage probability with respect to these
three cases is presented with respect to four typical BAN receiver sensitivities, for
narrowband communications at 2.4 GHz and as specified by IEEE 802.15.6 [8], of
{—95,—-93,—-90, —86} dBm. For the least sensitive receiver at —86 dBm for SwC
alone, as a good tradeoff of power consumption and reliability, a fixed Tx power
of —2 dBm is chosen, for more sensitive receivers a 7x power of —5 dBm is set for
SwC alone.

The outage probability with respect to the receiver sensitivity will determine the
packet error rate, so results for hub locations at the C, and the LH, and all three
choices of hub locations, are given in Figure 2.10. The cases of the hub at the chest
perform better than the hub at the LH. For any hub location, there are significant
performance gains of using SwC plus power control (PC), over using SwC alone (such
that, e.g., performance at —90 dBm receiver sensitivity for SwC and PC, is similar
to performance at —95 dBm receiver sensitivity for SwC alone) in Figure 2.10. SwC
and PC used together give over an order of magnitude performance improvement over
PC alone in Figure 2.10.

Next in Figure 2.11, sensor circuit power consumption is compared, with the
cases of SwC with PC, and direct-link PC (“no coop”), for each hub location, and all
hub locations. Transmit power is mapped to circuit power consumption accordingly
for a low-power radio for use in BAN health-care as in Reference 65. It is clear
from pairs of bars that in all cases in Figure 2.11, for the sensor, using PC and
SwC reduces power consumption. Further, Figure 2.11 shows SwC plus PC, gives
significant power consumption reduction over suitable fixed transmission powers
(two marked horizontal lines on graph) of —2 dBm for —86 dBm receiver sensitivity,
and —5 dBm for all the lower receive sensitivities.

Itis found in Reference 64 that the theoretical approximation for switching rate of
(2.20) is reasonable, with a typical (median) error of 0.12 Hz between this approxima-
tion for switching rates (for receive sensitivities lower than —86 dBm) and empirical
results. It is also found in Reference 64 that the switching rates are all significantly
less than 1 Hz, making switched combining with power control an attractive option
for BANs.
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power control for four receive sensitivities at 2.4 GHz,
S — source/sensor, C — chest, LH — left hip, RH — right hip,
SwC — switched combining; no coop — direct-link only
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2.11 Conclusion

In this chapter, many of the benefits for BANs of diversity and cooperative
communications, in particular cooperative diversity, have been explained and demon-
strated. These benefits have principally been shown with respect to the physical (PHY)
layer — but there has been some discussion of link (MAC), network and application
layer issues appropriate to BAN, particularly in a brief survey of state-of-the-art.
The demonstrated performance gains over single-link star topologies, particularly
with respect to appropriate cooperative combining, motivate the use of cooperative
receive diversity to achieve required reliability, which is potentially life-saving for
BANS, as well as reduce energy consumption, vital for long BAN life-time. Selec-
tion combining gives some performance benefits, but a simple, yet practical, form of
combining, namely switched combining, may give sufficient performance improve-
ments in terms of both first- and second-order statistics. It is further demonstrated
that such cooperative communications can be enhanced by transmit power control.
There are further challenges for cooperative communications in BANs, such as its
use to mitigate interference among closely located BANs, and potential cooperative
body-to-body communications, where there is some coordination between separate
closely located BANSs.
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Chapter 3

Ultra wideband radio channel characterisation
for body-centric wireless communication

Qammer H. Abbasi*, Richa Bharadwaj**, Khalid Qarage”,
Erchin Serpedin'™ and Akram Alomainy*

This chapter discusses the various experimental investigations undertaken to
thoroughly understand the Ultra wideband (UWB) on/off-body radio propagation
channels. These characterisation measurement campaigns were performed in both
the anechoic chamber and a typical indoor environment (cluttered laboratory). Effect
of human body movements on the channel parameters is evaluated. Apart from mea-
surements in an anechoic chamber and in an indoor environment, when body parts
were moving, measurements were also taken on a treadmill machine in order to mimic
the scenario of UWB body-centric system applied in performance monitoring for sport
and exercise medicine. Radio channel parameters are extracted from the measurement
data and statistically analysed to provide a preliminary radio propagation model with
the inclusion of pseudo-dynamic body movements.

3.1 Analysis methodology applied for body-centric radio
channel modelling

To investigate and analyse the performance of single and multiple antennas for body-
centric wireless communication channels, various approaches can be adopted. It can
either be predicted through detailed simulations using numerical digital phantom, by
real-time measurements or by using a statistical channel model, which completely
characterises the channels and the environment. The simulation approach is com-
putationally intensive and becomes even more complex, when UWB technology is
considered, because of frequency-dependence characteristic of human body and larger
bandwidth of UWB. It seems almost unrealistic if random body movement is intro-
duced in the simulations, and seems much less valuable for static postures with no
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movements at all, as system design is typically based on statistical channel models.
The statistical channel approach cannot be adopted due to the absence of a standard
statistical channel model for on/off-body radio channels. Hence, on/off-body radio
propagation channel measurements seems useful in real environments with naturalis-
tic movements of a real human body to quantify the significance of single and multiple
antenna systems for body-worn devices. To do so in this work, antennas were placed
on a human subject to perform single and multiple antenna channel characterisation
and system modelling, while taking safety limits in consideration.

Different propagation measurement set-ups have been presented in the open liter-
ature to characterise the radio channel. The measurement techniques can be generally
characterised as time domain measurements and frequency domain measurements
[1-5]. These two techniques are the basis for many other radio propagation sounders
commonly used in characterising wideband radio channels for indoor, outdoor and
Body area network (BAN) scenarios [6—8].

In time domain measurements, a digital oscilloscope is used to receive the signal,
and is relatively easy to detect multipath components, if their delay with respect to
the direct component is greater than the UWB pulse duration [9]. Channel measure-
ments can also be performed using a vector network analyser (VNA) in the frequency
domain. In this case, antennas are connected to the ports of the analyser and a sweep
of discrete frequency tones is performed and S; is measured from one antenna to
the other which represents the channel frequency response (H(w)). Analysing both,
magnitude and phase of S;;, enables a transition to the time domain by simply apply-
ing an inverse discrete Fourier transform (IDFT). However, one of the problem with
frequency domain method is the restriction applied on measurement area freedom
since both transmit and receive antennas are connected to the same VNA; neverthe-
less, such problem can be avoided by the use of ultra low-loss long cables and applying
advance calibration techniques [10]. This problem can also be overcome by applica-
tions of VNA measurement set-up using radio frequency on fibre-optic connection
in scenarios, where electrically small antennas are used [6].

3.2 UWRB antennas for body-centric radio propagation
measurements

For UWB-Body centric wireless networks (BCWN), the antenna design becomes
more complicated due to the presence of the human body. In this work, a minia-
turised coplanar waveguide (CPW) fed tapered slot antenna (TSA) for ultra wideband
applications [11] is used for all measurements. While designing UWB antenna, a
broadband impedance matching network is needed and it can be achieved by employ-
ing two tapered radiating slots at the end of the CPW feeding line [12] or by gradually
varying the feed gap [13] or with the help of a pair of tapered radiating slots [14].
The TSA used in this chapter is using a similar approach presented in Reference 12.
However, the difference is that here the waveguide and radiating slot are inseparable.
The antenna is fabricated on RT/Duroid board (with thickness # = 1.524 mm, rela-
tive permittivity €, = 3 and loss tangent tan (§) = 0.0013). The total antenna size is
27 mm x 16 mm which is around 0.271( x 0.16A, in electrical length, where X, is
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Figure 3.1 Free space and on-body gain as a function of the frequency

the free space wavelength at 3 GHz. Unlike the traditional CPW-fed antenna the TSA
is designed to allow for the smooth transition of line impedance. The length of the
semi-major and semi-minor axes of the bigger ellipse is 18 and 6.6 mm and smaller
ellipse is 12 and 6.1 mm, respectively. The gap between the patch and the ground
plane is 0.28 mm. The ratio of semi-major axis to semi-minor axis within the design
is the most significant parameter to affect the impedance matching [12]. The return
loss of the TSA is below —10 dB in the 3—11.5 GHz band. The antenna preserves good
impedance bandwidth even when placed on the human body with slight detuning in
lower frequency band due to changes in the effective permittivity and hence the electric
length of the antenna. The free space radiation patterns are expected to be omnidirec-
tional and monopole-like performance. The on-body radiation characteristics of the
TSA are comparable to the vertical over ground antenna (presented in Reference 9).

Figure 3.1 shows the realised gain of the TSA as a function of the frequency. In
free space, the gain ranges from 2.0 to 4.2 dBi, while for on-body case, it varies from
2.8 to 7.5 dBi for a frequency range of 3—10 GHz.

3.2.1 Pulse fidelity

To investigate both frequency domain and transient antenna characteristics, the free
space channel between two identical antennas are set side-by-side (most appropriate
setting for wireless body area networks (WBAN) applications of the proposed printed
antenna) and face-to-face is measured at different angular orientations, namely 0°,
45° and 90°, when the distance between the antennas is 0.5 m as shown in Figure 3.2.

The antennas are connected to the two ports of VNA (Hewlett Packard 8720ES-
VNA) to measure the transmission response (S;;) using each cable of length 5m.
The measured insertion loss of two long 5 m cables is around 1.5 dB and is obtained
by averaging over the whole UWB band, and the changes on the phase are almost
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Figure 3.2 Antenna transfer functions measurement set-up in free space with
distance of 50 cm between the antennas with different orientations

negligible. Measurements have been done in the anechoic chamber to eliminate mul-
tipath reflections from the surrounding scatterers. In this study, the chosen distance
between the antennas is 0.5 m which is five times the wavelength at the lower fre-
quency in the 3 GHz band. Thus, the interaction between the antennas is minimal and
most of the distortion in frequency channel responses is due to impedance mismatch
and inherent radiation properties of the antenna. The time domain responses of the
free space radio channel with the antennas are obtained by direct application of inverse
fast Fourier transform (IFFT) on the measured real frequency responses Sy; [15].
Figure 3.3(a) shows the impulse responses in the 3—10 GHz band when the anten-
nas are set side-by-side. The fidelity values for the measured 3—10 GHz band are
96.04% and 72.43% for 45° and 90°, respectively (the pulses used here are from the
VNA, and not the Gaussian pulses). The fidelity of the impulse response at different
directions (with reference to the response at 0° when the antennas are facing each
other) is 91.06% and 95.35% for 90° and 180°, respectively. Fidelity of 77.1% is
obtained when comparing side-by-side and face-to-face scenarios (Figure 3.3(c)).
Fidelity studies of commonly used antennas such as monopoles and resistively
loaded dipoles presented in References 16—20 have shown that spatially averaged
fidelity factor as low as 70% is often deduced. In WBAN specific study presented in
Reference 16, a value of 76%—99% is derived for fidelity when numerically compar-
ing input pulse to a transmitted pulses for various antenna types. This indicates that
the acceptable minimum value for fidelity is application and environment specific.
In the study presented here, the average values obtained for TSA (around 86%) are
considered sufficient for the indoor body-centric wireless communication application
when considering 99% of energy windowed pulse [16, 18]. In order to determine a
specific threshold fidelity factor for generic application (or even for body-centric
networks), further evaluations and more in depth system-level analysis are required.
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The TSA presents similar radiation characteristics compared with the planar inverted
cone antenna (PICA) (PICA presented in Reference 9), with a significative size reduc-
tion that makes it an ideal candidate for BANs. However, for on-body applications,
the behaviour of the antenna as a part of the on-body radio channel needs to be
investigated.

3.3 Antenna placement and orientation for UWB on-body
radio channel characterisation

All measurements were performed on a male candidate of age 24 years, weight 62 kg
and height 1.79 m. The distance between the body and the mounted antennas was
kept to about 7-10 mm including the distance variation caused by loose clothing.
The coaxial cables each of 5 m were used during the measurement and were firmly
strapped to the body to minimise the effect of moving cables over the duration of
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Figure 3.4 Measurement set-up for the static UWB on/off-body radio channel
characterisation showing transmit and receive antenna locations as
applied in the measurement campaign. ©2011 IEEE, reprinted with
permission from Reference 21
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the channel measurement. Two sets of measurements have been performed; when
the subject was stationary and when the subject was in pseudo-dynamic motion. The
antenna used in the measurements is vertically polarised and the radiating element
is placed parallel to the human body. Both transmitter and receiver have the same
polarisation and orientation, when placed on the human body. For the first set of
on-body measurements (when the subject was stationary), the transmitting antenna
(Tx) was placed at the waist (belt) position on the left side of the body, about 200 mm
away from the body centre line and the receiving antennas (Rx) were placed at 109
different locations as shown in Figure 3.4. For the second set of measurements, the
effect of pseudo-dynamic body movements on the UWB on-body radio channels was
considered. Two measurement scenarios for Tx were considered for pseudo-dynamic
on-body radio channel characterisation:

e when Tx was static with respect to Rx (Tx on waist);
e when Tx was moving in pseudo-dynamic manner with respect to Rx (Tx on wrist).

The receiving antenna was placed at five different positions: on the right chest;
right wrist; right ankle; on the centre of the back and on the right side of the head, thus
forming five on-body channels as shown in Figure 3.5 (named belt-chest, belt-back,
belt-head, belt-wrist and belt-ankle, respectively). The belt-chest channel represents
the line-of-sight (LOS) scenario. The belt-back channel is a good representation of
the non-line-of-sight (NLOS) scenario. Both of these channels (i.e., belt-chest and
belt-back) are static channels in which the distance between the transmitting and

Rx34

Rx33/Tx2/ [

Figure 3.5 Measurement set-up for the pseudo-dynamic UWB on-body radio
channel characterisation showing transmit and receive antenna
locations as applied in the measurement campaign. ©2010 IEEE,
reprinted with permission from Reference 22
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receiving antennas is almost constant. To mimic a dynamic channel, in which the
path length varies randomly with movement of the body, the belt-wrist channel was
selected. Most often, there are scenarios where there is partial LOS or a transition of
LOS and NLOS. The belt-head and belt-ankle channels are good examples of this.

An Agilent two-port VNA (Hewlett Packard 8720ES-VNA) was used for UWB
on/oftf-body radio propagation channel measurements. The two antennas (Tx and
Rx) were connected to the VNA by a pair of low-loss coaxial cables. For all UWB
on/off-body radio propagation channel measurements, a two-port VNA was used to
measure the transmission response (S,;). A Labview programme written by the author
is used to control the VNA remotely. The data measured by the VNA were stored in a
computer hard disk by the software in the form of a text file containing the magnitude
(in decibel) and the phase (in degrees) of the transmission response (S,;). During the
measurements, the VNA was always calibrated to exclude the losses that incurred
in the cables and thus the measured data reflect the signal measured at the ports of
the antenna. The calibration also ensured that a total power of 0 dBm is transmitted
by the transmitting antenna. Measurements were performed in the frequency range
of 3—-10 GHz at a sampling rate of 1601 separate frequency points and sweep time
of 800 ms.

3.4 Measurement procedure for UWB on-body radio
channel characterisation

In this work, measurements were first performed in the anechoic chamber to eliminate
multipath reflections from the surrounding environment, and then repeated in the
Body-Centric Wireless Sensor Lab at Queen Mary University of London (Figure 3.6)
to consider the effect of the indoor environment on the on-body radio propagation
channel. The Body-Centric Wireless Sensor Lab provides a mock hospital room and all
necessary equipment to simulate real-life scenarios when investigating wireless sensor
networks. The lab has the capability to enable research expansion into implantable
devices measurement, compact sensor manufacturing and extensive radio propagation
characterisation and modelling. The sensor lab height is 3 m and details of walls,
windows and furniture are shown in Figure 3.6. The three-dimensional view of the
lab is shown in Figure 3.7. For static on-body radio channel characterisation, Tx and
Rx locations are shown in Figure 3.4. For each Rx location, ten sweeps were collected
and then averaged to ensure acceptably stable channels.

To observe the effect of pseudo-dynamic movements on UWB on-body radio
channels, the subject was in carefully designed motion scenarios, which is explained
later in this section. For on-body measurements, the transmitting antenna was first
placed on the waist (Tx is considered as static with respect to Rx) and then on the
right wrist for the second set of measurements (Tx is considered as in pseudo-dynamic
motion with respect to Rx). The receiving antenna was placed on different locations
on the body as shown in Figure 3.5.

Due to the short communication distance, the electromagnetic energy propagates
from the transmitter to the receiver in a few nanoseconds and hence the channel can
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(housed within the Department of Electronic Engineering, Queen Mary
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Figure 3.7 Three-dimensional view of Body-Centric Wireless Sensor Lab shown in
Figure 3.6
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Figure 3.8 (a) Tx movements to the side of body, (b) side view: Tx movements to
the front of body and back to side of body, (c) side view: Tx movements
from front to right side and back to front. ©2009 IEEE, reprinted with
permission from Reference 23

be considered stationary during this time, and it is therefore acceptable to assume
“snapshots” of propagation channel measurements to capture effect of movements.
This was achieved by ensuring that the subject is maintaining the same position for the
entire sweep duration of 800 ms. Different daily routine movements were performed
such as bending, leaning forward and rotation of torso and arms including some
random movements (when Tx was on the waist for on-body case). In addition, four
specific body movements were performed when Tx was on the wrist to gain more
insight into the arm movement effect (which is considerably the worst-case scenario
for on-body communications as highlighted by previous studies) on the radio channel:

e Arm along the body, moving to the side to form 90° with the body trunk and
returning back to the initial position (as shown in Figure 3.8(a)).

e Arm along the body, moving forward to the front so that the arm forms 90° with the
body trunk and returning back to the initial position (as shown in Figure 3.8(b)).

e Armisplaced straight in front of the body, moving from the left to right in the front
of the body and returning back to the initial position (as shown in Figure 3.8(c)).

¢ Random arm movements.

For each location and measurement scenarios, more than 100 sweeps were cap-
tured to ensure sufficient data points for acceptable statistical analysis. For each
measured scenario, four different body movements were performed. Measurements
were also made on a treadmill machine as well to incorporate paced walking steps at
a certain speed of 1.1 km/h.

3.5 UWB on-body propagation channel analysis

In order to design an efficient radio system for body-centric wireless communications,
it is important to provide reliable models of propagation channel. The case is even
more complex when it comes to the on/off-body channel characterisation due to the
unpredictable and dynamic nature of such a radio channel.



Ultra wideband radio channel characterisation 53

3.5.1 On-body radio channel characterisation for static subjects

The path loss (PL), which is given by the ratio between transmitted and received power,
is directly calculated from the measured data by averaging the measured frequency
transfers at each frequency point [24]. PL can be represented as a function of distance
between Tx and Rx using the following relation [25]:

d
0

where d is the distance between Tx and Rx, d| is the reference distance and PL(d,)
is the PL at reference distance. For on-body measurements, dy = d; = 10 cm. The
exponent y is known as PL exponent. It is useful to understand how fast the received
power decays with the distance. From Friis formula, it is well known that PL exponent
is equal to two for free space propagation; however, for on/off-body communications,
exponent is higher due to the factors including losses in tissues, creeping waves and
surface wave propagation, and reflections from different parts of human body. In this
study, a least-square fit is performed on the PL data and the slope of the curve gives
the . Where X, is a zero-mean Gaussian distributed random variable with standard
deviation o, both values in decibel.

Figure 3.9 shows the variation of PL with the logarithmic distance in an anechoic
chamber and in an indoor environment. The slope of the fitted curve is equal to the PL
exponent (), which is 2.96 and 2.48 for chamber and indoor environment, respec-
tively. When measurements are performed in the indoor environment, the reflections
from the surrounding scatterers increase the received power, causing reduction of the
PL exponent. A reduction of 13% is observed in this study. The values of y agree with
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Figure 3.9 On-body path loss model for the measurements in an anechoic chamber
and in an indoor environment for static subject
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environment, respectively (for the all, 109 Rx locations)

Table 3.1 On-body path loss exponent (calculated in similar manner using
empirical model as shown in Figure 3.9) and mean path loss for
different sectors of body. ©2011 IEEE, reprinted with permission

from Reference 26
Body parts On-body
LOS NLOS
y Mean PL (dB) y Mean PL (dB)

Trunk 3.39 59.41 2.64 62.56

Arms 431 59.10 3.34 67.98

Legs 1.16 59.76 2.35 69.78

Head 1.17 70.92 2.57 69.83

All parts 2.8 60.05 1.34 66.04

LOS +NLOS y =2.48 and mean PL =63.02 dB

the ones presented in Reference 9, where it was found y = 3 in free space, and y =2.6
in the office environment. The shadowing factor is a zero mean, normally distributed
statistical variable and it takes into account of the deviation of the measurements from
the calculated average PL (see Figure 3.10). In the anechoic chamber, the standard
deviation of the normal distribution is o = 8.34 and 5.88 for an indoor environment.

Table 3.1 shows the PL exponent and mean PL for different sectors of body for
both LOS (front side of body) and NLOS (back side of body) scenarios. Lowest y
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Figure 3.11 Radiograph for on-body PL in an indoor environment for the front
side of trunk with Tx at origin of coordinate plane, the Tx and Rx
locations on the body are shown in panel (b)

is obtained for legs case for front side of body (i.e., LOS scenario). This is because
reflections from the ground increase the received power, which results in reduction
of y for legs case. Same results are obtained for legs case for back side of body (i.e.,
NLOS scenario). The low value of PL exponent for head case as compared to trunk
case is due to less variations in mean PL among different receiver locations for head
case as shown in Table 3.1. Variations in y among different parts of human body for
NLOS are very small as compared to LOS because for NLOS case all propagation
takes place through multipath components; hence, the received signal strength is
approximately close to each other for different sectors of body. Figure 3.11 shows
radiograph for on-body PL for the front side of trunk (for Rx1-Rx9 [lower trunk] and
Rx16-Rx24 [upper trunk] as shown in Figure 3.4) with Tx at origin (i.e., when both
horizontal and vertical distances are equal to zero). It shows the distribution of PL,
with respect to the horizontal and vertical distances, which increases with increasing
both distances.

3.5.2 Transient characterisation of UWB on-body radio channel

Time-delay analysis provides information about the amount of signal spreading
caused by channel and it is well described by mean excess delay (t,) and root
mean square (trys) delay spread, which are calculated from the first and second
central moment of the derived power delay profile (PDP), respectively [10]. Since
the time of arrival (including multipath components) of the signal restricts trans-
mitted data rates and also limits system capacity [10], it is commonly used to
characterise the transient behaviour and hence the system capacity limits for radio
propagation.
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PDP can be easily obtained by averaging the obtained channel impulse responses,
which are calculated from the measured frequency transfer functions, applying
windowing and IFFT. The time domain results for both measurement sets are com-
pared for evaluation. The time domain window can detect multipath signals separated
up to 228 ns, with a resolution of 50 ps. PDP is produced simply by averaging all
impulse responses by considering samples with the signal level higher than a selected
threshold and observing their delay with respect to the peak sample (the direct pulse).
In this study, three different threshold levels are considered: 20, 25 and 30 dB below
the peak power.

The Akaike information criterion (AIC) is a method widely used to evaluate the
goodness of a statistical fit [27]. The second-order AIC (AIC,) is defined as:

2K(K + 1)

AIC, = —2log, (L) + 2K + (3.2)
n—K-—1

where L is the maximised likelihood, K is the number of parameters estimated for that
distribution and # is the number of samples of the experiment. The criterion is applied
to evaluate the goodness of five different distributions commonly used in wireless
communications that seem to provide the best fitting for under study measurements
(Rayleigh, normal, log-normal, Weibull and Nakagami). All these distributions have
two parameters (K = 2), except for the Rayleigh (K = 1). Smaller value of AIC,
means better statistical model fit, and the criterion is used to classify the models from
the best to the worst. To facilitate this process, the relative AIC, is considered and
results are normalised to the lowest value obtained:

A; = AIC,; — min (AIC,) (3.3)

A zero value indicates the best fitness. In this analysis, the effect of the receiver
sensitivity (the threshold applied to calculate the PDP) on the statistical model is
considered. Result shows that the best case (A; = 0) is found in the anechoic chamber
adopting a less sensitive receiver (threshold —20 dB) for both RMS and mean excess
delay. Higher value of A; is obtained as compared to chamber making statistical
model less accurate. This is due to the fact of considering more scattered components
in case of indoor environment.

Figures 3.12 and 3.13 show the cumulative distribution of RMS and mean
excess delay fitted to log-normal distribution, respectively, based on Akakie crite-
rion. Tables 3.2 and 3.3 show an average value and standard deviation (respectively,
w and o) of the log-normal distribution for each case for different threshold levels,
respectively. When measurements are performed in an indoor environment, the mul-
tipath effect produces higher mean and standard deviation for both RMS and mean
spread delay. Furthermore, using a more sensitive receiver, a higher number of sec-
ondary components are considered, and the average value of the spread delay and
standard deviation is higher.
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Figure 3.12  On-body RMS delay distribution fitting for the measurements in an
anechoic chamber and in an indoor environment

3.5.3 Pulse fidelity

Figure 3.14 shows the fidelity value obtained for more than 100 receiver locations
considering both the front and back sides of body in different environments as shown
in Figure 3.4. Results show that the pulse shape is better preserved in case of chamber.
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Table 3.2 Average value and standard deviation of log-normal distribution applied
to RMS delay for on-body communications with respect to different
threshold levels in the chamber and indoor environment

Threshold Chamber Indoor

n o " o
—20dB 1.22 1.47 1.94 2.92
—25dB 1.31 1.23 1.99 21.9

~30dB 1.56 1.12 2.08 227




Table 3.3 Average value and standard deviation of log-normal distribution applied
to mean excess delay for on-body communications with respect to
different threshold levels in the chamber and indoor environment

Threshold

Chamber

Indoor

—-20dB
—25dB
—-30dB

1.43
1.55
1.69

1.46
1.42
1.37
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The mean fidelity is 76.45% in the anechoic chamber (77.16% for front side and
75.75% for back side of body, respectively), as compared to 74.69% (74.79% for
front side and 74.59% for back side of body, respectively) in an indoor environment.
As for both the front and back sides of body, i.e., LOS and NLOS scenarios, the
average fidelity is above 70%.

3.6 UWRB off-body radio propagation channel
characterisation

3.6.1 Antenna placement and measurement procedure

For stationary off-body channel measurements, the communication is between the
access point away from the body and devices worn on the body. Same antenna as
mentioned above for on-body case is used for off-body case. The distance between
the body and the mounted antennas was again kept to about 7-10 mm including the
distance variation caused by loose clothing. The coaxial cables each of 5 m were used
during the measurement and were firmly strapped to the body to minimise the effect
of moving cables over the duration of the channel measurement as done for on-body
case. The radiating element is placed parallel to the human body. Similar to on-
body case, both transmitter and receiver have the same polarisation and orientation,
when placed on the human body. For static off-body channel characterisation, the
receiving antennas (Rx) were placed at the same 109 different locations as shown in
Figure 3.4 as for the on-body case. Measurements were first performed in the anechoic
chamber to eliminate multipath reflections from the surrounding environment, and
then repeated in the Body-Centric Wireless Sensor Lab at Queen Mary University
of London (Figure 3.6) to consider the effect of the indoor environment on the on/
off-body radio propagation channel.

3.6.2 PL characterisation

PL calculations for off-body communications are similar to those in the on-body
case as presented above but for off-body measurements, the reference distance is
dy = dy = 100 cm. Figure 3.15 shows the variation of PL with the logarithmic distance
in an indoor environment for back side of human body. The slope of the fitted curve
is equal to PL exponent (y), which is 1.09.

Table 3.4 shows the PL exponent and mean PL for different parts of body for both
LOS (the front side of body) and NLOS (the back side of body) scenarios for off-
body communications at the distance of 100 cm from Tx (which is mounted on wall
at waist height from the ground) in an indoor environment. Lowest PL is obtained
for legs case, for both LOS and NLOS cases (similar to on-body communication
case), because reflections from the ground increase the received power, which results
in reduction of y for legs case. Mean PL for head case is higher as compared to
the other cases due to large communication distance and due to less variations in
PL among different receiver locations. The overall y is 3.79, this higher value is



Ultra wideband radio channel characterisation 61

80 T T T T
O Indoor
78 - Least square fit 1
= O
76 | vy=1.09 0o o° R O |
O ORS o 00 (@]
o /0o O © o o ¢

74 + o Q)O Q O T

o) o O © © o °©°
- @)

z nt 5 N ® 5 o0 © 1
z °© 4o o 9000
= 70t 1
<
=™

68 R

66 | E

64 | 1

62 1 1 1 1

0.5 1 1.5 2 2.5 3
10*log(d/d,)

Figure 3.15 Off-body PL for the measurements in an indoor environment for back
side of body (i.e., NLOS scenario)

Table 3.4 Off-body PL exponent (calculated in similar manner using empirical
model as shown in Figure 3.15) and mean PL for different sectors of
body (at distance of 100 cm). ©2012 IEEE, reprinted with permission

from Reference 29
Body parts Off-body (100 cm)
LOS NLOS
y Mean PL (dB) y Mean PL (dB)

Trunk 1.89 58.63 2.18 73.37

Arms 1.17 54.14 0.99 70.96

Legs 0.26 55.09 0.97 73.50

Head 1.08 60.53 1.64 77.88

All parts 1.07 56.76 1.09 73.18
LOS+NLOS y =3.79 and mean PL = 64.97 dB

due to large variation between mean PL for LOS and NLOS scenarios, as shown
in Table 3.4.

Like for on-body communications, y for off-body communication in an anechoic
chamber is higher (y =3.98) than in an indoor environment as the reflections from
the surrounding scatterers increase the received power, causing reduction of the PL
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environment, respectively (when Tx was at a distance of 1 m from the
subject carrying 109 Rx locations)

exponent in an indoor environment. A reduction of 4.77% is observed for PL exponent
in this study. As mentioned in Section 3.5.1, the shadowing factor is a zero mean,
normally distributed statistical variable and it takes into account the deviation of the
measurements from the calculated average PL (see Figure 3.16). In the anechoic
chamber, the standard deviation of the normal distribution is o = 11.87 and 8.99 for
an indoor environment.

Figure 3.17 shows variation in the mean PL for both the front side (LOS scenario)
and back side (NLOS scenario) of body with respect to different distances (from 10
to 100 cm with step of 10 cm) between on-body receivers and off-body transmit-
ters (which is mounted on wall). Mean PL is calculated by averaging the PL of all
receivers for the front and back sides of the body individually. Figure 3.17 shows
that mean PL for the front side of body (i.e., LOS scenario) increases almost linearly
with increasing the separation distance, which shows that PL is directly proportional
to distance. For the back side of the body (i.e., NLOS scenario), the mean PL (as
shown in Figure 3.17) is not linear, as in this case, the attenuation through the body
is quite high and the main propagation paths are creeping (surface) waves and mul-
tipath components with the latter being the dominant contributor due to the dense
indoor environment presence. Based on work by Alomainy ef al. in Reference 28,
the contribution due to creeping waves is very small in comparison to the multipath
components.

Figure 3.18 shows sliced radiograph for front side of trunk (for Rx1-Rx9 [lower
trunk] and Rx16—-Rx24 [upper trunk] for front side of body as shown in Figure 3.4)
with Tx at origin (when both horizontal and vertical distances are equal to zero)
and off-body distance is varied from 10 to 50 cm with step of 10 cm. It shows the
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distribution of PL and its variation with respect to varying off-body distance. Three
slices are taken randomly from this sliced radiograph at three different off-body dis-
tances (i.e., 10, 30 and 50 cm) and are shown in Figure 3.19. Figure 3.19 clearly shows
that as human body is moving away from the Tx (i.e., on wall), the region for lower
concentration of PL goes on increasing, possibly because of reduction of near-field
effects of antenna as off-body distance increases.

3.6.3 Transient characterisation

The time domain dispersion of the received signal strongly affects the capacity of
UWRB systems [1]. This effect is characterised by mean excess delay and RMS of
the PDP as explained in Section 3.5.2. On the basis of Akaike criterion like for on-
body communications, different distributions are being tested for RMS and mean
excess delay for different threshold levels (20, 25 and 30dB). Figures 3.20 and
3.21 show the cumulative distribution of the RMS and mean excess delay fitted
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Table 3.5 Average value and standard deviation of log-normal
distribution applied to RMS delay for off-body
communications with respect to different threshold
levels in the chamber and indoor environment

Threshold Chamber Indoor

" o n o
—20dB 2.03 0.90 2.93 342
—25dB 2.09 0.87 3.13 3.38
—-30dB 2.15 0.83 3.34 342

Table 3.6 Average value and standard deviation of log-normal
distribution applied to mean excess delay for off-body
communications with respect to different threshold levels
in the chamber and indoor environment

Threshold Chamber Indoor

" o n o
—20dB 2.46 0.89 5.17 5.95
—25dB 2.53 0.79 5.35 5.91
—-30dB 2.57 0.89 5.39 5.80

to the log-normal distribution, respectively, based on Akakie criterion for the off-
body communications. Tables 3.5 and 3.6 show average value and standard deviation
(respectively, u and o) of the log-normal distribution for each case for different
threshold levels. Same conclusions can be drawn as for the on-body case when mea-
surements are performed in the indoor environment, the multipath effect produces
higher mean and standard deviations for both RMS and the mean spread delay. Like
for the on-body case, using a more sensitive receiver, more multipath components
are considered, and the average value of the spread delay and the standard deviation
is higher.

3.6.4 Pulse fidelity

Figure 3.22 shows the fidelity value obtained for more than 100 receiver locations
considering both the front and back sides of body in different environments for oft-
body case. Results show that the pulse shape is better preserved in case of the chamber
as that for the on-body case. The mean fidelity is 78.01% in the anechoic chamber
(78.84% for the front side and 77.23% for the back side of the body, respectively), as
compared to 77.26% (77.24% for the front side and 75.10% for the back side of the
body, respectively) in an indoor environment. Again, results similar to the on-body
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communications are found and for both the front and back sides of body, i.e., for
LOS and NLOS scenarios, the average fidelity is above 70%, and hence acceptable
for short-range communications.

3.7 UWRB on-body radio channel characterisation for
pseudo-dynamic motion

In the analysis presented so far, the radio channel in all measurements was consid-
ered to be static. However, the effect on radio channel due to the change in body
postures during normal activities is not considered. While performing movements,
the transmitter and receiver may alter their position from LOS to NLOS, and also the
distance between transmitter and receiver and the relative orientation of the anten-
nas can be modified. Moreover, the antenna input impedance and even its radiation
characteristics can be affected by the movements. All these changes on the radio
channel introduce a significant fading on the received signal, which, if not accu-
rately considered, could lead to a marginal loss of communication. In this work, a
set of measurements is performed while the human candidate is carrying out several
pre-defined movements, as explained in Section 3.4.

3.7.1 Channel PL variations as a function of link
and movements

The PL, which is given by the ratio between the transmitted and received power, is
directly calculated from the measured data, by averaging over the measured frequency
transfers at each frequency points [24]. When the receiver is moving with respect to
the transmitter, the changes in their relative distance and orientation lead to a variation
of the signal strength.

Figure 3.23 shows the PL variation for measured data in an anechoic chamber and
in an indoor environment with the receiver placed at different locations. Fluctuations
in PL are observed due to a relative change of the distance between transmitter and
receiver. The average PL obtained for anechoic chamber is 77 dB, which is higher
as compared to the average PL, when the subject was stationary. PL of the on-body
channel in an indoor environment is lower than that for the anechoic chamber as
predicted due to the contribution of multipath components from obstacles and also
from the walls, ceiling and floor.

The cumulative distribution function of the PL variations is compared to well-
known distributions and on the basis of Akaike criterion [27], a normal distribution
provides the best fit for these measured results (Figure 3.24). Table 3.7 shows the
average value (1) and standard deviation (o) of the fitted normal distribution that is
applied to model PL variation for the on-body channel including movements effect.
Table 3.7 demonstrates that the highest value of PL is obtained for the back case when
there is a NLOS communication and the main propagation mechanism is multipath
reflections within the indoor environment and creeping waves along the body surface
for the anechoic chamber scenario. The highest standard deviation is observed for
the chest case where there is a large relative distance change between Tx and Rx,
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Table 3.7 Mean and standard deviation of PL using normal distribution for
different channels and environments (whereas, running is performed in
an indoor environment)

Chest Back Head Ankle

n o " o n o o o

Chamber 74.43 7.42 81.03 6.07 80.85 6.15 75.37 3.06
Indoor 64.32 6.82 75.92 2.02 63.98 6.37 69.36 3.25
Running 68.64 9.91 70.78 8.98 68.32 7.66 72.21 4.72

considering that the transmitter is on the wrist which is moving rapidly and hence
path parameters are constantly changing in these cases.

3.7.2 Time-delay and small-scale fading analysis

Since the time-delay analysis provides useful information about the amount of signal
spreading caused by the channel, it is important to take into account the delays of the
channel, i.e., the mean excess delay and RMS delay spread [10]. These parameters can
be obtained from PDP, as mentioned in Section 3.5.2. The channel impulse responses
were calculated based on the measured frequency transfer functions which consist
of 1601 frequency points using windowing and IDFT. The applied time window
can detect received multipath components up to 228 ns with 50 ps of resolution, as
mentioned before. The PDP is calculated by averaging over all the measured postures.

Figure 3.25 shows the PDP for the belt-to-wrist link, when the arm moves along
the side of body (0° to the front of body) to straight in front (90° to the front of body)
and return back to the initial position (0° to the front of body). At 0°, the arm is
connected with the side of trunk and there is no LOS between Tx and Rx, that is why
the signal strength is very low; the same is the case when the arm comes back to the
initial position after the movement. At 90°, the arm is straight in the front of the body;
in this case, the distance is greater as compared to 45° where strongest signal strength
is observed due to some LOS and small distance between Tx and Rx.

The root mean square spread delay (tryms) is a crucial parameter for multipath
channels since it imposes a limit to the data rate achievable [ 1]. Mean excess delay and
RMS delay are calculated. Figure 3.26 shows RMS delay with respect to different body
movements and Rx locations for both anechoic chamber and indoor measurement
scenarios. RMS delay spread in the indoor scenario is higher due to the reflection
from the surrounding scatterers, whereas for the chamber case, only reflection from
body parts is considered. The goodness of different statistical distributions in fitting
the data have been evaluated. For the case of the study, the log-normal distribution
provides the highest likelihood among a wide set of distributions using the Akaike
criterion. Figure 3.27 presents fitted probability distributions of calculated RMS delay
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Table 3.8 Mean and standard deviation of RMS delay using
log-normal distribution for different channels and
environments (ns) (whereas, running is performed in
an indoor environment)

Chest Back Head Ankle

n o n o o o n o

Chamber 3.30 276 4.73 2.0 1.78 2.68 130 198
Indoor 434 124 884 270 236 216 490 1.14
Running  4.65 3.17 9.68 3.06 517 3.05 496 212
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Figure 3.28 Mean excess delay when Tx is moving in pseudo-dynamic motion and
Rx is placed at different locations

spread values, and the fitted parameters (i and o) for the log-normal distribution are
listed in Table 3.8.

Figure 3.28 shows the mean excess delay with respect to different Rx locations.
Similar interpretation can be obtained for this case as for RMS delay. Again log-
normal distribution provides the best fit for measured data (Figure 3.29) as the case
for RMS delay spread. Table 3.9 lists u and o for log-normal distribution used to
model delay.
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Table 3.9 Mean and standard deviation of mean excess delay using log-normal
distribution for different channels and environments (ns) (whereas,
running is performed in an indoor environment)

Chest Back Head Ankle
n o n o " o n o
Chamber 2.42 1.24 8.08 1.68 1.79 2.62 1.16 1.11
Indoor 4.44 2.19 9.28 3.03 6.79 2.13 2.64 1.21
Running 6.51 2.84 9.44 4.02 7.72 2.98 5.89 1.58

3.8 Summary

This chapter presents the channel characterisation for on- and off-body communica-
tions in different environments (i.e., anechoic chamber and indoor environment) for
both static and pseudo-dynamic motion scenarios. For the static subject, PL character-
isation is presented for different sectors of the body to get a better insight into the PL
variations. Statistical analysis is performed on the measured data. Variety of empirical
statistical models has been tested to find the best fitting for the measurement data.
On the basis of the Akaike criterion, it is observed that the PL is best modelled by
using normal distribution; whereas, the log-normal distribution provides the best fit
for the time-delay parameters for both on/off-body communications.

The effect of the body movements on the UWB on-body radio channel has also
been analysed in this chapter. To enable prediction and modelling, the variation of
PL and time-delay parameters with the body movements has also been compared
to statistical models. It was concluded that for the movement case, the log-normal
distribution provides the best fit for the RMS and mean excess delay, while the normal
distribution is best for modelling PL, as was the case for static scenario. From the
analysis of several on-body radio links, it was also concluded that amplitude and delay
spread of the received signal can vary significatively with the changes in the posture
and position of antennas on the body.
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Chapter 4

Sparse characterization of body-centric
radio channels

Xiaodong Yang*, Aifeng Ren*, Zhiya Zhang™,
Qammer Hussain Abbasi**, Erchin Serpedin*, Wei Zhao'T,
Shuyuan Yang*, and Akram Alomainy*

4.1 Introduction

Body-centric wireless communications systems (BWCS) will be a focal point for
future communications from end-to-end user’s perspective [1]. In BWCS, one of
the key issues is to characterize BWCS channels effectively and accurately. Some
researchers have investigated the BWCS for various scenarios. In Reference 2,
on-body ultra-wideband (UWB) channels were characterized, and the optimal model
for root-mean-square (RMS) delays is obtained. In Reference 3, different types of
antennas were used as transceivers; a typical statistical model, the log-normal model,
was used to fit mean excess delay and RMS delay data. Alomainy et al. [4] obtained
the fitting parameters for microstrip patch antennas. In Reference 5, the authors
demonstrated that Rayleigh distribution can fit the indoor and outdoor radio channels
data well. In Reference 6, a Gaussian distribution was used as the reference model for
mean excess delay and RMS delay of BWCS. For UWB BWCS channels, they are
usually measured by time domain and frequency domain techniques [7]. In frequency
domain measurement, to ensure the accuracy and range of the measurement, people
usually use high-end vector network analyser (VNA); on the other hand, a high-rate
analogue-to-digital converter (ADC), which is very expensive, is a key device for
the whole system [8]. Through deep thinking of the state of the art of BWCS radio
channels [1-8], we find that there are two issues deserve further discussion. In the
following two paragraphs, we would like to further discuss these two issues.

First of all, it is important to realize that for most current BWCS channel char-
acterization methods, some fitting parameters from available statistical models are
obtained; then, these parametric statistical models are selected as appropriate models
for radio propagation. It is worth noting that these propagation models are all for
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specific propagation scenarios, including specific posture, individual, surrounding
environment, etc. Itis therefore common for people to propose such a problem: is there
any generalized BWCS channel model which can be used in different scenarios? On
the other hand, it is noticeable that for BWCS channel measurement, a large number
of samples are necessary to guarantee the accuracy of the results [9]. Considering
these two factors, a small sample based non-parametric propagation model is needed
for BWCS.

Then, we continue to look into the on-body UWB communications. It is found
that for on-body radio propagation, the receiving antenna get most of the energy
through direct path [3]. This propagation characteristic implies that the on-body UWB
channel is sparse, and this exciting fact encourages us to explore novel approach to
characterize such kind of radio channels.

In general, a small-sample non-parametric model and sparse on-body UWB chan-
nel characterization method are important supplements to the current BWCS research;
since they share the common character of sparsity, the authors would like to discuss
these interesting topics in this chapter.

The chapter is organized as follows: Section 4.2 gives the basics of sparse
non-parametric technique and compressive sensing; Section 4.3 presents some
results regarding non-parametric modelling and on-body impulse response estima-
tion; Section 4.4 uses statistical technique to explore obesity’s effect on the on-body
narrowband channels; Section 4.5 draws a conclusion.

4.2 Basics of sparse non-parametric technique and
compressive sensing

4.2.1 Sparse non-parametric technique

The approaches in machine learning can be roughly divided into supervised learning
and unsupervised learning. For supervised learning, an optimal model is obtained via
training available samples; then, the inputs can be mapped to corresponding outputs
by applying the model. It is worth mentioning that the model belongs to the set of
some function, and optimum is for certain criterion. Finally, the unknown data are
classified. On the other hand, the model needs to be built without any training samples,
the approach is known as unsupervised learning. The typical example in unsupervised
learning is clustering. The sparse non-parametric technique presented in this paper
is a supervised learning approach. In Reference 10, it is proposed that to solve the
problem of probability estimation, the support vector technique can be introduced.
Following Weston’s train of thoughts, in this chapter, the support vector technique is
used to construct the probability model for BWCS.

4.2.1.1 Empirical distribution function

In the definition of distribution function, the probability can be obtained directly.
However, in BWCS, the distribution function is unknown; it should be inferred
from known channel data. To achieve this step, the empirical distribution function is
introduced. For BWCS, one-dimensional empirical distribution function is used to
approximate the distribution function. To express probability models mentioned at
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the beginning of the chapter, the basis of the regression function should be selected
properly (Figures 4.1 and 4.2).

4.2.1.2 The coefficients for the probability approximation
Vapnik and Mukherjee [11] represented the regression problem as:

N
f(xj) = Zaik(xj,xi) + b, “.1)
i=1

where f is the linear combination of the basis, and £ is the basis. Equation (4.1) is then
be used to fit the empirical distribution function mentioned in Section 4.2.1.1. To find
the coefficients for the approximation, first, the standard [11] should be considered;
then, to use the data in the image space, the linear programming technique should be
applied. The specific mathematical procedure for solving coefficients can be found
in Reference 9.

In summary, wireless channels for BWCS are affected by many uncertainties;
therefore, the propagation model should be determined entirely by the data. The sparse
non-parametric technique presented in the chapter can fulfil the task well.
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4.2.2 Basics of compressive sensing framework

It is known that in order to recover a signal, the sampling rate must satisfy the sampling
theorem [12]. In Reference 13, a new sampling theory was developed; it is known as
compressive sensing theory. So far the theory has been successfully applied to many
fields of science.

Suppose an orthonormal basis can be used to express discrete time signal x €
RY*1; then, the signal will be with the form:

N
X = Z Y0, 4.2)
i=1

where 6 is a sparse vector. If we use matrix to express the signal, we have
x = Vo. 4.3)
We define that the sparsity of the vector is K(K << N), x then becomes

K
X = Z Iﬂ,-kG,-k. (44)
k=1

In compressive sensing theory, the sampling rate is reduced significantly. The M
linear measurements for signal x are

s=®&x, & eR"Y, 4.5)

The linear measurement can be understood better from sensor point of view. Then,
the next step is to reconstruct the original signal. The basic equation for compressive
sampling is

s = &x = dYO, (4.6)

where W is a matrix, 0 is a sparse vector, s is the measurement signal, and & is
the measurement matrix. Next, by considering /; optimization problem [14], the
reconstruction can be achieved.

4.3 Results and discussions regarding non-parametric
modelling and on-body impulse response estimation

4.3.1 Establishing sparse non-parametric propagation
models and their evaluation

4.3.1.1 Measurement setup

To measure the on-body narrowband channels, printed monopole antennas were used
[7]. The resonance frequency for the antenna is 2.4 GHz. An HP8720ES VNA was
used to obtain the transmission response between two printed monopole antennas.
Proper distance was selected to consider the effect of human body on the antennas.
The position for transmitting antenna was fixed while the receiving antenna was placed
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on representative positions on the body. The experiment took place at Queen Mary,
University of London.

To obtain the time domain characteristics of the on-body channels, a pair of
miniaturized coplanar wave-guide-fed tapered slot antennas [15] were used. The fre-
quency range for the measurement is 3—10 GHz. By applying inverse discrete Fourier
transform, the channel impulse response can be obtained. The sampling time is 50 ps,
and the sampling rate is 1601 frequency points. The measurement was also performed
at Queen Mary, University of London.

4.3.1.2 Kernel functions

It is known that the linear classifier can only process linearly separable samples. If the
samples are not linearly separable, we cannot get the solution from linear classifier.
Therefore, the scope of application of the linear classifier narrows down significantly,
and it is difficult to make full use of its advantages. The basic train of thought for
solving linearly inseparable problems is to convert them to high dimensions, making
them linearly separable. The key issue in the conversion is to find the corresponding
mapping method. Unfortunately, there is no mature method to follow. However, what
we concern is the value of inner product in high-dimensional space; once we know
the value, the classification results will be obtained. In theory, x” is the function
of x; w' is a constant, it is transformed from a constant w in low-dimensional space.
Therefore, it is common to consider the existence of a kind of function K (w, x), which
accepts input values in low-dimensional space but gets the inner product values in
high-dimensional space. Once we have such kind of functions, it is not necessary to
find out the mapping relationship any more. Luckily, such kind of functions do exist
and are known as kernel functions. Actually, as long as a function satisfies Mercer
conditions, it can be seen as a kernel function. The basic function of kernel function
is to accept two vectors in low-dimensional space and to obtain the inner product of
vectors in high-dimensional space after certain transformation. In this chapter, the
sigmoid function & (x;,x;) = tanh(ax!x; + r) is selected as the kernel function. The
kernel function is with the form & = m [10]. The kernel function is given in
Figure 4.3.

The whole procedure of building sparse non-parametric model for BWCS can be
divided into four steps and is given in Figure 4.4.

4.3.1.3 Sparse non-parametric model characterization
results and discussions

It is known that for BWCS, radio channels are usually characterized by existing log-
distance parametric models. However, one may note that there is still some room for
the improvement of the model. Such room comes from two aspects: one is limited
number of samples; the other is the uncertainty of propagation around the human
body. Therefore, it is necessary to establish novel propagation model which is sparse
and independent of prior knowledge. A typical non-parametric model is given in
Figure 4.5. By defining related coefficients, the final regression function can be
established. The independent coefficient ¢ and regularization parameter C can be
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Figure 4.4  Flow chart for establishing sparse non-parametric propagation models
for BWCS (Replotted from Reference [16], Institute of Electrical and
Electronics Engineers)

adjusted so that the error of the model can be controlled. In Figure 4.5, the specific
max ([ + 30y .|7 — 30 |)
l b

parameter combination is C = & = 0.1. One should avoid over-
fitting situation when finding appropriate parameters for the model; actually, the
fitting error and the sparsity should be considered simultaneously. Take Figure 4.5
as an example, although smaller errors, compared with available parametric models,
can be obtained; sparsity of the model should not be sacrificed. Thus, the coefficients
presented in Figure 4.5 are considered to be the initial parameters for on-body large-
scale fading.
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To evaluate the performance of the proposed model completely, time domain
delays are considered as well. The RMS delays are considered to be the character-
ization object. It is found that, by carefully tuning the independent coefficient and
regularization parameter, the sparsity and the fitting error of the model can be balanced
(Figure 4.6), demonstrating the feasibility of the model.

It is common to propose such a question: how do we know the propagation mech-
anism from the novel model presented in this chapter? It is important and necessary
that the propagation model should contain mechanism information in it. In the fol-
lowing content, these issues are discussed. It is interesting to note that the number
of support vectors is closely related to the specificity of the propagation. Figure 4.7
gives the sparsity of the model for large-scale fading under specific body posture. It
can be seen that the novel model is stable.

4.3.2 Sparse on-body UWB channel estimation

It is known that the on-body UWB channel satisfies sparsity condition [3,17],
such propagation characteristic creates conditions for applying compressive sensing
strategy. The aim of this part of the chapter is to recover the impulse response of the
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corresponding UWB channel. It is well known that the transmitting signal fora UWB
system is [18]:

s)=d)y®p() tel0,Ty), 4.7)

where the pulse excitation and the monopulse are all contained. To better illus-
trate the channel recovery process, we use two steps to accomplish channel
estimation.

For the first step of channel reconstruction, we do not consider actual radio chan-
nels. The premise of sparse channel estimation is that the Finite Impulse Response
(FIR) filter system is similar to a Compressive Sensing (CS) framework. By compar-
ing the convolution process of FIR filter with basic framework of CS presented in
Section 4.2.2, the orthonormal basis, the sparse vector, and the measurement matrix
can be obtained. The variable for CS framework is given in Figure 4.8.

In Figure 4.9, the output signal of ADC is characterized. Due to lower speed of
sampling, the time interval has been changed. Finally, the result of /; reconstruction
is shown in Figure 4.10. At this point, we have finished step one of on-body UWB
channel estimation.

For the second step of UWB on-body channel estimation, the real impulse
response is taken into consideration. The experiment process is similar to the mea-
surement setup presented in Section 4.3.1.1. The reconstruction result is given in
Figure 4.11. Due to the effect of human body, disorder of the impulse response can
be clearly observed.
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Figure 4.8 Variable for CS framework © 2015 (Reproduced by permission of the
Institution of Engineering & Technology [8])
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4.4 Statistical learning technique and its application in BWCS

4.4.1 Small-sample learning and background

It has been mentioned in previous sections that only limited samples can be collected
for BWCS. One may easily realize that it will increase the difficulty of extracting
useful information from available results. Fortunately, it has been demonstrated that
such a problem can be safely solved by applying statistical learning technique, which
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Figure 4.12  Small-sample problems in BWCS and their solutions

stresses small-sample-size problems [19] (Figure 4.12). In traditional channel model
acquisition methods, least square fitting technique is usually utilized to obtain envi-
ronmental factors. However, when sample size is small, support vector technique
should be introduced to enhance the characterization accuracy. In the next section,
the authors would like to use small-sample learning technique to characterize the
relationship between obesity and on-body narrowband channels.
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4.4.2 Example of support vector regression

In this part, we apply small-sample learning technique to Finite Difference Time
Domain (FDTD) based on-body channels to explore the relationship between obesity
factors and propagation factors. It is worth mentioning that in the process of parameter
optimization, ten-folded cross-validation, rather than leave-one-out cross-validation,
was applied. The result of parameter optimization using Radial Basis Function (RBF)

kernel is given in Figure 4.13.

To optimize the searching result, a standard particle swarm algorithm was used;
velocity and position are updated using standard equations (Figures 4.14 and 4.15).
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To characterize the obesity’s effect more completely, RBF kernel and poly kernel
are both used to establish the regression model. It is worth mentioning that different
confidence bands are used for the two kernels; and the pointwise confidence band
is narrower. Finally, it is found that, for both kernels, the obesity’s effect on the
narrowband on-body channels is almost the same.

4.5 Conclusion

In this chapter, sparse characterization of BWCS is discussed. First of all, a novel
sparse non-parametric model is proposed to characterize BWCS channels, it has been
demonstrated that it is an important supplement to the existing parametric models;
and then, compressive sensing technique is applied to the on-body UWB channel
estimation, the impulse response of the channel is perfectly reconstructed; finally,
particle swarm optimization based support vector regression technique is used to
explore obesity’s effect on the on-body narrowband wireless channels. This chapter
provides readers a totally new angle of view of looking at the current channel mod-
elling technique in BWCS; thus will be beneficial to the ones who aim to develop
new radio channel models for BWCS.
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Chapter 5

Antenna/human body interactions in the 60 GHz
band: state of knowledge and recent advances

Maxim Zhadobov*, Carole Leduc*, Anda Guraliuc*,
Nacer Chahat', and Ronan Sauleau*

5.1 Introduction

Body-centric wireless networks constitute an extremely attractive next-generation
wireless technology representing a cognitive interface to higher-level networks
(WPAN, WLAN, WMAN, etc.). These emerging systems open new possibilities in
the fields of wireless communications, remote monitoring and sensing of the human
body activity, and detection and localization for a great number of applications (med-
ical, entertainment, defence, smart homes and cities, sport, etc.). They could also play
a key role in wireless sensor networks and internet of things (IoT) whose economic
impact is growing exponentially. Body-centric wireless networks have emerged as an
alternative or add-on to traditional wired network systems (e.g. in medical environ-
ments), and new exciting applications are now under development (e.g. high-data-rate
body-to-body streaming, remote monitoring of patients at home).

The upper limit of the spectrum used for wireless networking has been recently
progressively shifting towards the millimetre-wave (MMW) band due to the increasing
need in network capacity and high data rates [1]. Wireless data traffic is rising expo-
nentially (nearly a tenfold increase in traffic is expected from 2014 to 2019 according
to the Cisco global mobile data traffic forecast (Figure 5.1) [2], mainly driven by
video streaming applications and cloud computing). Recently, the 60 GHz band has
been identified as highly promising for body-centric wireless communications includ-
ing body-area network (BAN) technologies. One of the main features differentiating
the 60 GHz BAN from a lower frequency BAN is confidentiality and low interfer-
ence with neighbouring networks, which has been demonstrated to be crucial for
body-centric and inter-BAN communications [3], for instance in military scenarios
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Rennes 1, 11D, 263 Avenue du G. Leclerc, 35042 Rennes, France
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Figure 5.1 Global mobile traffic forecast by 2019 [2]

where communication security is vital [4]. Limited operating range in this band (e.g.
shifting the frequency from 70/80 GHz to 60 GHz decreases the operating range
from 3 km to 400 m [5]) is mainly related to the strong oxygen-induced atmospheric
attenuation (typically 16 dB/km). Besides, high data rates can be achieved [beyond
several Gb/s], which is extremely attractive to support the increasing demand in data
traffic and high-data-rate transmissions. To address these needs, IEEE 802.11 NG60
group was formed in 2014 aiming at significantly increasing the data rates in the
60 GHz frequency band in a backwards compatible way to IEEE 802.11ad. In addi-
tion, the 60 GHz band provides other advantages, such as miniature size of antennas
and sensors compared to their counterparts in the lower part of the microwave spec-
trum. Today, MMW circuits and antennas can be implemented with a high-level
integration and reasonable cost. Finally, this band provides high accuracy that can
be beneficially used for high-resolution localization (this can be exploited for new
applications, such as immersive video games).

The implementation of 60 GHz technologies, including body-centric applica-
tions, is an unavoidable evolution of wireless networks, and first commercial solutions
are now emerging for WPAN (e.g. Dell Latitude 6430u, first ultrabook using
Qualcomm/Wilocity 60 GHz chipset). The 60 GHz band is unlicensed, meaning that
no application for license has to be made prior to the deployment of a service operating
in this band. Different spectra are allocated depending on countries (e.g. 57—-66 GHz in
Europe, 57-64 GHz in North America and South Korea, 59.4-62.9 GHz in Australia,
and 59-66 GHz in Japan [6]). Note that the available bandwidth is hundreds times
higher compared to existing wireless technologies at lower microwave frequencies.

A massive deployment of wireless devices equipped with 60 GHz Tx/Rx modules
is foreseen in coming years. The corresponding new usages and services (some exam-
ples are provided in the next section) will unavoidably involve coupling of radiating
devices with the human body, both in terms of the body impact on wireless device
performances and in terms of user exposure. This includes the near-field interactions
of wearable and mobile devices operating in the vicinity of the human body. This
chapter provides a comprehensive overview of basic features and recent advances in
the field of antenna/human body interactions in the 60 GHz band.
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5.2 Emerging body-centric applications at millimetre waves

This section summarizes several representative application examples and potential
use cases of 60 GHz technologies involving the interaction of radiating structures
with the human body in different contexts.

5.2.1 Heterogeneous mobile networks

Next-generation heterogeneous cellular mobile networks (5G) are expected to be
implemented by 2020. They will take advantage from the wide unlicensed frequency
bands, including the 60 GHz band, to allow flexible spectrum usage as well as peak
capacities above 10 Gbit/s, achieving tens to hundreds of times more capacity com-
pared to current 4G cellular networks. The MMW mobile broadband system will be a
part of 5G design. It will be used for user access, backhaul and fronthaul applications,
meshed relay implementations, potentially sharing the same radio resources. MMW
technologies are expected to be integrated within miniature high-data-rate small-cell
access points connected to a cellular network through optical fibre or MMW wire-
less backhaul (Figure 5.2) to support massive data exchanges for mobile users with
low latency, low interferences, high quality of service, and low power consumption
per bit. Expected user exposure scenarios mainly include phone call (smartphone
close to the head), browsing (smartphone in front of the head), and access point
(mainly whole-body exposure) (Figure 5.3). In particular, it is expected to be used in
dense urban environments meaning that multi-source exposure scenarios are likely.
Many R&D projects are now ongoing to support and contribute to the development
of heterogeneous 5G networks (e.g. large-scale MiWaves project supported by EU
specifically focused on the integration of MMW technologies in 5G and bringing
together academics, industry, and mobile operators [7]).

Base station
Access /
point '

0
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& &

4G mmW

macro-cell Backhaul small cell

Figure 5.2 60 GHz technologies within the 5G networks architecture — image
courtesy of MiWaves project [7]
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Figure 5.3 Expected user exposure scenarios at 60 GHz within 5G networks.
(a) Phone call, (b) browsing, and (c) access point — image courtesy of
MiWaves project [7]
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5.2.2 Body-to-body secured communications

Besides, 60 GHz smart antenna technology is suitable for communications in military
context such as relay information on situational awareness, tactical instructions, and
covert surveillance in situations where high-speed, short-range, soldier-to-soldier
wireless communications are required. The concept of a soldier-to-soldier mobile
ad-hoc wireless networks (MANET) was introduced in Reference 4 together with
technologies that could be used to provide high-speed wireless networking for dis-
mounted combat personnel. The concept of a short-range soldier-to-soldier MANET
is represented in Figure 5.4. Here a small team of co-located infantry troops is wire-
lessly connected to facilitate high-speed communications within an urban warfare
environment. One of the main benefits of the proposed 60 GHz concept is that the
communications are secure, with a low probability of detection and interception.
Besides, a feasibility study of a V-band wireless network optimized for intercon-
necting various subsystems worn by a soldier has been presented in Reference 8 for
different postures demonstrating that it is possible to establish a BAN with reliable
coverage to specified nodes using auxiliary nodes.

5.2.3 Radar-on-chip for gesture and movement recognition

In 2015, Google introduced a 60 GHz radar-on-chip technology for the accurate ges-
ture and movement recognition [9]. A radar is used to enable touchless interactions
where the human hand becomes an intuitive interface for manipulating electronic
devices. The sensor can track sub-millimetre motions at high speed and accuracy. It
fits onto a chip, can be produced at scale, and can be used inside small wearable
devices. Two chips have been introduced, a 9 mm? one using pulse radar and 11 mm?
chip using continuous signal radar. In the presented application example, the radar
illuminates a hand and tracks the hand and fingers movements by processing the
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Figure 5.5 60 GHz radar-on-chip for motion recognition from Google [9] — image
courtesy of Google ATAP

received signal (Figure 5.5). The target applications include controlling small-screen
wearable devices, for instance by remotely zooming the picture on the screen or
changing the hour of a smartwatch by a motion of fingers in free space.

5.2.4 e-Health monitoring and medical applications

While MMW technologies have not been directly employed for e-Health appli-
cations so far, promising potential of this band for high-data-rate diagnostic
systems was discussed in Reference 10 introducing possible architectures of patient-
centric and hospital-centric systems. Through several examples the authors demon-
strate that multi-Gb networks integrating 60 GHz technologies will allow real-time
high-speed transfer of patient-related data (e.g. HD video streaming or high-resolution
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MRI scans) to local and remote locations. Besides, some concepts of using V-band
technologies for medical purposes have been proposed including sensing of vital
parameters and thermal therapy. For instance, Glucowise concept has been recently
introduced for the fast non-invasive monitoring of the glucose level [11]. It consists
in monitoring the through-tissue transmission at locations where the tissue thickness
does not exceed several millimetres (e.g. between the thumb and forefinger or at the
earlobe), and the received signal is correlated to the glucose level in the blood. The
announced operating frequency is around 65 GHz explaining the choice of the appli-
cation points with an acceptable through-tissue attenuation. The sensors are expected
to have integrated nano-composite films enhancing the transmission by reducing the
reflections from skin [12]. Measured data are digitally encrypted and then transmitted
through Bluetooth to a smartphone or tablet. Another recently introduced potential
application is related to the thermal therapy such as hyperthermia or ablation. For such
applications, currently used operating frequencies are limited to about 10 GHz, and it
has been demonstrated that 10-100 GHz band can be advantageously used to the local
selective heating of the skin layers using enforced air cooling of the skin [13]. This
opens a new potential, for instance for the local non-invasive treatment of melanoma.

5.3 General features of interaction of millimetre waves
with the human body

From the viewpoint of interaction with the human body, the 60 GHz band, origi-
nally absent from the natural environmental spectrum, is substantially different from
microwave frequencies currently employed in most wireless communication systems
(mainly 900 MHz to 10 GHz). The power transmission coefficient in human tissues is
higher at MMW compared to microwaves, and therefore more electromagnetic (EM)
energy is transmitted to the body. The penetration depth to the body is much smaller
and mainly limited to skin and cornea. As a result, the power absorption is more
localized, resulting in much higher values of the specific absorption rate (SAR) (i.e.
roughly 25 W/kg for the incident power density (IPD) of 1 mW/cm? at 60 GHz). Due
to these high SAR levels, significant heating (>0.1°C) may appear even for relatively
low IPD (>1mW/cm?). These fundamental aspects of MMW interactions with the
human body are reviewed in detail in this and next sections.

5.3.1 Target organs and tissues

Above 30 GHz, the EM power absorbed by the human body is superficial (penetration
depth is 1 mm or less), mainly due to the strong relaxation of free water molecules
occurring at these frequencies. In particular, at 60 GHz, typical penetration depth
to the biological tissues is around 0.5 mm, and more than 90% of the EM power
transmitted to the body is absorbed by skin. Therefore, the main target organs of
MMW are eyes and skin. Exposure of eyes leads to the absorption of the EM energy
by the cornea with a free water content of 75% and thickness of about 0.5 mm.
Hereafter, we will essentially consider the interactions with skin as it covers 95% of
the human body surface, and it is the most exposed organ in all above-considered
scenarios. From the EM viewpoint, the skin is an anisotropic multi-layer dispersive
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structure made of four different layers, namely the stratum corneum (SC, consisting of
dead cells with a low water content, its thickness ranges from 10 to 40 m), epidermis
(50-pwm thick on the eyelids and up to 1.5-mm thick on the palms and soles), dermis
(thickness 300 wm on the eyelid up to 3 mm on the back), and subcutaneous fat layer
(thickness 1-5.6 mm). The skin also contains capillaries and nerve endings. It is
mainly composed of 65.3% of free water, 24.6% of proteins, and 9.4% of lipids [14].
Note that the water content of tissues may vary with age impacting their EM properties.

5.3.2 EM properties of tissues

The knowledge of the EM properties of the human skin is essential to understand the
field behaviour close to or inside the human body. Available data for the effective
complex permittivity of skin at MMW, in particular above 50 GHz, are very limited
due to technical difficulties associated with measurements [15]. Around 60 GHz,
the dispersive EM properties of biological tissues are mainly related to the rotational
dispersion of free water molecules [16]. Skin permittivity data reported in the literature
so far strongly depend on the measurement technique, type of study (in vivo or in vitro),
experimental conditions (e.g. skin temperature, location on the body, thickness of
different skin layers, etc.).

The first data on the skin permittivity around 60 GHz were reported by Gandhi
and Riazi [17]. An extrapolation of the measured data on the rabbit skin at 23 GHz
using a Debye model was performed at 60 GHz. Gabriel ef al. reported the complex
permittivity of the human skin up to 110 GHz, based on an extrapolation of measured
data performed up to 20 GHz [18]. Two skin models have been considered: wet skin
and dry skin. The dry skin model represented the human skin under normal envi-
ronmental and physiological conditions (7" ~ 32.5°C). The corresponding broadband
dispersive behaviour of the complex permittivity obtained using the first-order Debye
model is illustrated in Figure 5.6. Today, this is the most used model and, according
to the authors’ experience, provides in most of the cases a good agreement with the
human skin.
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Figure 5.6  Complex permittivity of the dry skin around 60 GHz
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Table 5.1 EM properties of skin at 60 GHz

Complex Temperature [°C] Method Reference
permittivity

In vivo
7.98 —;-10.90 32.5 Extrapolation  Gabriel [18] (dry skin)
8.12—4-11.14 325 Measurement ~ Alekseev [20]
8.02 —;-10.05 32.5 Measurement  Chahat [21]

In vitro
8.89 —;-13.15 37 Extrapolation  Gandhi [17]
10.22 -;-11.84 37 Extrapolation  Gabriel [18] (wet skin)
9.90 -;-9.00 23 Measurement  Alabaster [19]
13.2-;-10.30 37 Extrapolation  Alabaster [19]

Since 2000s, a few reports completed these data (Table 5.1). Alabaster performed
in vitro studies on human skin samples, and the dielectric properties were obtained
using a free-space technique in the 60—100 GHz frequency range [19]. Alekseev and
Ziskin characterized the EM properties the human forearm and palm skin by reflection
measurements with an open-ended waveguide [20]. Homogeneous and multi-layer
models were proposed to fit the experimental data. The latest results come from
Chahat et al. who used an open-ended coaxial probe and a new temperature-based
method to measure human skin EM properties [21, 22]. In the later method, forearm
skin was exposed at 60.4 GHz using an open-ended waveguide and continuous wave
signal. Temperature distribution was recorded using an infrared camera. By fitting
the analytical solution of the bioheat transfer equation to the experimental heating
kinetics, the values of the power density (PD) and penetration depth were found and
used to retrieve the complex permittivity of skin described by Debye equation.

Important variations exist among the reported data. This may be related to:
(1) temperature variations (e.g. 23°C [19] and 37°C [17] while the skin temperature
under normal environmental conditions is around 32.5°C); (2) water content of
in vitro skin samples that might vary depending on the measurement protocol.
More realistic skin permittivity models are expected from in vivo measurements
(i.e. Gabriel et al. [18] (dry skin), Alekseev and Ziskin [20], and Chahat ef al. [21]).
Note that the best agreement is observed among these three sets of data.

5.4 Plane wave illumination at the air/skin interface

In order to understand the basic phenomena occurring when MMW impinge on the
human body, we consider here an incident plane wave at the interface of a flat skin
model with the EM properties illustrated in Figure 5.6. If not stated otherwise, a semi-
infinite dry skin model is considered. Since the penetration into skin in the 60 GHz
band is limited to a fraction of a millimetre and the wavelength is smaller compared
to the typical dimensions of the human body, results obtained for the flat model can
be extrapolated to the most of practical exposure scenarios.
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Figure 5.7 Power reflection and transmission coefficients in the 50-90 GHz range
for the normal incidence
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Figure 5.8 Polarization: (a) TM mode and (b) TE mode

5.4.1 Reflection and transmission

The power reflection and transmission coefficients computed for a normally incident
plane wave are represented in Figure 5.7 in the 50-90 GHz range. At 60 GHz, roughly
37% of the incident EM power is reflected and 63% penetrate to the body. Note that,
in the 50-90 GHz frequency range, the change in power reflection and transmission
coefficients is within 10%; for the 57—66 GHz range it is within 2%.

Power transmitted to the body varies significantly depending on the polarization
and angle of incidence. Any incidence can be represented as a superposition of two
modes illustrated in Figure 5.8: (a) TM mode or parallel polarization (£ field is
parallel to the plane of incidence), (b) TE mode or perpendicular polarization (£ field
is perpendicular to the plane of incidence). Figure 5.9 represents the power reflection
and transmission coefficients for both polarizations at three different frequencies
around 60 GHz, namely 57 GHz, 60 GHz, and 66 GHz. Transmission to the skin is
higher for the parallel polarization. While dispersive EM properties were used for
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Figure 5.9 Power reflection and transmission coefficients in the 57—66 GHz range:
(a) TM mode and (b) TE mode

the computations, the differences within the 57-66 GHz are insignificant. Note that
results may change depending on the EM properties of skin (Table 5.1); data for
different models are provided and discussed in Reference 23.

To investigate the impact of the multi-layer skin structure on the reflection from
and transmission to the skin, two- and three-layer planar skin models were considered.
They consist of: (1) SC above homogeneous skin and (2) SC/epidermis (E) and dermis
(D)/fat. The typical properties of the layers are summarized in Table 5.2. Both two- and
three-layer models demonstrate that the power reflection and transmission coefficients
are similar to those of the homogeneous model (Figure 5.10). This suggests that
reflection at the air/skin interface, and transmission to skin can be well described by a
homogeneous model. Therefore, it can be used to study the impact of the presence of
the human body on an on-body antenna performances as well as for the assessment
of the body-centric propagation channel.
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Table 5.2 Homogeneous vs. multi-layer skin models at 60 GHz

Layers Permittivity Conductivity [S/m] Thickness [mm]
Homogen. skin [18]  7.98 36.4 -
SC [24, 25] 2.96 10~* 0.015
E+ D [24] 8.12 1.4 1.45
Fat [18] 3.13 2.8 1
1r 11
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Figure 5.10 Power reflection and transmission coefficients at 60 GHz for

(a) TM and (b) TE modes at the air/skin interface — comparison
between homogeneous and multi-layer skin models
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Figure 5.11 Attenuation of PD in the skin at 60 GHz compared to 74 GHz and
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5.4.2 Absorption

Figure 5.11 shows the attenuation of PD at different frequencies (60 GHz, 74 GHz,
and 84 GHz) calculated for the normal incidence. The power transmitted to the body
decreases exponentially in skin as a function of depth, and peak PD inside skin
increases with frequency as absorption becomes more localized. Assuming that the
average epidermis thickness is 0.1 mm, about 40% of the incident power reaches
dermis and only 0.1% the fat layer [23]. Figure 5.12 shows the attenuation of PD
as a function of the angle of incidence for TM and TE polarizations. Note that the
maximum values are obtained for the normal incidence, and the attenuation of IPD
is stronger for TE polarization compared to TM.

Alekseev et al. compared homogeneous and multi-layer skin models [24]. They
demonstrated that the PD and SAR profiles in skin with a thin SC (e.g. 15 uwm at
forearm) are almost identical for homogeneous and multi-layer models. Indeed, the SC
containing little or no free water, and having a low permittivity, can be considered as
a lossless very thin dielectric film in contact with the medium of a higher permittivity.
For the locations with thinner SC (e.g. at palm the thinness can reach 0.43 mm), this
layer may impact PD and SAR distribution. Internal reflections from the fat layer
are too small to notably change the PD and SAR distributions in the dermis close to
the fat layer. As in most of the BAN-related scenarios, the body regions of interest
have much lower SC thickness compared to palm, in majority of the practical cases a
homogeneous skin-equivalent phantom can be used for exposure dosimetry.

5.4.3 Impact of clothing

In body-centric applications, it is important to account for the effect of clothing and
possible impact on the antenna/body interactions. The impact of various fabrics as
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well as of the clothing—skin air gap on the transmission coefficient was studied for
a normally incident plane wave [26]. In particular, a change of transmission coef-
ficient ranging from 10% to 18% depending on the EM properties of textiles was
demonstrated (maximum deviation of transmission occurs for the highest value of
relative permittivity). In Reference 23, clothing thickness and air gap impacts were
assessed analytically for a plane wave impinging on a multi-layer structure, namely a
three-layer model (skin/clothing/air) and four-layer model (skin/air gap/clothing/air).
Gabriel’s data and dry fleece permittivity (¢ = 1.25 4 - 0.024) were used to repre-
sent skin and textile EM properties, respectively. The transmission coefficient was
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computed for a typical range of clothing thickness between 0 mm and 1.2 mm. The
transmission coefficient slightly increases with the clothing thickness (Figure 5.13).
However, the presence of an air gap between clothing and skin results in a decrease
of the power transmitted to the skin.

5.4.4 Heating

At 60 GHz, small penetration depth to biological tissues results in SAR levels sig-
nificantly higher compared to those obtained at microwaves at identical PD. This
local absorption may result in a significant heating for medium- and high-power
exposures. The steady-state distribution of the temperature increments for IPD of
1 and 5 mW/cm? is represented in Figure 5.14. These data correspond to an analytical
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Figure 5.14 Temperature rise for a homogeneous skin model exposed to a plane
wave at 60 GHz [23]. © 2011 Cambridge University Press (reprinted
with permission)

solution of the 1D bioheat transfer equation [27]. The results suggest that the max-
imum temperature rise on the body surface due to the exposure at 60 GHz can be
roughly estimated as IPD [in mW/cm?] divided by 10. Note that heating due to local
MMW exposure affects not only skin but also subcutaneous tissues including fat and
muscles. Therefore, in contrast to the EM dosimetry, for an accurate assessment of
thermal effects, a multi-layer model should be used. However, it is important to stress
that MMW heating is different from microwaves that penetrate deeper into the tis-
sues and represents a volumetric heating source. MMW induced heating is similar to
superficial heating induced by other conventional sources, such as exposure to sun or
touching a hot object.

Parametric study performed by Kanezaki et al. [28] demonstrated that the temper-
ature distribution induced by a MMW exposure strongly depends on the geometry and
thermal properties of the multi-layer model. In particular, they demonstrated that the
surface temperature elevation in a three-layer model was 1.3-2.8 times greater than
that in single model due to the thermally insulating nature of the fat layer. Furthermore,
Alekseev and Ziskin [29, 30] demonstrated that heating is strongly related to the blood
flow in skin that depends on the environmental temperature and physiological con-
ditions. It was shown that, depending on these parameters, steady-state temperature
increments may vary by a factor of 3. Nelson ef al. [31] also demonstrated that heating
is affected by various environmental conditions (such as perfusion, convection, and
sweat rate), but it is not significantly affected by the metabolic rate. In a recently
published report, Wu ef al. [32] also highlighted that the MM W-induced heating can
be increased by almost two times due to the presence of clothing.

Finally, it is important to underline that temperature increments (typically below
0.5°C) induced by PD below current international exposure limits (summarized in
the next section) are lower than environmental temperature fluctuations. Note also
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that the average skin temperature is around 32.5°C while the threshold of the pain
sensation in humans is around 43°C, and thermal injuries occur only above 43—45°C
(depending on the heating duration) [33].

5.5 Exposure limits: guidelines and standards

Wireless devices, including 60 GHz body-centric technologies, should comply with
the exposure limits established to protect humans against biological and health effects
that might be potentially adverse. To this end, a number of organizations at the
international and national levels issued exposure recommendations, guidelines, and
standards. These limits are intended to apply to all human exposures except expo-
sure of patients undergoing procedures for diagnostic or treatment. In this section,
we first introduce the most appropriate dosimetry metrics at MMW and then discuss
ICNIRP and IEEE recommendations used as a reference for most of local regulations
worldwide.

5.5.1 Dosimetry metrics

The major dosimetric quantities at MMW are IPD, SAR, and temperature. They are
detailed hereafter.

1) Incident power density (IPD). This is the main exposure characteristic adopted
by most of international guidelines and standards in the 60 GHz band. The IPD
is defined as:

P > o

IPD=—-=|ExH

S

where P is the incident power, S is the exposed surface area, and E and H are the

rms values of electric and magnetic field strengths, respectively. Under far-field

exposure conditions it can be determined numerically or based on E or H field
measurements and free-space wave impedance 7 as:

(5.1)
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Note that, in contrast to SAR or temperature, exposure assessment based on IPD
does not rely on knowledge of the distribution of fields or power absorption in
the tissues but only on the density of power propagating towards the tissue. For
a given transmit antenna, it can be also calculated as:

_ GP,
 dnd?
where G is the antenna gain (linear scale), P, is the total power radiated by

the antenna, and d is the distance from the antenna to the observation point.
However, under near-field exposure conditions, especially in the reactive zone

IPD (5.3)
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where antenna performances in presence of the body are different from those
in free space, its determination is more challenging as it is not always pos-
sible to distinguish the incident from total field (i.e. incident plus scattered
field). In this case, an equivalent plane-wave IPD (eIPD), determined based
on the SAR or temperature assessment, can be used. One of possible defi-
nitions of eIPD is the following: it is IPD of normally incident plane wave
inducing the same SAR or temperature as the considered transmit antenna or
device. For completeness, space-averaging issues should be also taken into
account together with the exposure duration related aspects in case of the transient
temperature.
Specific absorption rate (SAR). The SAR is a quantitative measure of power
absorbed per unit of mass and time. In contrast to IPD, it also takes into account
the physical properties of exposed samples:
o2
p OE dr
SAR = — = =C —
m 0 dt

(5.4)

t=0

where m is the tissue mass, o is its total conductivity, and p is its mass density.
C is the heat capacity, and T is the temperature. Whole-body averaged or local
10-g averaged SAR are usually used as dosimetric quantities at microwaves. How-
ever, at MMW, where most of the energy is absorbed in the few outer millimetres
of tissue, using local 10-g or 1-g averaged SAR as a metric is meaningless. How-
ever, as mentioned above, SAR can be used as an intermediate parameter to
retrieve eIPD.

Steady-state and/or transient temperature (T). As MMW energy absorption
results in heating, especially in case of medium- and high-power exposures,
temperature is an important parameter linking the exposure metrics that can be
found by post-processing based on temperature recordings with potential impacts
at the level of tissues, organs, or whole organism. Some authors suggested that
temperature should be used as a dosimetric quantity at MMW (e.g. [32]). How-
ever, its use for the low-power exposures dosimetry might be challenging as this
would require using very sensitive temperature measurement techniques and/or
multi-physics computations.

5.5.2 Exposure limits

Exposure limits recommended for the 60 GHz band by the International Commission
on Non-lonizing Radiation Protection (ICNIRP) [34] and by Institute of Electrical
and Electronics Engineers (IEEE) in Std. C95.1 [35] are summarized in Table 5.3.
The limits are provided in terms of IPD. Under far-field exposure conditions, the
corresponding electric and magnetic field values can be found using (5.2). Additional
safety margin of x5 is applied to the general public compared to the occupational
exposure in ICNIRP guidelines, while in IEEE Std. C95.1 it is of x 10 for controlled
environments. It is important to stress that limits provided in Table 5.3 should be
averaged over a certain area, and for local exposures (averaged over 1cm?) very
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Table 5.3 ICNIRP and IEEE exposure limits for general public and occupational
exposure at 60 GHz

Exposure IPD E field H field Averaging
[mW/em?] [V/m] [A/m]

Surface [cm?] Time [min]

ICNIRP Occupational 5 137 0.36 20 0.92
exposure 100 - - 1 0.92
General 1 61 0.16 20 0.92
public 20 - - 1 0.92

IEEE Controlled 10 - - 100 0.36

Std. C95.1 environment 100 - - 1 0.36
General 1 - - 100 3.6
public 20 - - 1 3.6

high field values are permitted (up to 20 mW/cm? for the general public). This means
that any wireless device with the radiated power below 20 mW automatically complies
with these limits. Note that time averaging is also involved meaning that, for a realistic
signal, allowable peak radiated power can be even higher.

In relation to the emerging body-centric 60 GHz applications, it is important
to underline that current regulations do not provide any recommendations for near-
field exposures at MMW. In particular, ICNIRP guidelines only state that “Exposures
in the near-field are more difficult to specify, because both £ and H fields must
be measured and because the field patterns are more complicated”. To the best of
our knowledge, today there is no any formal guideline providing standard numerical
and/or experimental procedure for exposure compliance testing of MMW devices
operating in the 60 GHz band and involving exposure of the human body under near-
field conditions.

ICNIRP and IEEE limits, used as a basis for regulations in most of European
countries and in United States, are science based meaning that they take into account
all scientifically demonstrated well-established biological and health effects. Some
countries (e.g. Switzerland and Italy) adopted lower exposure limits compared to
those discussed above due to the precautionary principle.

5.6 Antennas for body-centric communications

Antennas are a key element in design of a body-centric wireless system. First MMW
antennas for body-centric communications in the 60 GHz band were reported in 2011,
and since that time several antenna prototypes have been introduced for both on- and
off-body communications. Here, these antennas are presented, and their performances
are reported both in free space and on body.

On-body antennas should be compact, light-weight, and low profile, possibly
conformal to the body surface and allowing the integration with clothes and garments.
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They have to be efficient, with minimal power absorption inside the human body,
which behaves as a highly lossy dispersive dielectric material at MMW. Radiating
structures placed on or close to the human body may experience detuning, radiation
pattern distortion and changes in the input impedance and efficiency. To operate
robustly close to the human body and minimize the user exposure, the coupling of
antennas with the human body has to be minimized whenever possible.

5.6.1 On-body communications

Antennas for on-body communications should radiate along the body with the elec-
tric field normal to the body surface to maximize the coupling between body-worn
devices. Previous studies showed that a monopole antenna is a very good candidate
for on-body communications at lower microwave frequencies [36], but it does not
provide high enough gain required in the 60 GHz band. Note that in this band the
on-body propagation loss is very high; typical path loss on the human body is of
57-88 dB, depending on the link [37]. High antenna gain (above 12—13 dBi) is there-
fore required making end-fire antennas appropriate candidates for on-body MMW
communications.

Several on-body antenna solutions have been reported in the 60 GHz band.
Among available solutions, Yagi-Uda antennas offer a good trade-off in terms of
size and gain performance compared to other end-fire antennas, such as tapered-slot
antennas. Three Yagi-Uda antenna array designs were proposed (Figure 5.15):

e Yagi-Uda antenna on a 0.254-mm-thick RT Duroid 5880 substrate (e, =2.2,
tan § = 0.003) with 12 dBi gain covering 55-65 GHz range [38]. The design is
similar to the one presented in Figure 5.15a.

e Textile Yagi-Uda antenna, fabricated on a 0.2-mm-thick fabric substrate with
e, =1.5and tan § = 0.016, demonstrating 11.9 dBi gain and covering 57-67 GHz
band [39] (Figure 5.15a).

e SIW Yagi-Uda antenna consisting of a row of vias, acting as directors, placed
in front of the output of a substrate integrated waveguide (SIW), with 12.5 dBi
measured gain and 1 GHz bandwidth [6] (Figure 5.15b). RT/Duroid 5880 with a
thickness of 0.787 mm is used as a substrate.

e Four-array Yagi-Uda antenna printed on a 0.127-mm-thick RT/Duroid 5880
substrate with a 15 dBi gain and 5 GHz bandwidth [40] (Figure 5.15c).

Two other candidates for on-body communications in the 60 GHz band were
reported (Figure 5.16). Brizzi et al. reported a woodpile antenna consisting in a reso-
nant cavity fed by a monopole-like feeding source [41] (Figure 5.16a). The woodpile
structure improves the gain by a more than 5 dB compared to a conventional monopole
antenna. Recently, a disc-like antenna covering 59.3—63.4 GHz band has been reported
[42] (Figure 5.16b). Its radiation is mainly in the plane of substrate making this struc-
ture an appropriate candidate for on-body communications. The gain of the antenna
is of 6.7 dBi for the antenna placed 5 mm from the body. In contrast to Yagi-Uda
antennas, these two antennas are rather complex to fabricate and bulky.
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Figure 5.15 Yagi-Uda antennas for on-body communications: (a) textile antenna
[39] © 2012 IEEE; (b) SIW antenna [6] © 2013 IEEE; and (c) four
arrays antenna [40] © 2011 Wiley

5.6.2 Off-body communications

Medium-gain antennas (typically 10—13 dBi) are often required for off-body com-
munications. In controlled environments, line-of-sight channels can be efficiently
exploited using medium-gain passive antennas, whereas directive beam steering
antennas might be desirable for non-line-of-sight adaptive channels to comply with the
power link budgets. Patch antennas have been identified as one of the best solutions for
off-body communications [43]. They are simple, compact, low-profile, light-weight,
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(b)

Figure 5.16 Other antennas for on-body communications: (a) woodpile antenna
[6] © 2013 IEEE and (b) disc-like antenna [42] © 2014 IEEE

low-cost, and allow maximizing radiation towards the opposite side of the human body
while reducing radiation towards the body. However, in contrast to lower frequencies,
at MMW the influence of spurious waves due to the feeding lines on radiating patterns
cannot be neglected.

Two 60 GHz patch antennas were introduced in Reference 44, and one of them
was optimized to operate on a textile. A simple microstrip patch antenna was designed
to achieve a maximum gain (i.e. 6 dBi gain in free space) (Figure 5.17a). It is printed
on a 127-pm-thick RT Duroid 5880 substrate and covers 59.4—60.9 GHz band in free
space. The bandwidth is only slightly affected by the human body presence (i.e. it is
shifted by 0.2 GHz towards higher frequencies). The radiation pattern remains stable in
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Figure 5.17  Patch antennas for off-body communications [44]: (a) microstrip
patch antenna and (b) aperture-coupled patch antenna. © 2014
Chahat et al.

the direction opposite to the human body. Optimized aperture-coupled patch antenna
covering 59—-61 GHz band with 6.2 dBi gain in free space (6.7 dBi on body) is shown
in Figure 5.17b. In this case, the reflection coefficient S}, is almost insensitive to the
presence of the human body. However, the peak SAR is 40 times higher compared
to the microstrip patch antenna due to the location of the feeding line below the
ground plane. To avoid high exposure levels in case of the aperture-coupled antenna,
the feeding line could be sandwiched between two substrates with top and bottom
grounds.

To enhance the gain while preserving acceptably small antenna size, patch
antenna arrays may be beneficially used. A 12 dBi gain microstrip-fed 2 x 2 patch
single-layer antenna array printed on 127-pm-thick RT Duroid 5880 substrate was
introduced in Reference 45. It covers the 59—65 GHz band both in free space and on
body. The antenna radiation performances at broadside are nearly insensitive to the
presence of the body, mainly thanks to the ground plane shield.

A similar antenna array was designed and fabricated using a copper foil
deposited on a 0.2-mm-thick textile (¢, =2.0, tan§ = 0.02). In figure 5.18, flexible
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Figure 5.18 Microstrip antenna array printed on the cotton textile: (a) layout and
(b) antenna prototype on a flat-skin-equivalent phantom [46]. © 2013
IEEE

Shieldlt Super™ electrotextile was used for the ground plane. The announced fab-
rication accuracy is around 10 wm. While it covers the 57-65 GHz band, its gain
is reduced from 12 dBi to 8 dBi and efficiency drops from 60% to 40% compared
to the antenna array on a classical substrate. Bending has a small impact on the
reflection coefficient and gain of the textile antenna. Under crumpling conditions,
the antenna characteristics also remain satisfactory (the gain drops by 1 dB, and the
antenna remains matched over the 57-65 GHz range).

5.7 Experimental skin-equivalent models

Experimental tissue-equivalent phantoms have been extensively used in research
and compliance testing for the analysis of antenna’/human body interactions, but
also to study wave propagation around and inside the human body. Such phantoms
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ensure stable and well-controlled reproducible measurement conditions. Over the
years, different phantoms have been proposed and classified from different points
of view. There are liquid, semi-solid, and solid phantoms that can simulate dif-
ferent body tissues with dielectric properties covering a wide frequency range.
Liquid or gel phantoms typically consist in a container filled with a liquid or
gel simulating the dielectric properties of the human body or body parts. In par-
ticular, they are used for the conservative assessment of the SAR at frequencies
ranging from 30 MHz to 6 GHz. This type of phantoms is of a limited interest at
MMW because of the container shell and very shallow penetration of the field into
the tissues.

This section summarizes the experimental models available up to date in the
60 GHz band. Semi-solid and solid phantoms are compared, and possible range of
their applications is discussed. Thermal model of the semi-solid phantom with skin-
equivalent properties is presented.

5.7.1 Semi-solid phantom: EM model

Semi-solid phantoms have been widely used for emulating the EM properties of tis-
sues with a high water content (such as muscle, brain, or skin) mainly below 10 GHz
and more recently up to 40 GHz [47]. The main advantage of this type of phantoms
is easy fabrication both in terms of the mixture preparation and forming a required
shape, including multi-layer structures. Here a solidifying agent is used to make
the material jelly-like, eliminating the outer shell used in liquid phantoms. The first
homogeneous semi-solid skin-equivalent phantom covering 55—65 GHz range was
reported in Reference 21. As for the majority of semi-solid phantoms, its main com-
ponent is deionized water. Being the main component of skin, it mainly determines
the dispersive properties of the phantom. Agar is used to jellify the phantom allow-
ing retention of the self-shaping without a container. The contribution of agar to the
phantom dielectric properties is negligible for small concentrations (typically below
4%). Polyethylene powder is used to tune the complex permittivity of the water-agar
mixture to approach the target skin permittivity values. Finally, TX-151 is used to
increase the viscosity. Preservatives can be employed to increase the phantom life-
time from several days to several weeks or even months; however most of them are
toxic and require special environmental conditions for manipulation. For short-term
measurement campaigns, their use can be omitted.

An example of a semi-solid phantom representing a human arm is shown in
Figure 5.19. Its fabrication procedure is described in detail in Reference 21. The EM
properties of the phantom are in agreement with those of skin (relative deviation
within 10%). Table 5.4 provides the dielectric properties of the phantom measured
using an open-ended coaxial probe [21] and heating kinetics technique [22]. This
phantom has been successfully used for exposure dosimetry studies, mainly using
infrared thermometry, for assessing the impact of the presence of the human body on
the antenna performances [45], as well as for body-centric propagation studies [48].
Some application examples are provided in Section 5.8.
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Figure 5.19 Skin-equivalent phantom representing an arm and a hand. (left)
human arm used to make a realistic mould and (right) phantom [6].
© 2013 IEEE

Table 5.4 EM properties of the semi-solid phantom compared to those of the

dry skin [44]
Complex Relative Penetration
permittivity deviation depth [mm]
Dry skin [18] 7.98 —4-10.9 - 0.48
Phantom (coaxial probe) [21] 74—-j-11.4 7.3% —j-4.6% 0.45
Phantom (heating kinetics) [22] 8.3-;-10.8 4% —j-0.9% 0.49

5.7.2  Semi-solid phantom: thermal model

When semi-solid phantoms are used for the exposure assessment induced by on-body
antennas using thermometry techniques, such as infrared imaging, the SAR and IPD
are retrieved by fitting the measured temperature data to the analytical solution of
the bioheat transfer equation [21, 45]. In this case, the analytical thermal model
used for fitting impacts directly the accuracy of the temperature rise dynamics and
dosimetric results. Recently, thermal behaviour of a semi-solid 60 GHz phantom has
been analysed in detail [49]. An improved thermal model was proposed taking into
account the finite thickness of the phantom and compared to a simplified semi-infinite
thermal tissue model previously introduced by Foster [27].

The measured thermo-physical properties of the phantom are presented in
Table 5.5 demonstrating a good agreement with skin values. The specific heat capac-
ity and thermal conductivity were measured using a differential scaling calorimeter,
and thermal method of guarded hot plate, respectively.

The thermal behaviour of the phantom was studied analytically by solving the
1D heat transfer equation. The impact of the phantom thickness on the tempera-
ture rise was investigated in detail, and results obtained for phantom models with
three different thicknesses were compared to the analytical semi-infinite model
(Figure 5.20). It was demonstrated that the thermal behaviour of the phantom is well



Table 5.5 Thermo-physical properties of the skin-equivalent phantom

and human skin [49]
Human skin [S0] Phantom
Mass density [kg/m?] 1093-1190 880
Heat capacity [kJ/(kg°C)] 3.15-3.71 348
Heat conductivity [W/(m°C)] 0.293-0.385 0.386
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Figure 5.20 Heating of the phantoms exposed to a normally incident plane wave at
IPD of 1 mW/cm?: (a) heating dynamics on the phantom surface and
(b) temperature distribution in the phantom after 500 sec of exposure
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Figure 5.21 Measured temperature rise (dotted line) compared to numerical
envelops (highlighted in grey): (a) 10 mm thick and (b) 150 mm thick
phantom (representing semi-infinite phantom). The error bars
correspond to the standard deviation for three measurements

described by the model with a finite thickness as well as by the semi-infinite model
for short exposure durations (shorter than 1 min). However, for exposure durations
exceeding 1 min, it is crucial to use the finite-thickness model to accurately assess the
temperature rise.

In practice, variations of thermo-physical (i.e. heat conductivity and capacity)
and heat transfer parameters at the air/phantom interfaces (i.e. heat transfer coeffi-
cient), which cannot be always accurately controlled in measurements, may strongly
impact the heating. Figure 5.21 demonstrates the influence of these variations, as well
as of typical uncertainty in definition of mass density and variability of the phantom
EM properties during the exposure, on the heating of the phantom surface. Numerical
results are compared with measurements performed by an infrared camera on a phan-
tom exposed by an open-ended V-band rectangular waveguide placed 5 cm from the
phantom. They demonstrate that the heating envelope (1) decreases with the phantom
thickness and (2) increases with time. For both thicknesses, a very good agreement
is noticed between numerical and experimental results.

Note that the phantom discussed above is skin-equivalent from the EM view-
point. To improve the accuracy of the model in terms of the thermal equivalence to
skin, it is important to create an experimental multi-layer model taking into account
thermoregulation, through calibration or incorporating an artificial thermoregulation
system.

5.7.3 Solid phantom

While water-based semi-solid phantoms have some important advantages, they also
have two important drawbacks: (1) limited lifetime due to evaporation that also results
in variations of the phantom EM properties with time and (2) its EM properties are
temperature sensitive because of the high water concentration. To overcome these lim-
itations, solid phantoms may be used since they provide stable EM and mechanical
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properties over a longer time span. Up to recently, existing solid phantoms have been
limited to about 6 GHz and have been mainly used for body surface SAR and radia-
tion pattern measurements. Most of them are costly and require specific equipment
for fabrication, together with special high-temperature and high-pressure manufac-
turing procedures. At MMW, due to high loss tangent of skin (tan § &~ 1.3 at 60 GHz),
primarily determined by its high free water content, design of solid phantoms with
the same EM properties as skin is very challenging if not impossible. However, for
certain applications, such as study of impact of the presence of the human body on
the antenna performances or characterization of the body-centric propagation chan-
nel, it is sufficient to reproduce the same power reflection coefficient as that of skin
without necessarily having the same EM properties (as a result, the absorption inside
the phantom and surface wave propagation may be different).

In 2014, Guraliuc et al. introduced the first phantom with the power reflec-
tion reproducing that of skin in the 58—63 GHz range [51]. It consists in a lossy
flexible PDMS (silicon-based organic polymer) dielectric sheet containing carbon
powder with a metallic backing (Figure 5.22a). Its preparation is described in detail in
Reference 51. It is not as straightforward as for semi-solid phantoms; one of the diffi-
culties consists in obtaining a homogeneous carbon—PDMS mixture without bubbles.
Figure 5.22b shows the complex permittivity of the PDMS—carbon composite for

0 10 40 60
() % Carbon powder

Figure 5.22  Solid phantom fabricated using a PDMS—carbon composite with a
metallic backing: (a) phantom prototype and (b) measured complex
permittivity of the PDMS—carbon powder composite at 60 GHz for
various concentrations of carbon [52]. © 2014 IEEE
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different concentrations of the carbon black powder. It is determined using a free-
space technique with transmission/reflection quasi-optical setup. The thickness of the
dielectric layer was optimized to obtain the same reflection coefficient as that of skin
for a wide range of incidence angles. For the optimal configuration (i.e. carbon par-
ticles concentration of 40% and thickness of the composite 1.3 mm), average relative
deviations of the power reflection coefficient with respect to skin are 6% and 3% for
TM and TE polarizations, respectively.

Figure 5.23 shows an example of on-body propagation measurements between
two V-polarized open-ended waveguides separated by 15 cm placed over: semi-solid

(a)

— Free space -=>- DMBP —#— Water—agar
-- - Skin phantom —e— Metal —— Carbon-PDMS

725 T T T T T T T T T T T T T T T T T T

Transmission coeffcient S,; (dB)

(b) Frequency (GHz)

Figure 5.23 Propagation above a solid phantom: (a) measurement setup: two
open-ended waveguides positioned on the surface of a 20 x 20 cm?
dielectric metal backed phantom (DMBP) [51] © 2014 IEEE and
(b) measured transmission coefficient S,; between waveguides in free
space and above different phantoms/media [52] © 2014 IEEE
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skin-equivalent phantom, dielectric metal-backed solid phantom, metal, water—agar
phantom, and carbon—PDMS sheet without metal backing. The results show that only
the solid phantom provides the transmission coefficient close to the one obtained
with the skin-equivalent phantom. The best agreement is obtained at 58—63 GHz (the
maximum deviation is of 0.7 dB). The phantom was also used in propagation studies
with realistic wearable antennas (e.g. textile Yagi-Uda antenna [51]) demonstrating a
very good accuracy and robustness in different communication scenarios as well as
an excellent reproducibility of results.

5.8 Near-field coupling between antennas and human body

In this section, we discuss challenges in terms of the near-field dosimetry at 60 GHz
and provide an application example of IPD and SAR retrieval using the infrared
thermometry. Furthermore, impact of the feeding type on the antenna/body cou-
pling is considered in detail to demonstrate that the power absorbed in the body can
be substantially reduced by appropriately choosing the feeding type. Finally, it is
demonstrated that exposure in on-body communication scenarios can be reduced by
using electrotextiles, simultaneously enhancing the propagation both in line-of-sight
and non-line-of-sight scenarios.

5.8.1 Tools for the exposure assessment

Impact of the presence of the human body on performances of wearable MMW
antennas (S, radiation, and efficiency) can be evaluated numerically and/or exper-
imentally using standard measurement techniques and human body phantoms. The
exact evaluation of power absorption in the body is a challenging task at MMW
both from numerical and experimental viewpoints. The major challenges for com-
putations are the following: (1) electrically large problems (A, varies from 2.5 mm
to 1.25 mm in 30-100 GHz range; this implies small mesh cell sizes of numerical
models — of the order of 0.1 mm), (2) lack of accurate well-established body models
at these frequencies, and (3) multi-scale problems related to the presence of electri-
cally small sub-structures. Furthermore, the EM problem should be coupled with the
thermodynamic one to carefully take into account possible heating and permittivity
variations related to the thermal gradients. Note that noticeable change of permittiv-
ity values of biological tissues typically appears at 60 GHz for temperature gradients
AT >3°C. As far as the experimental dosimetry is concerned, the direct field-based
MMW dosimetry faces two major problems. First, the gradients of PD and SAR val-
ues within biological tissues are very high. This implies that measurements should be
performed with a sub-mm accuracy. Second, today there is no commercially available
60 GHz sensors with small enough spatial resolution providing acceptable accuracy
and sensitivity. Therefore, this approach has a limited practical interest for assessing
the near-field exposure induced by on-body MMW antennas.

An alternative solution consists in measuring remotely or invasively the near-
surface thermal dynamics on a phantom or directly on skin. SAR and IPD can then be
retrieved by post-processing fitting measured temperature dynamics to an appropriate
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thermal model (usually a solution of heat or bioheat transfer equation). Some non- or
minimally perturbing techniques have been reported for the simultaneous determina-
tion of local T, SAR, and IPD, including optical fibre measurements, high-resolution
infrared imaging, thermosensitive liquid crystals, and magnetic resonance thermal
imaging. The last two techniques provide 3D distribution but suffer from a low
sensitivity and are difficult to implement in practice. The first one implies contact
measurements only in one point. Infrared thermometry is the most suitable for MMW
dosimetry allowing non-invasive surface temperature measurements on a sample.
As an example, SAR and IPD were retrieved based on the measured tempera-
ture rise on a semi-solid skin-equivalent phantom for the microstrip patch antenna
array printed on Duroid 5880 substrate (see Section 5.6.2 [45]). The experimental
setup is represented in Figure 5.24a. A FLIR SC5000 high-resolution infrared camera
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=) [
Waveguide g i
1
34 cm = : 66
Absorbers 1 2 8%
v 33
IR camera,
0
0 10 20 30 40 50
x (mm)
(a) (b) SAR  IPD
(W/kg) (mW/cm?)
0 1697—17.3
0.14 135
0.124
0.104 _
~ g
S 0.08 £
= 0.06 z
<
0.04 + Experimental data
0.021 —— Theoretical model
0.004
0 5 10 30 40
Time (s) x (mm)
() (d)

Figure 5.24 Temperature-based dosimetry applied to the near-field exposure
assessment: (a) experimental setup, (b) computed, and (d) measured
SAR and IPD distributions, (c) temperature dynamics obtained for the
antenna placed on the skin-equivalent phantom (input power 322 mW,
antenna/phantom spacing 5.6 mm, peak SAR location), [45]. © 2012
IEEE
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(thermal sensitivity 0.02°C, spatial resolution 640 x 512 pixels) operating in the
2.5-5.1 wm range is used to record the heating pattern and temperature dynamics
on the surface of the phantom. The camera is located on the same side as the antenna,
34 cm away from the phantom. The recorded temperature dynamics was fitted to
the theoretical model deduced from the 1D heat transfer equation (Figure 5.24c).
The solution of this equation is provided in Reference 27 for semi-infinite tissue-
equivalent media. Heat conductivity and capacity of the phantom are reported in
Table 5.5. Fitting is performed by minimizing the standard deviation value varying
PD, the only unknown parameter. Once the peak PD value corresponding to the min-
imal standard deviation has been determined, IPD and SAR [17] can be retrieved
as follows:

PD
IPD = ——
1-R

2PD (5.5)
SAR =

Pphantom (Sphantom

where Pphantom 15 the mass density of the phantom (Table 5.5), and § the penetration
depth to the phantom. A very good agreement was demonstrated between numerical
results compared to SAR and IPD data retrieved using the temperature-based tech-
nique (Figure 5.24b,d). Note that here IPD is an equivalent of eIPD introduced in
Section 5.5.1. It was demonstrated that for the considered scenario, even a relatively
high input power of the antenna (up to 550 mW for an antenna/body separation of
1 mm) resulted in exposure levels that were below international exposure guidelines
(i.e. 20 mW/cm? averaged over 1 cm?). It is worthwhile to underline that in practice,
the antenna input power is expected to be restricted to several tens of mW to comply
with the exposure regulations [6] and to reduce the power consumption of wireless
devices and sensors.

5.8.2 Impact of the feeding type

Here, we investigate the impact of the feeding type on the antenna/body coupling
for antennas similar to the one considered in the previous sub-section. Three stan-
dard configurations of 2 x 2 patch antenna arrays for off-body communications are
compared (Figure 5.25).

e Single-layer antenna array with a ground plane fed by a microstrip line (4,).
The feeding line is located at the same level as the patches (Figure 5.25a). The
patch-to-patch spacing d is of 3.7 mm (0.74-1, at 60 GHz).

e Aperture-coupled array excited by a microstrip line (A,). The coupling slots are
etched in the ground plane and excited by a microstrip beam former printed on
the lower substrate (Figure 5.25b). The feeding line and radiating elements are
located at different levels allowing to decrease d; to 2.5 mm (0.5-1 at 60 GHz)
and thus to reduce the perturbation of the radiation pattern by the feeding.
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Figure 5.25 2 x 2 patch antenna arrays layouts: (a) antenna array fed by a
microstrip line (4,), (b) aperture-coupled array excited by a
microstrip line (4;), and (c) aperture-coupled array with a ground
plane (43)

e Aperture-coupled array excited by a stripline (43). It has a similar design with d;
equal to 2.5 mm, with an additional substrate layer and ground plane added under
the feeding line.

The total size of the three antenna arrays is identical (14 x 14mm?); the
thicknesses are of 161 wm, 305 wm, and 603 wm for A;, A,, and A3, respectively.

Antenna performances in terms of the reflection coefficient Sy, radiation pattern,
and gain were computed in free space and on a 60 x 60 x 1 mm?® flat skin-equivalent
phantom (antenna/phantom spacing is 1 mm). The S;; is similar for the three
structures; the —10 dB §;; bandwidth is equal to 2.9 GHz, 2.7 GHz, and 2.5 GHz
for Ay, A,, and A;, respectively (Figure 5.26). As expected, the reflection coefficient
S11 of A| and Aj is insensitive to the presence of the phantom, whereas S;; of A, is
very slightly shifted when the antenna is placed on body. Note that, in contrast to A1l
and A3, A2 cannot be in the direct contact with the body.

The radiation patterns in free space and on the phantom are provided in Figure 5.27
(for the sake of brevity only E-plane patterns are shown). In contrast to A, and Aj,
in case of A, the larger spacing d, between patches results in relatively high side
lobes levels in £ plane. This also leads to a reduction of —3 dB beamwidth of A,
(44°) compared to A, (53°) and A3 (46°). Due to the absence of a ground plane,
the strongest backward radiation is observed for A, (only —7 dB compared to the
maximum gain, in contrast to —23 dB and —29dB for A; and Aj;, respectively).
As a result, the strongest influence of the presence of the phantom on the radiation
performances is observed for A,, also resulting in a noticeable increase of directivity
(10%) and gain (5%) (Table 5.6).

SAR induced in the skin-equivalent phantom is represented in Figure 5.28. For
the antennas with a ground plane (A; and Ajz), SAR is mainly due to the presence of
the side lobes. This is clearly seen in Figure 5.28a where two zones of maximum SAR
appear in E plane (parallel to x-axis) close to the antenna. For the antenna without a
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Figure 5.26  Simulated reflection coefficient S;; of the antenna arrays (a) A,
(b) A, and (c) A;

ground plane (A;,), as expected, the most exposed area is located under the antenna
due to the strong backward radiation of the feeding line and slots (Figure 5.27b).

Aj ensures the lowest exposure. The peak SAR (SAR,cq) is 1.4 and 78.5 times
lower compared to A; and A,, corresponding to exposure reduction of 30.0% and
98.7%, respectively (Table 5.7). The SAR averaged over a square of 1 cm? around
the peak SAR is reduced by a factor of 3.9 (74%) and 44.3 (97.7%) compared to
A, and A,, respectively. The SAR averaged over 20 cm? is reduced by a factor of 2.5
(59%) and 7.9 (87.4%) times for SAR averaged over 20 cm?. The total power absorbed
by the phantom P, reaches only 4.2%, 9.8%, and 0.5% of the power accepted by
A1, Ay, and Aj;, respectively. Note that eIPD can be retrieved based on SAR data
from (5.5):

pphantom 8pham0m SAR
2(1—R)

elPD = (5.6)

These results suggest that, by appropriately choosing the feeding type, the
antenna/body coupling can be substantially reduced. Using of a ground plane allows
decreasing significantly the backward radiation. Reducing the side lobes levels
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Figure 5.27 Simulated normalized radiation patterns at 60 GHz in E-plane for
antenna arrays (a) A;, (b) A;, and (c) A

Table 5.6 Computed directivity, gain, and efficiency for antenna arrays (a) A;,

(b) Az, and (c) A;
A] AZ A3
Free On the Free On the Free On the
space phantom space phantom space phantom
Directivity [dBi] 13.3 13.5 10.5 11.6 11.9 11.9
Peak gain [dB] 12.4 12.5 9.7 10.2 10.9 10.9

Efficiency [%] 0.91 0.85 0.91 0.84 0.89 0.9
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Figure 5.28 Computed SAR distributions on the skin-equivalent phantom exposed

at 60 GHz by the antenna arrays (a) A;, (b) A, and (c) As. Input power
is 10mW, Dotted lines schematically represent the antenna location

Table 5.7 Computed SAR, eIPD, and absorbed in the phantom power P, at

60 GHz. The input power is 10mW, P, is the accepted by the antenna
power

SAR [W/kg] eIPD [mW/cm?] Pus [mMW] P, [mW]

Peak 1lcm? 20cm®> Peak 1cm?  20cm?

A; 910 3.64 0.74 030 0.12 0.02 0.42 9.95
A, 498 41.60 2.38 15.91 1.33 0.08 0.98 9.99
Az 634 0.94 0.30 020  0.03 0.01 0.05 9.87

allows further decreasing the user exposure as well as distortion of the antenna per-
formances (S, radiation pattern, directivity, gain, and efficiency) by the body. Note
that adding vias might be beneficial to decouple antenna from the body even more.
However, this complicates the antenna fabrication process.
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Figure 5.29 Computed temperature rise distributions on the phantom surface after
30sec of exposure for (a) A;, (b) A, and (c) A;

5.8.3 Heating of tissues

Typical exposure durations in near-field body-centric scenarios are expected to be
of the order of seconds or minutes. Here we consider computed temperature rise
in a homogeneous skin-equivalent model (60 x 60 x 15mm?) for the SAR dis-
tributions presented in Figure 5.28. The blood flow effect is taken into account
(blood flow coefficient is assumed to be equal to 6800 W/(m*°C) [50]). First,
a short-term exposure is considered (i.e. continuous wave exposure for 30 sec)
(Figure 5.29). For completeness, steady-state heating distributions are also analysed
(Figure 5.30).

According to the bioheat transfer equation [53], the shorter the exposure is,
the closer the temperature distribution to the SAR distribution. As expected, after
30sec of exposure, heating distribution follows the same trend as SAR deposi-
tion (see Figures 5.28 and 5.29). The maximum temperature rise is observed for
A,: the peak temperature and heating averaged over 1 cm? and 20 cm? (square area
centred around the peak temperature location) equal 0.18°C, 0.04°C, and 0.002°C,
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Figure 5.30 Computed steady-state temperature rise distributions on the phantom
surface for (a) A;, (b) A,, and (c) A;

respectively. For antennas with a ground plane, i.e. A| and Aj;, the temperature rise
(peak; 1 cm? averaged; 20 cm? averaged) is (25; 10; 3) and (179; 82; 22) times lower,
respectively. Note that the stronger reduction for Aj is due to the A¢/2 spacing between
patches resulting in the absence of side lobes.

However, at steady state, reached here after about 20 min of exposure (99% of
steady-state temperature rise), the heating spreads under antennas for the structures
with a ground plane (A; and A;) due to heat conduction and diffusion (Figure 5.30a,c).
For the antenna without a ground plane (A;), for which the SAR is mainly con-
centrated under the antenna, steady-state heating spreads beyond the antenna limits
(Figure 5.30b). For A,, the steady-state temperature rise (peak; 1cm? averaged;
20 cm? averaged) is of (0.23°C; 0.07°C; 0.008°C), exceeding by (18; 9; 3) and (133;
68; 25) times the peak values for A; and Aj;, respectively.

Table 5.8 summarizes maximum and averaged temperature rises on the phantom
after 30 sec of exposure and at steady state. These data are compared to eIPD in
Figure 5.31. This figure also demonstrates the trends related to the exposure duration
and averaging for three considered antenna arrays. Similar thermal behaviours are
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Table 5.8 Peak and averaged (over 1 cm’ and 20 cm’) simulated temperature rise
after 30 sec of exposure and at steady state at the phantom surface for an
input power of 10mW at 60 GHz

T30 sec IOC] Tsteady-state IOC]
Peak 1cm? 20 cm? Peak 1 cm? 20 cm?
Ay 0.0071 0.0042 0.0008 0.0124 0.0084 0.0026
A, 0.1785 0.0412 0.0024 0.2261 0.0746 0.0078
Az 0.0010 0.0005 0.00011 0.0017 0.0011 0.00031

noticed for the antennas with a ground plane (A; and A; — Figure 5.31a,c), while it is
different for A, (Figure 5.31b).

Note that for the considered input power (10 mW), representing a typical operat-
ing power of on-body 60 GHz systems, resulting heating is well below environmental
temperature fluctuations. Here we consider only heating induced by the antenna radi-
ation, without taking into account the impact of the antenna presence and heating on
the temperature distribution in the phantom. The later together with the presence of
textiles can result in an additional temperature rise.

5.8.4 Electrotextiles for the exposure reduction

Exposure reduction by appropriately choosing the antenna feeding type can be effi-
ciently applied to antennas for off-body communications. However, in on-body
communications this technique is of a limited interest as along the body radiation
of end-fire antennas unavoidably results in the user exposure. Recently, the effect
of textiles on propagation along the body at 60 GHz was investigated [54]. It was
demonstrated that the presence of a regular textile over a skin-equivalent phantom,
as well as an air gap between them, induces a typical decrease of the path gain by
2-5 dB, but it does not significantly affect the path gain exponent. In continuation to
this study, it was proposed to use electrotextiles to enhance the propagation along and
around the body [55]. This is of importance as at 60 GHz the on-body propagation
loss is very high (see Section 5.6.1). As it can be seen in Figure 5.32, the surface
current induced on the electrotextile enhances the propagation along the surface in
case of V polarization (i.e. E field perpendicular to the phantom surface). The path
gain is increased by about 15 dB at 20 cm from the source compared to the scenario
without an electrotextile. Besides, electrotextile behaves as a shielding layer for skin,
significantly reducing the exposure of the body to almost zero. Absorbed by the body
power and peak local SAR with and without electrotextile are compared in Table 5.9
for an input power of 10 mW. Therefore, electrotextiles can be advantageously used
at MMW to enhance the on-body propagation while simultaneously reducing the
exposure level by more than 95%.
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Figure 5.32  Computed surface current distributions on the electrotextile
placed over the skin-equivalent phantom: (a) V polarization and
(b) H polarization [55] © 2014 IEEE. Open-ended rectangular
waveguide is used as a source

Table 5.9 Total absorbed power and maximum SAR averaged over 1 g
of skin

Model Absorbed power [mW] Peak SAR;, [W/kg]

Skin 4.14 1.23
Electrotextile/skin 0.068 0.003
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5.9 Conclusion

In this chapter, we presented a review of the state-of-the-art, recent advances, and
remaining challenges in the field of antenna/human body interactions in the 60 GHz
band, with a particular emphasis on the near-field interactions that may occur in
emerging body-centric MMW applications. For new near-field exposure scenarios
expected to appear in coming years, today there is no any clear regulation in terms
of the exposure assessment, and standard methodologies for compliance testing are
not available in the 60 GHz band. Most of the exposure guidelines and standards
recommend IPD as a dosimetric quantity. It cannot be directly used as a metric
for near-field exposures since practically it is very challenging, if not impossible,
to determine numerically or experimentally local IPD under near-field conditions.
Some reports suggest that temperature rise could be used as an exposure metric at
MMW. However, in practice, it is not always possible because of some limitations
discussed in this chapter. We suggest to use eIPD as a metric; it can be conveniently
retrieved from SAR computations and/or measurements and takes into account the
perturbation of the wireless device radiation due to the body proximity.

60 GHz antennas reported so far for on- and off-body communications have
been presented as well. Only a limited number of textile antennas have been intro-
duced and improvements in this direction might be of importance, including the
issues related to the feeding and their integration into garments. To assess experi-
mentally antenna/human body coupling, semi-solid and solid phantoms have been
recently introduced. Further investigations are needed in this direction, in particular
on the development of heterogeneous thermal models as well as solid phantoms with
tissue-equivalent properties. Example of use of a semi-solid phantom for near-field
dosimetry at MMW has been presented, demonstrating that infrared thermometry
can be used as a multi-physics dosimetric tool for assessing both heating and EM
exposure parameters (SAR, PD, and IPD).

Finally, we reported recent attempts towards minimizing the antenna/body cou-
pling through appropriate choice of the antenna feeding type or using electrotextiles. It
was demonstrated that by properly choosing the antenna feeding type, power absorbed
in the body can be substantially reduced. Moreover, the use of electrotextiles allows
enhancing the on-body propagation and simultaneously reducing the user exposure
by more than 95%.
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