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Chapter 1

Introduction

Qammer H. Abbasi∗, Masood Ur Rahman∗∗,
Khalid Qaraqe† 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
†Department of Electrical and Computer Engineering, Texas A & M University at Qatar, Qatar
††School of Electronic Engineering and Computer Science, Queen Mary University of London, UK
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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 BCWNs, 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 +7.85 E 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 +36 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 +20 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 +82 dBm and later on same for indoor. In Europe, the EuropeanTelecom-
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 0.1THz and 10THz 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 802.15WPANTerahertz Interest
Group (IGThz), has been recently established. The ultimate goal of the SC100G is
to work towards the first standard forTHz band (0.1–10THz) 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 WBANs.

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 WBANs is ever increasing. This chapter discusses dif-
ferent challenges faced by the WBANs 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 (BANs) 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
†University 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 BANs 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 BANs, 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 BANs. 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
BANs, 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.

Hub/gateway
On-body node
Implant node
Wireless link

Alternate
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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Relay Hub/destination

FRONT BACK

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
−10 dBm 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

(a) (b)

Source

Relay 1

Relay 2

Relay 3

Destination

Source

Relay 1

Relay 2

Relay 3
Destination

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.1

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

1This 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].

In Reference 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 WBANs. 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 (λ) sep-
aration between antennas, giving a somewhat cumbersome overall array dimension
of 6 × 3 cm.

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 BANs).

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 considering a 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 (Tx) 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 (Tx)
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 1.65 m to 1.9 m.
Three of the ten radios (representing relays/hubs, the remainder representing sensors)
operated as both Tx and Rx, each one broadcasting in turn at 1 mW (0 dBm) in a
round-robin fashion, with transmissions spaced 5 ms apart (hence, each individual
transmitter would transmit every 15 ms). All of the radios, Tx 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 Tx/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 Tx 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, 2π] is
assumed for the channel. According to the block-fading model incorporated, the
Tx − Rx channel gain, hTxRx, is constant over each period of a transmitted GFSK
modulated BCH-codeword (which is 5 × 31 samples); and the next Tx − 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 (S) 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, hTxRx 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 yφMRC are GFSK demodulated (as GFSK
demodulation only requires phase); and BCH-decoded; where yφMRC is found for each
sample as

yφMRC = ϕ

(
ϕ
(
h∗

sdrsd

)
γsd +

K∑
k=1

γrk dϕ
(
h∗

rk drrk d

))
, (2.1)

where K = 1 or K = 2; the subscripts s, rk and d, represent source, kth relay and
destination respectively; h represents channel gain coefficients; r is the received
signal; ϕ(x) implies the phase of x, γ represents instantaneous SNR, and (·)∗ implies
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the conjugate. For selection combining, the detected phase variables yφSC are GFSK
demodulated and then BCH-decoded, where yφSC is found for each sample as

j = arg max
[
γ1,min, γ2,min, γsd

]
,

yφSC = ϕ(yj), where y = [
h∗

r1drr1d , h∗
r2drr2d , h∗

sdrsd

]
,

γk ,min = min
[
γrk d , γsrk

]
, and with one relay γ2,min = h∗

r2drr2d = 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 10−3, there is 4 dB
gain of both SC and MRC over “Direct Link” using the relay at the left hip;
there is 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 10−3: 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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Figure 2.4 Bit-error-probability (BEP), MRC and SC, coded GFSK body area
communications as in Reference 49. (a) Average BEP, cooperative
receive diversity, hub-Rx at chest and (b) average BEP, cooperative
receive diversity, hub-Rx at left hip
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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 |hSR| > hT, where |hSR| 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 Es over each packet from sensors and relays
is assumed; and constant noise variance (zero-mean additive-white-Gaussian noise)
across all devices (N0); such that the relative performance of the decode-and-forward
communications depends on the effective combined channel gain, hC , as combined
channel power |EshC | = hC , and combined channel power hC � N0. 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

hMRC1 =
{√|hRD|2 + |hSD|2, |hSR| > hT

|hSD| otherwise.
(2.3)

hSC1 =
{

max [|hRD|, |hSD|], |hSR| > hT

|hSD| otherwise.
(2.4)
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and for two relays, R1 and R2, where k = 1, 2,

hMRC2 =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

√|hR1D|2 + |hR2D|2 + |hSD|2, |hSRk | > hT√|hR1D|2 + |hSD|2, |hSR1 | > hT only√|hR2D|2 + |hSD|2, |hSR2 | > hT only

|hSD| otherwise.

(2.5)

hSC2 =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

max [|hR1D|, |hR2D|, |hSD|], |hSRk | > hT

max [|hR1D|, |hSD|], |hSR1 | > hT only

max [|hR2D|, |hSD|], |hSR2 | > hT only

|hSD| otherwise.

(2.6)

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

P(x|a, b) = γ (a, x/b)

�(a)
, (2.7)

where �(·) is the gamma function, and γ (·, ·) 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 a = 1.74, and the scale
b = 0.459; (ii) to a hub at the chest (a = 1.85, b = 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

AFD(x) = P(x)

LCR(x)
= ba−0.5γ (a, x/b)√

2π fDxa−0.5
exp (x/b), (2.8)

where fD is the Doppler spread of the process, and LCR(x) is the level-crossing rate.
In this case fD is an average of Doppler spreads of hubs relative to all sensors; due
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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 (ρrms) 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, hT = −95 dB,
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 = −95 dB 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 hT.

The normalised AFD by Doppler spread (AFD.fD), 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].
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in Figure 2.6(b). Each curve represents one process with only minor variation, if any,
in fD 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 hT = −95 dB when
compared with two relays for hT = −86 dB is almost identical, similarly for one relay.
There is some increase of AFD at the highest threshold, hT = −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 hT = −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 ρrms, 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 hST at
time (for transmission of one packer) τ , a switch occurs to the alternate branch and
communications occur across that branch for that packet as described in (2.10),

hC(τ ) = hk (τ ) where k ∈ {0, 1}, iff

{hSw(τ − 1) = hk (τ − 1) ∧ hk (τ ) ≥ hST} ∨{
hSw(τ − 1) = h(k−1)2 (τ − 1) ∧ h(k−1)2 (τ ) < hST

}
, (2.9)

where (x)2 implies x modulo 2, i.e., L = 2, and ∧ and ∨ 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
hST during packet transmission time τ . But if the channel gain on this alternate branch
is also below hST then the last-branch to try is switched-to and, whether or not this
channel gain is above or below hST, 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)3 implies x modulo 3.

hSw(τ ) = hk (τ ) where k ∈ {0, 1, 2}, iff

{hSw(τ − 1) = hk (τ − 1) ∧ hk (τ ) ≥ hST} ∨{
hSw(τ − 1) = h(k−1)3 (τ − 1) ∧ hk (τ ) ≥ hST ∧ h(k−1)3 (τ ) < hST

} ∨{
hSw(τ − 1) = h(k−2)3 (τ − 1) ∧ h(k−1)3 (τ ) < hST ∧ h(k−2)3 (τ ) < hST

}
. (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,

ρk = q(k−1)2

q0 + q1
, k = 0, 1, (2.11)
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where (x)2 is x modulo 2 and qk is the cumulative distribution function for channel
gain hST on branch k , i.e., probability that hk < hST.3 The analysis of Reference 58 is
expanded to three branches in Reference 55 such that

ρk = q(k−1)3 q(k−2)3

q1q0 + q2q0 + q1q2
, k = 0, 1, 2, (2.12)

where again (x)3 implies x modulo 3.
Hence the outage probability, PC(h) = Pr(hC < h), for switched combining

L = 2 branches is, from Reference 58,

PC(h) =
1∑

k=0

{
ρk ×

(
Fk (h) − qk + qkF(k−1)2 (h), h ≥ hST

qkF(k−1)2 (h), h < hST

)}
. (2.13)

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

PC(h) =
2∑

k=0

⎧⎪⎨
⎪⎩ρk

⎛
⎜⎝

Fk (h) − qk + qk (F(k−1)3 (h) − q(k−1)3 )
+ qkq(k−1)3 F(k−2)3 (h), h ≥ hST

qkq(k−1)3 F(k−2)3 (h), h < hST

⎞
⎟⎠
⎫⎪⎬
⎪⎭. (2.14)

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 hST, i.e., the expected contiguous time for
which the channel gain h ≥ hST,4 and the steady-state relay activation probabilities
given by (2.11) and (2.12). The average non-fade duration for each branch k is

ANFDk (hST) = 1 − qk

LCRk (hST)
, (2.15)

where LCRk (hST) is the level crossing rate at threshold hST (i.e., the rate at which hC

crosses above hST).
For the particular CoBAN scenarios here all dual-hop and single-hop links,

LCRk (hST), as well as qk and outage probabilities PC(h), 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. LCRk (hST) for gamma, Weibull and lognormal fading can be found in
References 59, [60] and [61], respectively.

Hence the overall branch switching rate is

SRL � 1{
L−1∑
k=0

ANFDkρk

} , (2.16)

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

3where with respect to the form in Reference 53, this is the same as probability that h2
k < hST

2.
4Please note this is an approximation due to the possibility of switching to a branch with h < hST.
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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 (Sw1C) as in Reference 55, the switched combining
described in Reference 56 (Sw2C) and selection combining (SC). To make a fair com-
parison of all cases, signal strength, ρrms is plotted, normalised to the root-mean-square
power of each direct sensor-to-hub link, with outages agglomerated.

2.9.3.1 Optimum hST

The relative performance of the switched combining (Sw1C) used here will be depen-
dent on the choice of switching threshold hST. Here, it is also attempted to reduce
the switching rate, which is lower with a lower switching threshold hST, as the con-
tiguous time for a channel gain for any branch to be above this threshold is larger
for smaller hST. Accordingly, there is similar performance, empirically determined,
in terms of outage probability for hST ≥ −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 (Sw1C) and (Sw2C) and selection com-
bining (SC), is shown in Figure 2.7. At 10% outage probability, there is 2 dB
performance improvement of the three branch Sw1C over two-branch Sw2C, 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 Sw1C, with the same 2 dB
performance for three-branch SC over three-branch Sw1C. Importantly, Sw1C, pro-
posed here, has 2-dB performance improvement over Sw2C in Reference 56 for both
two and three branches; and 2-branch, with 1-relay, Sw1C performs the same as
3-branch, with 2-relays, Sw2C.

2.9.3.3 Outage probability performance at particular hub positions
Next considered is the two separate scenarios for Sw1C and SC of a hub at the left hip
and then a hub at the chest, with hST = −93 dB. Performance improvements for Sw1C
with respect to those for Sw2C, with greater improvement for Sw1C, 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 Sw1C
and cooperative SC with only 2 dB performance degradation of Sw1C for all relay
positions (compared to a further 2 dB performance degradation for Sw2C with respect
to Sw1C). Considering the case of the hub at the chest, there is 2.5 dB gain at 10%
outage probability with Sw1C 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), Sw1C (2.9)
and (2.10), Sw2C 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 = −93 dB [55]

Hub Loc. Relay/s Sw1C gain (dB) Sw2C 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 + 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 Outage 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 qk for any sensor-to-hub or sensor-
to-relay-to-hub branch, with respect to switching threshold hST varies according to
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Figure 2.8 Empirical and theoretical outage probability, cooperative switched
combining (SwC), Sw1C, 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 1.5 dB 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, hST = −93 dB, cooperative switched combining (SwC),
Sw1C from Reference 55, Sw2C 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 Al1r, 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 hST = −93 dB, where the performance of selection combining is compared, the
switched combining method of Reference 56, Sw2, and the enhanced switched com-
bining proposed here, Sw1, 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 Sw1 method proposed here has significantly better outage performance
than Sw2 of Reference 56 as demonstrated, and switching between branches occurs
more often for the proposed Sw1 method, due to stricter conditions for a branch
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remaining selected than Sw2 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 Sw2 to Sw1 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 Sw2 to Sw1.

The theoretical switching rate is determined according to (2.20), where the branch
activation probabilities ρk 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 ρk 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 ρk 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 hT = hST/

√
Pt,k (τ ), where hST

is the root channel power switching threshold and Pt,k (τ ) is the (known) transmit (Tx)
power during packet transmission time τ , 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 (Tx) power is 0 dBm
(1 mW), accordingly transmit power control is applied where the channel gain of
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the previous received packet, at τ − 1 is used to set the sensor (and relay, if active)
transmit power at time τ . 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 Txrange = {−30, −28, . . . , −2, 0} dBm. The transmit power control properly
applied uses the knowledge of receiver power sensitivity rxsens. Accordingly, in the
linear domain

Pt(τ ) = min
{[

1, Txrange ≥ rxsens

hp(τ − 1)2
Pt(τ − 1) × offset

]}
, (2.17)

where hp(τ − 1)2 is received channel power (in mW) at τ − 1, and a power offset is
applied to mitigate for possible reduction in channel gain at the next time sample τ .
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 Pout ≈ Pr(hC < h), where h is any given channel gain,
and hC is combined SwC channel gain. Both qk and PC(h) 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
hST, with respect to the maximum transmit power required for that threshold level√

max (Pt,k ,inst.), hTn = hST

/√
max (Pt,k ,inst.) , when that branch is chosen,

ANFDk (hTn) = 1 − qk (hTn)

LCRk (hTn)
, (2.18)

where LCRk (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

LCRk (x) = fD exp
(−( ln (x) − μl)2

2σ 2
l

)
, (2.19)

where fD is the Doppler spread, ln(·) is the natural logarithm, μl is the log-mean,
and σl is the log-standard deviation; a good approximation for fD according to the
empirical data used here is 0.8 Hz.
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The switching rate SRL 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 hTn, and the branch activation probabilities, giving

SRL ≈ 1{
L−1∑
k=0

(
ANFDk (hTn)ρk ,inst.

)} . (2.20)

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 Tx 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.

It is 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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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 BANs.
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Chapter 3

Ultra wideband radio channel characterisation
for body-centric wireless communication

Qammer H. Abbasi∗, Richa Bharadwaj∗∗, Khalid Qaraqe†,
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 S21 is measured from one antenna to
the other which represents the channel frequency response (H (ω)). Analysing both,
magnitude and phase of S21, 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 UWB 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 h = 1.524 mm, rela-
tive permittivity εr = 3 and loss tangent tan (δ) = 0.0013). The total antenna size is
27 mm × 16 mm which is around 0.27λ0 × 0.16λ0 in electrical length, where λ0 is
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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 (S21) using each cable of length 5 m.
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 S21 [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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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:

● when Tx was static with respect to Rx (Tx on waist);
● 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

Tx1Rx33/Tx2

Rx14

Rx35

Rx24

Rx34

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/off-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 (S21). 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 (S21). 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-CentricWireless 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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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:

● 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)).

● 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)).

● Arm is placed 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.
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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]:

PLdB(d) = PLdB(d0) + 10γ log
(

d

d0

)
+ Xσ (3.1)

where d is the distance between Tx and Rx, d0 is the reference distance and PL(d0)
is the PL at reference distance. For on-body measurements, d0 = d1 = 10 cm. The
exponent γ 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 γ . Where Xσ is a zero-mean Gaussian distributed random variable with standard
deviation σ , 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 (γ ), 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 γ agree with
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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

γ Mean PL (dB) γ Mean PL (dB)

Trunk 3.39 59.41 2.64 62.56
Arms 4.31 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 γ = 2.48 and mean PL = 63.02 dB

the ones presented in Reference 9, where it was found γ = 3 in free space, and γ = 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 σ = 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 γ
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side of trunk with Tx at origin of coordinate plane, the Tx and Rx
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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 γ 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 γ 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 (τm) and root
mean square (τRMS) 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 (AICc) is defined as:

AICc = −2 loge (L) + 2K + 2K(K + 1)

n − K − 1
(3.2)

where L is the maximised likelihood, K is the number of parameters estimated for that
distribution and n 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 AICc

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 AICc is considered and
results are normalised to the lowest value obtained:

	i = AICc,i − min (AICc) (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 (	i = 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 	i 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,
μ and σ ) 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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Figure 3.13 On-body mean excess delay distribution fitting for the measurements
in an anechoic chamber and in an indoor environment

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

μ σ μ σ

−20 dB 1.22 1.47 1.94 2.92
−25 dB 1.31 1.23 1.99 21.9
−30 dB 1.56 1.12 2.08 2.27



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

μ σ μ σ

−20 dB 1.43 1.46 2.35 2.03
−25 dB 1.55 1.42 2.43 1.98
−30 dB 1.69 1.37 2.48 1.96
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Figure 3.14 Calculated pulse fidelity for different antenna locations in the
anechoic chamber and in the indoor environment for on-body
channels. (a) Front side of body and (b) back side of body
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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 UWB 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
d0 = d1 = 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 (γ ), 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 γ 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 γ is 3.79, this higher value is
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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

γ Mean PL (dB) γ 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 γ = 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, γ for off-body communication in an anechoic
chamber is higher (γ = 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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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 σ = 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 et 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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Figure 3.19 Radiographs for different off-body distances (i.e., (a) 10 cm,
(b) 30 cm and (c) 50 cm taken from sliced radiograph as shown in
Figure 3.18). ©2012 IEEE, reprinted with permission from
Reference 29

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
UWB 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 30 dB). 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

μ σ μ σ

−20 dB 2.03 0.90 2.93 3.42
−25 dB 2.09 0.87 3.13 3.38
−30 dB 2.15 0.83 3.34 3.42

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

μ σ μ σ

−20 dB 2.46 0.89 5.17 5.95
−25 dB 2.53 0.79 5.35 5.91
−30 dB 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, μ and σ ) 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 off-
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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Figure 3.22 Calculated pulse fidelity for different antenna locations in an
anechoic chamber and in an indoor environment for off-body
channels. (a) Front side of body and (b) back side of 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 UWB 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 (μ) and standard deviation (σ ) 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

μ σ μ σ μ σ μ σ

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 (τRMS) 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

μ σ μ σ μ σ μ σ

Chamber 3.30 2.76 4.73 2.0 1.78 2.68 1.30 1.98
Indoor 4.34 1.24 8.84 2.70 2.36 2.16 4.90 1.14
Running 4.65 3.17 9.68 3.06 5.17 3.05 4.96 2.12
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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 (μ and σ ) 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 μ and σ 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

μ σ μ σ μ σ μ σ

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††,

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. It is 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:

f
(
xj

) =
N∑

i=1

αik
(
xj, xi

) + b, (4.1)

where f is the linear combination of the basis, and k 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 ∈
RN×1; then, the signal will be with the form:

x =
N∑

i=1

ψiθi, (4.2)

where θ is a sparse vector. If we use matrix to express the signal, we have

x = �θ. (4.3)

We define that the sparsity of the vector is K(K << N ), x then becomes

x =
K∑

k=1

ψik θik . (4.4)

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

s = �x, � ∈ RM×N . (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 = ��θ , (4.6)

where � is a matrix, θ is a sparse vector, s is the measurement signal, and � is
the measurement matrix. Next, by considering l1 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 k

(
xi, xj

) = tanh
(
axT

i xj + r
)

is selected as the kernel function. The
kernel function is with the form k = 1

1 + e−t(xi − xj ) [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 ε 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

parameter combination is C = max(|ȳ + 3σy|,|ȳ − 3σy|)
l , ε = 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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Figure 4.5 A non-parametric model for BWCS © 2015 (Reproduced by permission
of the Institute of Electrical and Electronics Engineers [9])

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 for a UWB
system is [18]:

s(t) = d(t) ⊗ p(t) t ∈ [0, Ts), (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 l1 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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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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Figure 4.13 Parameter optimization result using RBF kernel © 2014 (Reproduced
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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
†Jet Propulsion Laboratory (JPL), California Institute of Technology (CalTech), 4800 Oak Grove Dr,
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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

4G
macro-cell Backhaul

mmW
small cell

Figure 5.2 60 GHz technologies within the 5G networks architecture – image
courtesy of MiWaves project [7]
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(a) (b) (c)

AP

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]

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 mm2 one using pulse radar and 11 mm2

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 5.4 Soldier-to-soldier MANET concept [4]. © 2009 IEEE

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/cm2 at 60 GHz). Due
to these high SAR levels, significant heating (>0.1◦C) may appear even for relatively
low IPD (>1 mW/cm2). 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



Antenna/human body interactions in the 60 GHz band 103

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 μm), epidermis
(50-μm thick on the eyelids and up to 1.5-mm thick on the palms and soles), dermis
(thickness 300 μm 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 et 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 (T ∼ 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.

16

14

12

10

8

6

4

2

0

16

14

12

10

8

6

4

2

0
50 55 60 65 70

Frequency (GHz)
75 80 85 90

e′ e′′

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 – j·10.90 32.5 Extrapolation Gabriel [18] (dry skin)
8.12 – j·11.14 32.5 Measurement Alekseev [20]
8.02 – j·10.05 32.5 Measurement Chahat [21]

In vitro

8.89 – j·13.15 37 Extrapolation Gandhi [17]
10.22 – j·11.84 37 Extrapolation Gabriel [18] (wet skin)
9.90 – j·9.00 23 Measurement Alabaster [19]
13.2 – j·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 et 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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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 (E field is
parallel to the plane of incidence), (b) TE mode or perpendicular polarization (E 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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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 inTable 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 10−4 0.015
E + D [24] 8.12 1.4 1.45
Fat [18] 3.13 2.8 1

1

0.8

0.6

0.4

0.2

0
807060504030

Angle of incidence (°)
200

1

Po
w

er
 re

fle
ct

io
n 

co
ef

fic
ie

nt

Pow
er transm

ission coefficient
Pow

er transm
ission coefficient

0.8

0.6

0.4

0.2

0
10

1

0.8

0.6

0.4

0.2

0
807060504030

Angle of incidence (°)

200

1

Po
w

er
 re

fle
ct

io
n 

co
ef

fic
ie

nt 0.8

0.6

0.4

0.2

0
10

Skin
SC/Skin
SC/E+D/Fat

Skin
SC/Skin
SC/E+D/Fat

(a)

(b)

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



108 Advances in body-centric wireless communication

0.7

0.6

0.5

0.4

Po
w

er
 d

en
si

ty
 (m

W
/c

m
2 )

0.3

0.2

0.1
60 GHz
74 GHz
84 GHz

0
0 0.2 0.4

z (mm)
0.6 0.8 1

Figure 5.11 Attenuation of PD in the skin at 60 GHz compared to 74 GHz and
84 GHz. IPD is 1 mW/cm2

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 μm 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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Figure 5.12 PD for (a) TM and (b) TE polarizations at different angles of
incidence θ at 60 GHz (θ = 0◦ corresponds to the normal incidence).
IPD is 1 mW/cm2

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 (ε = 1.25 + j · 0.024) were used to repre-
sent skin and textile EM properties, respectively. The transmission coefficient was
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Figure 5.13 Power transmission coefficient at 60 GHz: (a) depending on the textile
thickness and (b) as a function of an air gap for dc = 1.25 mm [23].
© 2011 Cambridge University Press (reprinted with permission)

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/cm2 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
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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/cm2] 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 et 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 et al. [32] also highlighted that the MMW-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:

IPD = P

S
=

∣∣∣�E × �H
∣∣∣ (5.1)

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 η as:

IPD =
∣∣∣�E∣∣∣2

η
= η

∣∣∣ �H
∣∣∣2

(5.2)

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:

IPD = GPr

4πd2
(5.3)

where G is the antenna gain (linear scale), Pr 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
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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.

2) 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:

SAR = P

m
=

σ

∣∣∣�E∣∣∣2

ρ
= C

dT

dt

∣∣∣∣
t=0

(5.4)

where m is the tissue mass, σ is its total conductivity, and ρ 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.

3) 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-Ionizing 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 ×5 is applied to the general public compared to the occupational
exposure in ICNIRP guidelines, while in IEEE Std. C95.1 it is of ×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 1 cm2) 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/cm2] [V/m] [A/m]

Surface [cm2] 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/cm2 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 E 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):

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

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

● 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.

● 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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(a)

(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-μm-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 S11 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 × 2 patch
single-layer antenna array printed on 127-μm-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 (εr = 2.0, tan δ = 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

ShieldIt Super™ electrotextile was used for the ground plane. The announced fab-
rication accuracy is around 10 μm. 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 – j·10.9 – 0.48
Phantom (coaxial probe) [21] 7.4 – j·11.4 7.3% – j·4.6% 0.45
Phantom (heating kinetics) [22] 8.3 – j·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 [50] Phantom

Mass density [kg/m3] 1093–1190 880
Heat capacity [kJ/(kg◦C)] 3.15–3.71 3.48
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/cm2: (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 δ ≈ 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

20
ε'

15

10ε' ε"

5

0

5
ε"

4

3

2

1

0
0 10

% Carbon powder

(a)

(b)
40 60

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
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Figure 5.23 Propagation above a solid phantom: (a) measurement setup: two
open-ended waveguides positioned on the surface of a 20 × 20 cm2

dielectric metal backed phantom (DMBP) [51] © 2014 IEEE and
(b) measured transmission coefficient S21 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 (S11, 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 (λskin 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

T > 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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(thermal sensitivity 0.02◦C, spatial resolution 640 × 512 pixels) operating in the
2.5–5.1 μm 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:

IPD = PD

1 − R
(5.5)

SAR = 2PD

ρphantom δphantom

where ρphantom is the mass density of the phantom (Table 5.5), and δ 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/cm2 averaged over 1 cm2). 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 × 2 patch antenna arrays for off-body communications are
compared (Figure 5.25).

● Single-layer antenna array with a ground plane fed by a microstrip line (A1).
The feeding line is located at the same level as the patches (Figure 5.25a). The
patch-to-patch spacing ds is of 3.7 mm (0.74·λ0 at 60 GHz).

● Aperture-coupled array excited by a microstrip line (A2). 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 ds to 2.5 mm (0.5·λ0 at 60 GHz)
and thus to reduce the perturbation of the radiation pattern by the feeding.
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Figure 5.25 2 × 2 patch antenna arrays layouts: (a) antenna array fed by a
microstrip line (A1), (b) aperture-coupled array excited by a
microstrip line (A2), and (c) aperture-coupled array with a ground
plane (A3)

● Aperture-coupled array excited by a stripline (A3). It has a similar design with ds

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 × 14 mm2); the
thicknesses are of 161 μm, 305 μm, and 603 μm for A1, A2, and A3, respectively.

Antenna performances in terms of the reflection coefficient S11, radiation pattern,
and gain were computed in free space and on a 60 × 60 × 1 mm3 flat skin-equivalent
phantom (antenna/phantom spacing is 1 mm). The S11 is similar for the three
structures; the −10 dB S11 bandwidth is equal to 2.9 GHz, 2.7 GHz, and 2.5 GHz
for A1, A2, and A3, respectively (Figure 5.26). As expected, the reflection coefficient
S11 of A1 and A3 is insensitive to the presence of the phantom, whereas S11 of A2 is
very slightly shifted when the antenna is placed on body. Note that, in contrast to A1
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 A2 and A3,
in case of A1, the larger spacing ds between patches results in relatively high side
lobes levels in E plane. This also leads to a reduction of −3 dB beamwidth of A1

(44◦) compared to A2 (53◦) and A3 (46◦). Due to the absence of a ground plane,
the strongest backward radiation is observed for A2 (only −7 dB compared to the
maximum gain, in contrast to −23 dB and −29 dB for A1 and A3, respectively).
As a result, the strongest influence of the presence of the phantom on the radiation
performances is observed for A2, 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 (A1 and A3), 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 S11 of the antenna arrays (a) A1,
(b) A2, and (c) A3

ground plane (A2), 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).

A3 ensures the lowest exposure. The peak SAR (SARpeak ) is 1.4 and 78.5 times
lower compared to A1 and A2, corresponding to exposure reduction of 30.0% and
98.7%, respectively (Table 5.7). The SAR averaged over a square of 1 cm2 around
the peak SAR is reduced by a factor of 3.9 (74%) and 44.3 (97.7%) compared to
A1 and A2, respectively. The SAR averaged over 20 cm2 is reduced by a factor of 2.5
(59%) and 7.9 (87.4%) times for SAR averaged over 20 cm2. The total power absorbed
by the phantom Pabs reaches only 4.2%, 9.8%, and 0.5% of the power accepted by
A1, A2, and A3, respectively. Note that eIPD can be retrieved based on SAR data
from (5.5):

eIPD = ρphantom δphantom SAR

2(1 − R)
(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



Antenna/human body interactions in the 60 GHz band 131

−30

−20

−30

−10

−20

0 dB

0 dB

90°

60°

30°
0°

−30°

−60°

−90°

−120°

−150°
180°

150°

120°

(a)

Free space
On the phantom

−30

−20

−30

−10

−20

0 dB

0 dB

90°

60°

30°
0°

−30°

−60°

−90°

−120°

−150°
180°

150°

120°

(b)

Free space
On the phantom

−30

−20

−30

−10

−20

0 dB

0 dB

90°

60°

30°
0°

−30°

−60°

−90°

−120°

−150°
180°

150°

120°

(c)

Free space
On the phantom

Figure 5.27 Simulated normalized radiation patterns at 60 GHz in E-plane for
antenna arrays (a) A1, (b) A2, and (c) A3

Table 5.6 Computed directivity, gain, and efficiency for antenna arrays (a) A1,
(b) A2, and (c) A3

A1 A2 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) A1, (b) A2, and (c) A3. Input power
is 10 mW. Dotted lines schematically represent the antenna location

Table 5.7 Computed SAR, eIPD, and absorbed in the phantom power Pabs at
60 GHz. The input power is 10 mW. Pa is the accepted by the antenna
power

SAR [W/kg] eIPD [mW/cm2] Pabs [mW] Pa [mW]

Peak 1 cm2 20 cm2 Peak 1 cm2 20 cm2

A1 9.10 3.64 0.74 0.30 0.12 0.02 0.42 9.95
A2 498 41.60 2.38 15.91 1.33 0.08 0.98 9.99
A3 6.34 0.94 0.30 0.20 0.03 0.01 0.05 9.87

allows further decreasing the user exposure as well as distortion of the antenna per-
formances (S11, 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
30 sec of exposure for (a) A1, (b) A2, and (c) A3

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 × 60 × 15 mm3) 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/(m3◦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
30 sec 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
A2: the peak temperature and heating averaged over 1 cm2 and 20 cm2 (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) A1, (b) A2, and (c) A3

respectively. For antennas with a ground plane, i.e. A1 and A3, the temperature rise
(peak; 1 cm2 averaged; 20 cm2 averaged) is (25; 10; 3) and (179; 82; 22) times lower,
respectively. Note that the stronger reduction for A3 is due to the λ0/2 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 (A1 andA3) due to heat conduction and diffusion (Figure 5.30a,c).
For the antenna without a ground plane (A2), for which the SAR is mainly con-
centrated under the antenna, steady-state heating spreads beyond the antenna limits
(Figure 5.30b). For A2, the steady-state temperature rise (peak; 1 cm2 averaged;
20 cm2 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 A1 and A3, 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 cm2 and 20 cm2) simulated temperature rise
after 30 sec of exposure and at steady state at the phantom surface for an
input power of 10 mW at 60 GHz

T30 sec [◦C] Tsteady-state [◦C]

Peak 1 cm2 20 cm2 Peak 1 cm2 20 cm2

A1 0.0071 0.0042 0.0008 0.0124 0.0084 0.0026
A2 0.1785 0.0412 0.0024 0.2261 0.0746 0.0078
A3 0.0010 0.0005 0.00011 0.0017 0.0011 0.00031

noticed for the antennas with a ground plane (A1 and A3 – Figure 5.31a,c), while it is
different for A2 (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 5.31 Impact of the exposure duration and surface averaging on the heating
for (a) A1, (b) A2, and (c) A3. Data are compared for eIPD values for
each antenna array
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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 SAR1 g [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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Chapter 6

Antennas for ingestible capsule telemetry

Denys Nikolayev∗,†,‡,§, Maxim Zhadobov†,
Ronan Sauleau† and Pavel Karban‡

6.1 Introduction

The electronic implants for biomedical applications came out in mid-50s with the
invention of the first pacemakers [1]. This healthcare innovation exposed the potential
and revealed the vast opportunities in the field of implantable electronic devices,
enabling new ways of diagnostics and treatments maintaining the patient mobility.
So, the idea of wireless telemetry was born: it permits to efficiently prevent, monitor
and treat a disease timely.

The first published statements about the successful development of wireless
ingestible capsules for diagnostic and research purposes appeared almost simulta-
neously in Nature magazine in 1957 as a note by Zworykin and Farrar [2] and a
letter from Mackay and Jacobson [3]. Zworykin’s note reported the capsule that mea-
sures pressure variation inside a gastrointestinal (GI) tract. The capsule operated at
frequencies around 1 MHz; more technical details were given later in Reference 4.
Mackay et al. in their further works [5–7] proposed the capsules measuring pressure,
temperature and pH. These capsules operated at sub-megahertz frequencies. One of
the first successful in vivo application of wireless telemetry implant was reported
by Sines in 1960 [8]. The first US patent for the ‘Pill-type swallowable transmitter’
appeared in 1964 [9]. In 1972, Watson et al. [10] reported a radiotelemetry capsule
for pH profile measurement; the capsule operated in the 270–570 KHz range.

No significant progress was made until the 2000s, when further miniaturisa-
tion of electronics, progress in microelectromechanical systems and microfluidics
empowered numerous innovations in wireless implants. Apart from telemetering
various diagnostic data – endoscopy, temperature, pressure, pH, oxygen and glucose
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levels – modern in-body biomedical applications include but not limited to: brain–
machine interfaces and visual prosthesis, pacemakers and defibrillators, drug delivery
and hyperthermia [11–13].

Antenna design and efficiency issues, lossy and dispersive nature of biologi-
cal tissues, along with the energy and miniaturisation problems, are always among
the main challenges to face while developing wireless biotelemetry appliances
[14, 15]. Even though the telemetric GI capsules were among the first wireless
in-body devices, improving the transmission performances still remain one of the
main design challenges.

In this chapter, we provide an overview of ingestible capsule wireless telemetry
with the main focus on specific challenges and difficulties associated to the design
of ingestible GI capsule antenna systems.1

6.2 Capsule telemetry in medicine and clinical research

Ingestible capsules are used primarily for wireless endoscopy or telemetry of vari-
ous physiological parameters: e.g. temperature, pH and pressure [16, 17]. Potential
future applications include the drug delivery [18] and surgery [19]. Some GI cap-
sule antennas could be designed for both ingestible and subcutaneous/intraperitoneal
implantable applications. It is useful for body temperature telemetry: the same cap-
sule design can be used as ingestible for a human health monitoring or as implantable
for a clinical research on animals. Table 6.1 lists the commercial GI systems and
working prototypes available as for May 2015.

6.2.1 Wireless endoscopy

The invention of wireless capsule endoscopy not only allowed painless endoscopic
imaging, but also facilitated visualisation of whole small bowel and colon. The first
published GI images using a wireless transmitter were obtained by Swain et al. in
1997 [20]. Comprehensive review of the wireless capsule endoscopy methodology
is given from various perspectives in References 21–26. The first part of Table 6.1
lists the up-to-date commercial wireless capsule endoscopes.

Given Imaging provides a family of PillCam [27] endoscopes for various pur-
poses: SB series for the visualisation of the small bowel mucosa, COLON series
for the colon and ESO series for the oesophageal mucosa (Figure 6.1 right). The
first two capsules perform up to 8 h and ESO up to 30 min. All capsules operate at
434.1 MHz. SB 3 and COLON 2 could use either 3.2 MHz bandwidth for 2.7 Mb·s−1

data rate or 6.5 MHz for 5.4 Mb·s−1. ESO 3 uses 9.7 MHz bandwidth to transmit
35 fps video. OMOM [28] capsule endoscope transmits in the 2.400–2.4835 GHz
range. GFSK modulation enables to communicate 2 fps for QVGA image resolu-
tion or 0.5 fps for VGA. Olympus Endocapsule [29] (Figure 6.1 left) operates at
433.8 MHz and transmits 2 fps video data. Sayaka capsule prototype is batteryless

1Referred as capsule antennas later in the text
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Table 6.1 Prototypes and commercial wireless GI capsules

Company Reference Size (mm) f (MHz) Features

Given PillCam sb 3 26.2 × ø11.4 434 2–6 fps, �8 h
Imaging PillCam colon 2 31.5 × ø11.6 434 4–35 fps, �8 h

PillCam eso 3 31.5 × ø11.6 434 35 fps, 30 min
Chongqing OMOM 28.3 × ø13 2400 0.5/2 fps, 7–9 h
Olympus Endocapsule 10 26 × ø11 434 2 fps, 12 h
RF Sayaka 23 × ø9 N/A Prot., 30 fps, WPT†

IntroMedic MiroCam mc1000-w 24.5 × ø10.8 ��Tx HBC [32], 3 fps, 12 h
MiroCam mc1000-wm 25.5 × ø10.8 Same + magnetic locomotion, 8 h

CapsoVision CapsoCam sv-1 31 × ø11 ��Tx 20 fps, 15 h

E
nd

os
co

py

BMedical VitalSense 23 × ø8.7 40 T ◦, �10 days
BodyCap e-Celsius 17.7 × ø8.9 434 T ◦, ≈30 days
Chongqing OMOM pH 26 × 6 × 5.5 N/A pH, ≈4 days
Given Bravo pH 25 × 6 × 5.5 434 pH, 2–4 days

Imaging SmartPill 26 × ø13 434 T ◦, pH, P, �5 days
HQ CorTemp 22 × ø11 0.3 T ◦, 7–10 days
Philips IntelliCap 26 × ø11 N/A Prot., T ◦, pH, DD
Remo 240 — N/A Prot., T ◦, pH, P

T
el

em
et

ry

�Tx – the capsule does not transmit data via radio waves; fps – frames per second; Prot. – prototype; T ◦ – temperature;
P – pressure; DD – drug delivery.
† Wireless power transfer.

Figure 6.1 Wireless endoscopy capsules: (left) Olympus Capsule Endoscope –
image courtesy of Olympus America Inc. and (right) Given Imaging
PillCam ESO 2 – image courtesy of Given Imaging Ltd.

and is fed wirelessly; it is claimed to transmit up to 30 fps video data [30]. According
to the personal correspondence with RF System Lab, the working frequency has not
been defined yet.

Not all capsule endoscopes communicate using radio waves. IntroMedic
MiroCam [31] employs the patented human body communication technology [32]
that uses electrodes in direct contact with a human body to transmit the video data at
3 fps. MC1000-WM model also have magnetic force locomotion control. CapsoView
CapsoCam SV-1 [33] endoscope has four cameras on-board permitting the total 360◦

viewing angle. The capsule does not have an antenna: it stores all video data on-board
to be recovered after the procedure.



146 Advances in body-centric wireless communication

Figure 6.2 Wireless telemetry capsules: (left) BodyCap eCelsius capsules and
(right) Bravo pH – image courtesy of Given Imaging Ltd.

Wireless capsule endoscopy demands high data rates for transmitting video data
[14]. Wideband designs allow transferring high-resolution images without compres-
sion, thus reducing the energy consumption and image latency [17]; it requires the
antennas with sufficiently large bandwidth [34].

6.2.2 Wireless telemetry of physiological parameters

GI capsules are used in medicine to measure the temperature, pressure and pH level,
as well as for the drug delivery.

VitalSense capsule [35] measures temperature in the 25–50◦C range and oper-
ates at 40.68 MHz; maximal transmission distance reaches 1 m. BodyCap eCelsius
[36] (Figure 6.2 left) is the smallest temperature telemetry capsule of size (17.7 ×
ø8.9) mm with the longest operational time (1 month). It transmits at 434 MHz for
up to 2 m from human body. Capsule on-board memory permits to recover data if the
connection was interrupted. Bravo pH [37] (Figure 6.2 right) and OMOM pH [38]
keep track of the acid reflux; these capsules are fixed in an oesophagus using applica-
tors. Bravo pH operates at 434 MHz with its range up to 1 m. SmartPill [39] measures
pressure, pH and temperature in the GI tract. The capsule transmits at 434 MHz with
the range up to 1 m. HQ CorTemp [40] capsule uses 262–300 kHz inductive link to
communicate the temperature for up to 40 cm. Philips IntelliCap [41] prototype pro-
vides the temperature and pH telemetry along with the drug delivery. Remo 240 [42]
capsule prototype monitors the temperature, pressure and pH levels with the working
range up to a few metres.

6.2.3 Animal-implantable wireless telemetry

Wireless-implant telemetry for animals has similar omnidirectional antenna design
requirements as the GI capsules do, since the position of an implant is often undefined
(especially for the intraperitoneal implantation). Thereby, some of the capsules could
be technically used both as implantable and ingestible. Table 6.2 lists the modern com-
mercial wireless implants for the veterinary and research on animals. Comprehensive
overview of these systems can be found in References 43, 44.
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Table 6.2 Commercial animal-implantable telemetry devices

Company Product Size (mm) Features

BodyCap Anipill 17.7 × ø8.9 434 MHz, T ◦, range ≈3 m

DSI∗ Digital (L) ser. 29 cm3 P, T ◦, BP, act. for large animals
HD series 1.4, 5.9 cm3 P, T ◦, BP, act. for small animals
PA series 1.1–25 cm3 P, act. for mice, small and large animals
TA series 1.1–25 cm3 T ◦, act. for the same animals
EA/CA/ETA/CTA 1.1–20 cm3 BP (EEG, EMG), T ◦, act. for the same
Multiplus ser. 1.9–33 cm3 Respiratory impedance, P, BP, T ◦, act.

Millar Small animal 7 cm3 2 KHz, wireless battery recharge. O2, SNA,
telemeters P, BP (ECG, EMG, EEG). Range �5 m

Remo 100 — T ◦, act., ECG, EMG, EEG. Range �3 m
300 — Same as ‘100’ + multichannel
400 — WPT. T ◦, act.

STARR G2 E-Mitter 15.5 × ø6.5 WPT. T ◦, act. for mice
G2 HR E-Mitter 19.5 × ø6.5 same as above + HR
TA E-Mitter 23.0 × ø8 WPT. T ◦, act.
HR E-Mitter 26.0 × ø8 WPT. HR, T ◦, act.

Star-Oddi DST nanoRF-T 17.5 × ø6 T ◦
DST microRF-HRT 25.4 × ø8.3 HR, T ◦

TeleMetronics TemPlant 34.0 × ø13 30 MHz. Large animals. Range �20 m
PhysioLinQ 34.0 × ø13 30 MHz. WPT. T ◦, HR, act. for rats

Abbreviations: P, pressure; T ◦, temperature; act., gross motor activity; SNA, sympathetic nerve activity; HR, heart rate;
BP, biopotentials; ECG, electrocardiography; EEG, electroencephalography; EMG, electromyography.
∗Size varies for different models within the series.

6.2.4 Conclusions

Biotelemetry of physiological data usually does not require high data rates as the
endoscopy does. However, the operating range requirements are usually higher, espe-
cially when the mobility of a subject – human or animal – should be unrestrained.
Reliable long-range communication can facilitate health monitoring to prevent a
disease or to diagnose it at an early stage without affecting the life quality of a patient.

6.3 Biological environment

6.3.1 GI capsule passage

Ingestible capsule antennas must efficiently transmit from a GI tract. Antenna per-
formances depend strongly on dielectric parameters of the environment [15]. These
properties must be taken into account as a phantom2 while designing the antennas. Let

2Environment with tissue equivalent electromagnetic properties
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Figure 6.3 Real part of the relative permittivity εr of GI tract and muscle tissues
(data from Gabriel et al. [45–47])
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Figure 6.4 The conductivity σ of GI tract and muscle tissues (data from
Gabriel et al. [45–47])

us overview the passage of a capsule through GI tract indicating the measured elec-
tromagnetic properties at 434 MHz for each section (data from Gabriel et al. [45–47],
Figures 6.3 and 6.4).

After swallowing, a capsule passes through an oesophagus to stomach; the transit
time is a few seconds and the dielectric parameters are εr = 67.2, σ = 1.01 S·m−1

for both. In stomach, the capsule was found to spend in average of 33 min for a person
without a gastric retention [48]; Worsøe et al. state the duration from 35.5 to 57.5 min
[49]. Rao et al. [50] reported the 3 h gastric empty time for a healthy person. The
substantial differences in observed durations are explained by different experimental
protocols, i.e. various patient preparation and diet.
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Table 6.3 Time-averaged dielectric properties of a human GI tract at 434 MHz

Time (min) Time (%) εr (–) σ (S·m−1)

Stomach 180 10.53 67.2 1.01
Small intestine 228 13.33 65.3 1.92
Large intestine 1302 76.14 62.0 0.87
Time average 63.0 1.02

Table 6.4 Tissue dielectric properties for the most common implantation sites

Tissue 403 MHz 434 MHz 2.4 GHz

εr σ εr σ εr σ

Skin 46.7 0.69 46.1 0.70 38.1 1.44
Muscle 57.1 0.80 56.9 0.81 52.8 1.71
Fat 11.6 0.08 11.6 0.08 10.8 0.26
Cortical bone 13.1 0.09 13.1 0.09 11.4 0.39
Uterus 64.4 1.08 64.0 1.09 57.9 2.21

The conductivity σ is in S·m−1.

These data do not take into account the contents of the GI tract yet to be measured.
However, it is an accurate approach for the phantom design when the antenna is robust
enough (see Section 6.4.4).

Later, the capsule leaves stomach by duodenum and proceeds to small bowel
(εr = 65.3, σ = 1.92 S·m−1); the average transition time is around 212 min in Ref-
erence 48 for the patients without the gastric retention and from 260.5 to 275 min in
Reference 49. In Reference 50, reported average time is 228 min. After caecum is
reached, the capsule begins the passage through colon (εr = 62.0, σ = 0.87 S·m−1),
which lasts in average of 21.7 h for a healthy person and 46.7 h for a constipated one
[50]. After passing colon, the capsule exits the body by rectum.

Permittivity and conductivity of adjacent tissue (Figures 6.3 and 6.4) affect the
antenna impedance and resonance frequency. As the values change during the capsule
passage, antenna will detune. By properly averaging the environment parameters and
matching the antenna for the obtained values, we can improve the antenna performance
over time. One way to do it is to calculate appropriate time-averaged properties of
a human GI tract. Table 6.3 shows an example of this derivation for the dielectric
properties at 434 MHz using the transition duration data from Reference 50.

6.3.2 Implantable case

As stated in Section 6.2, in some cases, it is useful to design a capsule antenna to
operate in both ingestible and implantable scenarios. If so, we must consider the tissue
dielectric properties at the implantation site. Table 6.4 lists the parameters (according
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to Gabriel et al. [45–47]) for the most common implantation scenarios at MedRadio
and industrial, scientific and medical (ISM) frequencies. If several tissues are adjacent
to a capsule, their properties should be properly averaged.

Homogeneous phantom is sufficient in most cases for the ingestible antenna
simulation in its environment. The physical phantom for antenna measurement could
be fabricated using for instance pure water, salt, sugar and an antibacterial agent (if
long-term storage is required) [51, Section 9.2.2.2].

6.4 In-body antenna parameters

Before overviewing capsule antennas, let us review its parameters that matter the most
for performance evaluations. Comprehensive list of antenna fundamental parameters
is given in the IEEE Standard Definitions of Terms for Antennas (IEEE Std 145-
2013) [52].

6.4.1 Resonant frequency

The antenna resonant frequency is defined as ‘a frequency at which the input
impedance of an antenna is non-reactive’ [52], i.e. when the antenna impedance ZANT

is purely real (reactance X = 0). In a S11 plot, the resonance frequency will appear at
the lowest S11 value. It is important to note that the resonant frequency fres could differ
from the antenna central frequency f0, which is defined as the middle of a bandwidth
(see Section 6.4.2). Dual-band and multi-band antennas have two or more resonant
frequencies.

Resonant frequency mainly depends on the electrical size of an antenna. Biologi-
cal tissues increase the effective dielectric permittivity εeff

r of an antenna environment
and thus the electrical length of an antenna. This results in fres reduction and must
be considered for the antenna design. Choosing an optimal frequency depends on
multiple factors for a capsule antenna (see Section 6.5).

6.4.2 Bandwidth

The bandwidth could be defined as ‘range of frequencies within which the per-
formance of the antenna conforms to a specified standard with respect to some
characteristic’ [52, 53]. For capsule antennas, the bandwidth is characterised mainly
with respect to the input impedance of antenna ZANT. In this way, the bandwidth is
the frequency difference between the highest frequency fmax and the lowest fmin at a
specified level of S11 (dB) or Voltage standing wave ratio (VSWR):

S11 = −20 log10 |�| or VSWR = 1 + |�|
1 − |�| , (6.1)

where � = (ZANT − ZL)

(ZANT + ZL)
is the reflection coefficient and ZL stands for the load impedance.

The most common S11 and VSWR levels for the bandwidth definition of
reported capsule antennas are either S11 < −10 dB or VSWR < 2 (corresponding
S11 < −9.54 dB).
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The bandwidth (BW) can be also conveniently reported as fractional – in per
cents to the antenna central frequency f0 = 0.5 ( fmax + fmin):

BW% = fmax − fmin

f0
. (6.2)

This metric facilitates comparing the performance of antennas operating at
different frequencies.

6.4.3 Radiation efficiency

The radiation efficiency of an antenna relates the power delivered to its input Pin to
the radiated power Prad:

η = Prad

Pin
. (6.3)

The delivered power that is not radiated is dissipated due to ohmic and dielectric
losses within an antenna [53]. The radiation efficiency does not take into account the
mismatch losses. The latter is considered in the total efficiency of an antenna.

As discussed later (see Section 6.6), a capsule antenna could not be both efficient
and wideband – one must be sacrificed for another.

6.4.4 Detuning immunity

We define a capsule antenna as robust (immune to detuning due to the variation of
the environment parameters) when the variation between the minimal and maximal
frequency within a capsule environment is less than S11 < −10 dB bandwidth:∣∣ f max

res − f min
res

∣∣ < BW−10 dB. (6.4)

Alternatively, the robustness can be defined by the matching levels at an operating
frequency f0 as a response to the variation of the environment EM properties. For
example, we may characterise an antenna to be robust within the EM properties range
from 150% of muscle to 40% of muscle (both permittivity and conductivity) if it
stays matched everywhere in this range below S11 < −10 dB level at f0 = 434 MHz.
This method can be preferable for the wideband antennas, especially when multiple
resonant frequencies fres exist near the operating frequency f0.

To maximise the transmission reliability for ingestible capsules, it is important
to consider not only the variation of GI tract tissue properties but also its content
and probable presence of gas. Thus, the antenna should be robust within the f max

res as
the antenna frequency in gas and the f min

res as operating in the tissue with maximum
dielectric properties that the antenna can encounter during GI passage. To achieve such
robustness, the obvious choice would be to design an ultrawideband (UWB) antenna
covering the detuning range. However, as we will see in Section 6.6, this solution will
lead to the cutback of radiation efficiency decreasing the operating range. Per contra,
by decoupling the antenna from a body, we can acquire not only enhanced robustness
but also increased efficiency and decreased specific absorption rate (SAR) [54]. One
way to accomplish it was demonstrated in Reference 54 by designing an efficient
narrowband microstrip antenna loaded with high permittivity superstrate.
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6.4.5 Directivity and gain

The antenna directivity D is defined by the International Electrotechnical Commission
(IEC) as the ratio of the maximum radiation intensity Umax in a direction from the
antenna to the radiation intensity averaged over all directions U0:

D = Umax

U0
. (6.5)

The antenna gain G combines both the directivity and efficiency. Two different
definitions of the gain are in use. The commonly named IEEE gain considers the
radiation efficiency η:

G = ηD, (6.6)

and the realised gain considers the mismatch losses as well:

GR = η
(
1 − |�|2) D. (6.7)

Antenna gain is a good performance metric for the antennas supposed to radiate
in a specific direction, as for example subcutaneous and on-body implants. Antenna
efficiency does not consider the directivity and thus is useful for omnidirectional
devices, as ingestible and some implantable capsules.

Capsule antennas should be as omnidirectional as possible because its position
within the human body is undetermined. If the antenna is electrically small, i.e.
satisfies the condition (6.12), this requirement will be satisfied naturally as electrically
small antennas (ESAs) radiate with an omnidirectional dipole-like ‘doughnut’pattern
independently of antenna type and design.

6.5 Choice of operating frequency

The systems operating from sub-megahertz to tens of megahertz range use almost
exclusively inductive coupling links. The first capsules were designed using this
type of data transmission [2, 3], and it is still widely used nowadays. The uplink
(capsule-to-receiver) can be made either active or passive. Also, the design procedure
is somewhat straightforward because of the low Electromagnetic (EM) coupling with
the surrounding biological tissue. Main drawbacks of sub-megahertz systems manifest
in low data rates – 1–30 kB·s−1 [11] – and limited operational range (roughly 10 cm
from the body surface) [14]. Also, they are axially directive; omnidirectional trans-
mission is required as capsule position is undefined. Technically speaking, inductive
links are not antennas (as they operate in near field), so it is out of scope of this chap-
ter. The comprehensive overview and design guidelines are given in Reference 55,
Chapters 5 and 7.
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Frequency trade-off for capsule antennas

Given the fixed capsule antenna electrical size:

● lower frequency operation deteriorates the capsule antenna radiation
efficiency and slightly increases body–air reflection losses;

● higher frequency signal attenuates faster within the lossy tissue.

6.5.1 Higher-frequency attenuation losses

Antennas operating in ultra high frequencies (UHF) – about gigahertz – provide good
performance in terms of radiation efficiency η but couple more to the surrounding
lossy tissue affecting the antenna properties. In particular, the higher frequency f , the
higher the attenuation constant α – the real part of a propagation constant γ [56, p. 20]:

α = �(γ ) = �
(

jω
√

με′
√

1 − j
σ

ωε′

)
, (6.8)

where ω = 2π f is the angular frequency, μ denotes the permeability (μ ≈ μ0 for
biological tissues), ε′ = ε0εr stands for the real part of the complex permittivity ε̂ and
σ is the conductivity.

Another common way to characterise the propagation losses is using the
penetration depth:

δp = 1/α. (6.9)

The physical interpretation of this value is the depth (m) at which the amplitude
of the fields inside the material falls by 1/e (about 37%) (shown in Figure 6.5).
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Figure 6.5 Characteristic depth of penetration within the GI tract and adjacent
muscle tissues (equation (6.9))
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Biological tissues are highly dispersive, i.e. their properties depend on the fre-
quency (Figures 6.3 and 6.4). The conductivity increases with frequency that further
enhances the attenuation at higher frequencies.

6.5.2 Lower-frequency efficiency and reflection losses

At the sub-gigahertz frequencies, we deal mainly with ESAs that have limitations on
the maximum achievable efficiency and bandwidth (see Section 6.6).

Furthermore, rapid transitions in dielectric properties can occur at the bound-
aries between tissues. It deteriorates the through-body transmission due to reflections
[14, 57]. Reflection losses are stronger at lower frequencies (Figure 6.6). The sharpest
transition arises between a body (skin) and air. The fat layers can create contrast bound-
aries with skin and muscle too. The transmission efficiency through these boundaries
can be characterised using the transmission coefficient T defined as a ratio of trans-
mitted electric field to the incident at an interface between two tissues: T = Et

Ei
. For

a plane wave under normal incidence on a boundary, it could be estimated from the
electromagnetic properties of the media [56, p. 29]:

T = 2Z2

Z2 + Z1
, (6.10)

where Zn are the wave impedances of the first and second medium, respectively. The
wave impedances can be obtained using the propagation constants γn (6.8) of each
media [56, p. 20]:

Zn = jωμ

γ
. (6.11)

The plane wave normal incidence is a rough approximation as the skin–air bound-
ary is finite and generally non-planar while the incidence angles are arbitrary; the
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Figure 6.6 Magnitude of the transmission coefficient |T | at the skin–air interface
for the normal plane wave incidence (equation (6.10)). Skin properties
(dispersive) are from Gabriel et al. [45–47]
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spherical wave is more appropriate approximation than planar for in-body implants.
Moreover, at low frequencies the boundary could be within the near-field region.
However, the plane wave approximation gives the general illustration of transmission
coefficient frequency behaviour.

So, an optimal operating frequency range must be found as a trade-off between
the minimisation of the attenuation and reflection losses and maximisation of the
antenna efficiency.

6.5.3 Studies on optimal operating frequency

Chirwa et al. [58, 59] reported the propagation study from inside a human intestine in a
frequency range from 150 MHz to 1.2 GHz. They found that for the studied phantom
(Hugo from Visible Human Project®), the most efficient transmission lies in the
frequency range 450–900 MHz and peaks around 650 MHz. Also, the results showed
that the radiation characteristics strongly depend on implant position in the body. The
tissue dielectric properties in this study have discrepancies with the data commonly
used today (e.g. References 45–47). For example, the used small intestine properties
are frequency independent within the 150 MHz to 1.2 GHz range with ε = 128.9 and
σ = 1.739. It differs substantially from the data obtained by Gabriel et al. [45–47]:
ε = 61.7 and σ = 2.037 at 650 MHz.

Yu et al. [60] used the same phantom as in the previous study (adaptive mesh
from 140 μm3 to 4.5 mm3) to illustrate the body SAR at MICS3 and ISM4 bands using
the small zigzag dipole antenna placed inside the stomach. The results revealed that
the optimal frequency lies around 900 MHz. The authors also state that the optimal
frequency choice depends on the antenna size, type and its location in the body.

Sani et al. [61] performed the finite-difference time-domain (FDTD) analysis of
radiation characteristics of gastric, bladder and cardiac implants operating in MICS
band using three distinct computational phantoms. The results also confirmed the
strong relationship between the implant location and the radiation characteristics of
the antenna.

Xu et al. [62] compared the FDTD simulated far fields of four helical antennas
at 430, 800, 1200 and 2400 MHz and concluded that the radiation intensity decreases
with the increase in operation frequency.

The limitation of all studies mentioned in this subsection is the low-resolution
voxel type phantoms. These disregard the reflection losses due to thin tissue lay-
ers (when the layer thickness is less than or equal to the phantom voxel side) and
will inevitably have the staircase approximation errors. This limitation can be over-
come either by increasing the phantom resolution and using multi-grid meshing or
by employing new generation boundary representation phantoms [63].

3Medical Implant Communication Service radio band 402–405 MHz; now part of MedRadio 401–406 MHz
sub-band. Regulated by the Federal Communications Commission (FCC)
4The industrial, scientific and medical radio bands. Regulated by the International Telecommunication
Union (ITU)
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Considering the theoretical studies, the most suitable globally available fre-
quency bands for ingestible applications are MedRadio 401–406, 413–419, 426–432,
438–444, 451–457 MHz, and mid-ISM 433–434 MHz. At these frequencies, the main
challenge is to properly miniaturise an antenna and to maximise its performance
in terms of efficiency or bandwidth. At this point, we must take into account the
fundamental limitations of ESAs.

6.6 Fundamental limitations of ESAs

Considering the capsule size and optimal frequency range, in most cases, we will
deal with ESAs. By definition, an antenna is considered as electrically small when it
satisfies the following condition [64]:

ka < 0.5, (6.12)

where k = 2π

λ
is the wavenumber and a denotes the radius of the minimum size sphere

that circumscribes the antenna (also known as the Chu sphere, Figure 6.7).

Bandwidth-efficiency trade-off

In most cases, capsule antennas cannot be both wideband and efficient due to
the fundamental limitations of ESAs. Radiation efficiency η must be sacrificed
in order to increase the bandwidth, and vice versa.

For the standard ingestible capsule dimensions (see Table 6.1), the typical radius
a ≈ 1 cm. According to (6.12) and considering εr = 1, all a = 1 cm antennas operat-
ing in air at f0 � 2.4 GHz can be considered as ESAs. However, taking into account
adjacent biological tissues and an antenna stack-up, this frequency limit will be lower
as the real part of effective relative permittivity around the antenna will be εeff

r > 1,

a – Chu sphere radius
Capsule shell

Antenna

Figure 6.7 Schematic representation of the Chu sphere circumscribing an antenna
within a capsule
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thus increasing the wavenumber k . Rearranging (6.12), the upper frequency of ESA
can be defined as:

fESA <
c

4πa
√

εeff
r

, (6.13)

where c ≈ 3 × 108 m·s−1 is the speed of light. The correct estimation of the εeff
r could

be difficult though; it depends on the antenna type, stack-up, capsule materials and
geometry, as well as on the adjacent tissue dielectric properties. Figure 6.8 shows
how the upper ESA frequency depend on the relative permittivity.

The fundamental ESA performance limits in terms of the quality factor Q were
established by Chu [65] and later corrected by McLean [66]. The lower bound
on QLB is inversely proportional to the minimum sphere radius a enclosing an
antenna [66]:

QLB = 1

(ka)3
+ 1

ka
. (6.14)

For a lossy antenna, the right-hand side of (6.14) is multiplied by the antenna radiation
efficiency η [67].

The fundamental lower bound of the quality factor Q is inversely proportional
to the upper bound of the antenna bandwidth. Yaghjian and Best [68] expressed the
antenna Q factor as a function of the bandwidth BW at a given VSWR level as:

Q(f0) = VSWR − 1√
VSWR

f0

BW
, (6.15)

where f0 is the antenna central frequency.
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Figure 6.8 Electrically small antenna (a = 1 cm) upper frequency dependence
on the effective relative permittivity of the environment according
to (6.13)
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Figure 6.9 Fundamentally achievable antenna radiation efficiency η vs. the
bandwidth for antennas with the circumsphere radius a = 1 cm. The
wavenumber is calculated considering the free space propagation
(εr = 1)

Combining (6.14) with (6.15), one obtains the fundamental upper bound limits
of the antenna bandwidth for a given ka:

BWUB = f0
VSWR − 1√

VSWR

(ka)3

η
[
(ka)2 + 1

] . (6.16)

The above equation gives an important insight: for a given bandwidth, there exists a
maximum achievable radiation efficiency:

ηUB = VSWR − 1√
VSWR

f0

BW︸ ︷︷ ︸
Antenna Q

(ka)3

(ka)2 + 1
. (6.17)

In other words, while working with ESAs, we must sacrifice the radiation effi-
ciency to decrease the antenna Q factor and thus increase the bandwidth beyond the
fundamental limitations of (6.14).5

Figure 6.9 shows the highest achievable radiation efficiencies η for the desired
fractional S11 < −10 dB bandwidth according to (6.17). The Chu sphere radius is
taken as a = 1 cm (approximate maximal radius for an ingestible capsule). Four
wavenumbers k consider the propagation in free space (εr = 1).

It could be seen that even 0.1% radiation efficiency is hardly achievable at
434 MHz in air. To raise the upper bounds of the antenna radiation efficiency ηUB

5Theoretically, non-Foster matching circuits can be used to enlarge the bandwidth without sacrificing the
efficiency [69, p. 50]
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Figure 6.10 Increase in maximum achievable radiation efficiency by dielectric
loading of the a = 1 cm antenna operating at f0 = 434 MHz with 4, 10,
25 and 50 MHz bandwidths

for a given bandwidth BW at the given frequency f0, two options exist. The most
obvious one consists in increasing the antenna physical size a that leads to a bigger
capsule and is often unacceptable.

Other option implies increasing the antenna electrical size without chang-
ing its overall physical dimensions. It is achievable by loading the antenna with
high permittivity dielectric materials that will increase εeff

r . Figure 6.10 shows
the effect of increasing εeff

r for a = 1 cm antenna operating at f0 = 434 MHz. We
can notice the distinct exponential effect of dielectric loading for the narrowband
antennas.6

While choosing an antenna type for a future capsule, we ought to consider the
ESA limitations. In particular, the future antenna should make the best use of an
available capsule surface to maximise the Chu sphere radius. Also, the antenna type
and configuration should allow the dielectric loading – e.g. via substrate, superstrate
or filling – to further increase the electrical size. The next section classifies by types
and reviews up-to-date capsule antennas.

6.7 Capsule antenna types and overview

At the frequencies lower than very high frequency (VHF) (f < 30 MHz), wire induc-
tion links are used exclusively; as they operate in near field, they are not antennas and
so out of scope of this chapter. The comprehensive overview and design guidelines
are given in Reference 55, Chapters 5 and 7.

6Theoretically, magnetic loading could increase the electrical size as well [70]
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Capsule antenna classification

● Wire antennas – easy to design but cumbersome and poorly integrable.
● Planar printed antennas – better integrability but still too bulky.
● Conformal printed antennas – well integrable, low profile, could occupy

large surface on a capsule but hard to design.

VHF–UHF7 capsule antennas can be divided into two categories: wire and
printed. Reported wire antennas are either spiral or helical, and printed antennas
are either planar on a rigid Printed circuit board (PCB) or conformal to the surface of
a capsule. Table 6.5 overviews the published VHF–UHF band antennas for ingestible
telemetry capsule applications.

6.7.1 Wire antennas

Wire antennas for the ingestible capsules were the first published. They can be either
helical or spiral with both circular and rectangular wire cross sections.

Kwak et al. [71] reported a helical antenna for a capsule endoscope (Fig-
ure 6.11). The size of the antenna is (5.6 × ø8) mm. The antenna has a bandwidth of
410–442 MHz (32 MHz or 8%) for VSWR < 2 (or S11 � −9.5 dB) when measured
in a liquid phantom (εr = 56, σ = 0.8 S·m−1) in a ø150 mm cylindrical container.
The authors used CST Microwave Studio® to simulate the antenna. The gain G and
efficiency η were not reported.

Xu et al. [62, 72, 73] used a normal-mode helical antenna to study numerically
(using FDTD implemented in Xfdtd®) the variations of radiation characteristics and
SAR levels at 430, 800, 1200 and 2400 MHz due to the uncertainties of tissue dielectric
properties. Four helical antennas were designed to fit the (15 × ø12) mm capsule with
1 mm shell thickness. Figure 6.12 shows the generic antenna, and Table 6.5 lists the
exact dimensions for each working frequency. The wire is ø1 mm. The male and
female phantoms use the ‘Visible Human’ anatomy data with the dielectric properties
reported by Gabriel et al. [45–47]. The antenna was meshed with 1 mm3 resolution
and the tissue with 3 mm3. The efficiencies η and gains G were not provided.

Rajagopalan and Rahmat-Samii [74] studied inverted conical helical antenna
(Figure 6.13) for a (26 × ø11) mm capsule designed to operate within the Wire-
less Medical Telemetry Service (WMTS) 1.4 GHz band. The bandwidth was not
reported, but according to the reflection coefficient (Figure 6.13) it is approx-
imately 40 MHz (3%). The wire is ø0.4 mm and the pitch is 1 mm. The first
loop is ø1.5 mm and increases by ø2 mm with each winding. The ø9 mm ground
plane shields the antenna from the capsule circuitry. Additional ø8 mm metallic
surface above the ground plane is used for the antenna tuning. The total antenna

7Frequency bands as defined by ITU: VHF: 30–300 MHz, UHF: 300–3000 MHz and super high frequency
(SHF): 3–30 GHz
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size is thus (5.1 × ø9) mm. The authors report the radiation efficiency η < 0.1% and
the simulated peak gain G = −40 dBi at 1.4 GHz. The antenna is linearly polarised.
The equivalent tissue parameters were set as frequency dependent with the values
εr ∈ [53.55, 54.81] and σ ∈ [0.98, 1.34] S·m−1 for 1–1.8 GHz. The permittivity of
the capsule shell is εr = 3.2. For the antenna measurements, a tissue equivalent liquid
phantom contained deionised water, sugar, salt and cellulose.

Lee et al. [76] proposed a conical spiral antenna (Figure 6.14) at 450 MHz.
Antenna has 101 MHz (or 22%) bandwidth for VSWR < 2 when measured in the liq-
uid phantom with εr = 56, σ = 0.83 S·m−1 in a ø300 mm cylindrical container. Due
to the conical structure, this antenna exhibits more broadband characteristics com-
pared to the conventional narrowband spiral antennas and helical antennas mentioned
earlier. The antenna size is (5 × ø10) mm. The authors used a 50 � matched coaxial
cable to connect the antenna to a vector network analyser for measurements and CST
Microwave Studio® for simulations. The efficiency and gain were not reported.

Large-arm spiral antenna by Lee et al. [77, 78] uses flat wire (Figure 6.15) and
operates around 450 MHz with the S11 < −10 dB bandwidth from 76 MHz (17%)
to 117 MHz (26%) depending on the antenna dimensions. The liquid phantom has
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εr = 56.91, σ = 0.97 S·m−1 and occupies a ø300 mm cylindrical container. The
phantom consists of pure water, methanol and sodium chloride. The 0.25 mm cap-
sule shell has a relative permittivity εr = 3.15. The total antenna height h (including
the ground plane) varies from 3 to 7 mm affecting the bandwidth; the diameter ø
is 10 mm. The 0.5 mm thick antenna arm width varies from 2 to 4 mm: wider arms
give more broadband characteristics. The total length of the arm – which defines the
fres – was experimentally found to be 90 mm (λ/4) for the antenna with the parameters
w = 4 mm and g = 1 mm. The radiation efficiency η and the gain G were not given.

Dual spiral antenna for wireless endoscope is another development by Lee and
Yoon [79]. The total antenna size is (7 × ø10) mm. The antenna consists of two spi-
rals: wire and printed on a PCB (Figure 6.16). The PCB is 1.574 mm thick with
εr = 2.5. One feed line powers both spirals that are mounted above a ground plane.
Two spirals have different overall length for enhancing the bandwidth (the printed one
is longer than the wire one, the exact lengths were not reported). The authors reported a
411–600 MHz bandwidth for VSWR < 2 (189 MHz or 37.8%), when measured in a
liquid phantom with εr = 56, σ = 0.83 S·m−1 in a ø300 mm cylindrical container. As
for the previously mentioned antenna, the phantom consists of pure water, methanol
and sodium chloride. The radiation efficiency η and gain G were not reported.

Despite the high achievable bandwidths of wire antennas, they are voluminous,
poorly integrable in a capsule design and ill-suited for mass production. Better
integration and more technological manufacturing could be achieved with printed
antennas.

6.7.2 Planar printed antennas

The first reported printed antenna for ingestible capsules was the spiral antenna on a
rigid PCB reported by Kwak et al. [80] (Figure 6.17). The antenna bandwidth is com-
parable with wire antennas: 110 MHz or 24% (400–510 MHz for VSWR < 2) when
measured in a liquid phantom with εr = 56, σ = 0.8 S·m−1 in a ø300 mm cylindrical
container. The substrate is 3 mm thick (ø10.5 mm) and has εr = 2.17. The λ/4 spiral
trace width is 0.5 mm. The radiation efficiency η and gain G were not reported.
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Xie et al. [81] reported a 2.45 GHz printed spiral antenna on a 3 mm thick
F4BK335 substrate (εr = 3.5, tan δ = 0.001). The dimensions are (Figure 6.18):
R1 = 4.3 mm, R2 = 3.3 mm, R3 = 1 mm, RF = 0.65 mm, DF = 1 mm and RS =
0.5 mm. Antenna uses the shortening pin miniaturisation technique. The reported
bandwidth is 104 MHz (4%). The maximum gain reaches G = −0.17 dBi. The
antenna lacks the omnidirectionality for ingestible capsule applications. The phantom
characteristics and radiation efficiency η were not reported.

Another 2.45 GHz spiral antenna on a rigid PCB for capsule applications was
reported by Zhao et al. [75] (Figure 6.19). The authors used the following tissue param-
eters: εr = 53.6, σ = 1.8 S·m−1. No dimensions were given along with the bandwidth,
neither other performance indications as radiation pattern, gain and efficiency, nor
the measurement data.

Huang et al. [82] proposed a microstrip four-arm spiral antenna (Figure 6.20)
for 915 MHz ISM band printed on a rigid 0.6 mm thick PCB with εr = 6.1. The
antenna is narrowband (1.2% or 11 MHz bandwidth at S11 < −10 dB). The gain is
approximately G = −46 dBi. A shortening strip contributes to the miniaturisation;
the total antenna size is 8.25 × 8.25 × 0.6 mm3. The capsule casing and circuitry was
not taken into account in simulations. The antenna was analysed using FDTD method
inside a heterogeneous phantom (Visible Human, 25 distinct tissues). Adaptive mesh



166 Advances in body-centric wireless communication

0

–10

–20

2 4 6
Frequency (GHz)

0

–10

–20

Frequency (GHz)
8 2 4 6 8

⏐S
11

⏐ 
(d

B
)

⏐S
11

⏐ 
(d

B
)

Figure 6.19 Printed spiral antenna by Zhao et al. [75]: design, reflection
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was used with the 0.25 × 0.25 × 0.3 mm3 resolution for the antenna and 5 mm3 for
the rest of the computational domain. The radiation pattern in Figure 6.20 depicts the
case when the antenna is inside a simulated human small intestine.

Merli et al. [83] reported the dual-band multilayered spiral antenna (Figure 6.21)
that operates in the 401–406 MHz MedRadio band and 2.4–2.5 GHz ISM band;
the in vitro measured S11 < −10 dB bandwidths are 9.3 MHz (2.3%) and 145 MHz
(6%), respectively, for MedRadio and ISM. The gains GMedRadio = −29.4 dBi and
GISM = −17.7 dBi, the directivities DMedRadio = 3.5 dBi and DISM = 4.4 dBi, and the
radiation efficiencies ηMedRadio = 0.051% and ηISM = 0.605% within a liquid phan-
tom in a ø80 mm cylindrical container. Unlike the previously mentioned phantoms,
the capsule is displaced from the central axe (Figure 6.21 middle right). The measured
parameters of the liquid phantoms are εr = 57.36, tan δ = 0.580 for the MedRadio
band and εr = 53.76, tan δ = 0.241 for the ISM. The MedRadio phantom consists of
(per cent by weight): distilled water (51.3%), sugar (47.3%) and salt (1.4%). The ISM
phantom is made of distilled water (73.2%), salt (1.4%) and diethylene glycol butyl
ether (26.76%). Further analysis of the antenna was performed in SEMCAD X using
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the Duke phantom from theVirtual Family [84]. The antenna size without the casing is
24.7 × 8 × 5.2 mm3. It fits inside the capsule of (32.1 × ø10) mm. The 0.8 mm shell
is made of Polyetheretherketone (PEEK) (εr ≈ 3.5). Antenna 35 μm copper layers are
printed on Rogers TMM® 10 substrate (εr = 9.2, tan δ = 0.0022) and united using
30 μm thick epoxy adhesive (MedRadio: εr = 3; ISM: εr = 4; tan δ = 0.001).

Liu et al. [85] proposed a circularly polarised multilayer helical antenna for the
ISM 2.4–2.48 GHz band (Figure 6.22). The bandwidth is 1.85–2.8 GHz (950 MHz
or 41%) for S11 < −10 dB when simulated in a 100 mm3 cubic phantom with
εr = 52.79, σ = 1.7 S·m−1. The peak gain is G ≈ −32 dBi. The antenna consists of
three layers interconnected by vias, each layer containing an open loop. The substrate
is 50 mil Rogers RO3010 with εr = 10.2, tan δ = 0.0022. The total antenna footprint
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is π × 5.52 × 3.81 mm3; it is designed to fit within the (26 × ø11) mm capsule. The
authors studied the sensitivity of the antenna by varying the phantom parameters; four
tissues were used: muscle, stomach, small intestine and colon with the properties from
References 45–47. Ansys® HFSS™ was used to design and study the antenna within
a homogeneous phantom and CST Microwave Studio® to study the antenna in a voxel
phantom – Gustav from the CST Voxel Family – the antenna radiation, sensitivity
and SAR.

Dissanayake et al. [86] reported a slot microstrip UWB antenna that operates at
3.5–4.5 GHz (Figure 6.23). The slot design is based on a magnetic dipole principle that
is less affected by the near field perturbations caused by the varying dielectric parame-
ters of the surrounding biological tissue. The antenna is printed on the capsule-shaped
1.27 mm Rogers TMM® 10i substrate (εr = 9.8, tan δ = 0.002). The total antenna
size is 23.7 × 8 × 1.27 mm3, the capsule shell is 0.5 mm thick. The slot occupies
half of the substrate, which is loaded with the glycerine (εr = 50). This contributes
to the miniaturisation as well as the impedance matching with the biological tissue.
For the simulation in CST Microwave Studio®, various tissue parameters were used
(Figure 6.23, middle); the cylindrical computational phantom size is (40 × ø29) mm.
The reported radiation efficiencies vary from η = 0.8% for the small intestine to
η = 20% for the breast tissue. The proof-of-concept measurement used pork midloin
chops as an equivalent tissue. The authors claim that the high permittivity dielectric
loading of an antenna (ideally with the εr equal to the surrounding tissue) contributes
to lower reflection coefficients, so that the wider band matching of the antenna
could be achieved. The same antenna was used in the power absorption study by
Thotahewa et al. [87]; Dissanayake et al. also reported the similar antenna design
earlier [88].

Planar printed antennas perform well enough for the in-body capsule applica-
tions.They occupy less volume than wire antennas, they integrate easily with a capsule
circuitry, and they are more technological and inexpensive. However, their footprint
is the critical drawback for capsule applications. Conformal printed antennas occupy
negligibly small volume and they easily integrate within a capsule, yet they possess
all the advantages of planar antennas, and could outperform them.
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6.7.3 Conformal printed antennas

Izdebski et al. [89] reported a 1.4 GHz conformal chandelier meandered dipole
antenna (Figure 6.24). The S11 < −10 dB bandwidth is about 136 MHz (≈10%). The
antenna is based on the offset meandered dipole design that permits better match-
ing to 50 � than the balanced meandered dipole. The antenna conforms the capsule
extremity. To validate the design and numerical models, the antenna was printed on
a planar PCB (RT/duroid® 5880, εr = 2.2). The homogeneous phantom has cuboid
shape with the sides 350 × 350 × 200 mm3 and the dielectric properties εr = 58.8,
σ = 0.84 S·m−1 at fres = 1.4 GHz. The capsule shell is 0.1 mm thick with εr = 2.2;
the antenna is printed on the interior surface. The final lengths of the antenna arms (i.e.
tuned inside the phantom) are 25.2 mm for the shorter arm and 42 mm for the longer
one. Numerical analysis of the influence of the batteries inside the capsule showed no
critical effect on reflection coefficient. The simulation results for the cuboid phantom
were verified by the simulation inside the Ansoft human body model. The radiation
efficiency and gain in free space are η = 11% and G = −7.86 dBi and inside the
anatomically realistic Ansoft phantom are η = 0.05% and G = −26 dBi. The authors
used the Finite element method (FEM) implemented in Ansys® HFSS™ to analyse
the antenna. Similar antennas were also reported [74, 90, 91].

Cheng et al. [92] designed a 2.4 GHz (ISM band) conformal patch antenna loaded
with the complementary split-ring resonator (CSRR; Figure 6.25). The reported gain
is G = −5.2 dBi and radiation efficiency is η = 21% (both in air). No phantom was
used for the simulation. For measurements, in addition to the air, a 75 × 75 × 50 mm3

sponge was used damped with 30 ml of water. The bandwidth was not reported,
but according to the reflection coefficient it does not exceed 50 MHz (<2% for
S11 < −10 dB, Figure 6.25). The bending diameter is ø10 mm. The patch length
is 10.5 mm (roughly λ/10) and the width could be varied for the impedance matching
(consequently, the gap between the folded patch opposite edges will change). The
17 μm thick patch top layer is printed on the 0.254 mm (10 mil) RT/duroid® 5880
substrate with εr = 2.2, tan δ = 0.0009. Ground plane reduces the effect of a capsule
circuitry on the antenna. The authors used the lumped element approximation along
with Ansys® HFSS™ to analyse the antenna.
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Kumagai et al. [93] reported a 430 MHz conformal helical antenna. The antenna
was designed for wireless power transfer to in-body capsules. The S11 < −10 dB
bandwidth is about 2.5 MHz (0.6%) according to the simulated reflection coefficient
(Figure 6.26). The environment parameters (phantom) were not reported; conceivably
it was air or vacuum according to the narrow bandwidth characteristic. Antenna
conforms to a (23 × ø9.5) mm cylindrical volume (Figure 6.26). The trace is 0.4 mm
wide and is fed symmetrically. One end of the antenna is open and the opposite end
is shortened, thus the impedance match could be achieved. The power transfer to
the antenna was analysed using the antenna model in 20 mm air layer between two
phantom layers: 15–35 mm the outer layer and 100 mm the inner layer (Figure 6.26
right). Both phantom layers are muscle equivalent with εr = 56.9, σ = 0.81 S·m−1.
The antenna was analysed using the FDTD method.

Yun et al. [94] reported an UWB conformal meandered-loop antenna
(Figure 6.27). The operation frequencies are 370–630 MHz (260 MHz or 52%
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Figure 6.28 Conformal microstrip antenna by Mahe et al. [97]: manufactured
prototype, design and simulated reflection coefficient. ©2012 Yann
Mahe et al.

VSWR < 2 bandwidth) when simulated in the phantom (εr = 56.4, σ = 0.82 S·m−1

at 500 MHz). ø300 mm cylindrical liquid phantom was used for the measurement;
the ingredients were not reported. The full effective wavelength antenna is printed on
the outer surface of the 0.5 mm capsule shell (εr = 3.15), maximising the achievable
Chu sphere radius, thus increasing the efficiency. The approach to increase the radi-
ation efficiency η is opposite to the one proposed by Merli et al. [95]. The height of
meanders and the gap between each could be used to tune the antenna. The batter-
ies affect the antenna characteristics as it is unshielded. The authors claimed 43.7%
measured antenna efficiency (calculated using the Frii’s formula). The total capsule
size is (24 × ø11) mm. The metallisation is 18 μm thick copper. The prototype was
printed on a 25.4 μm polyimide film and fixed on the outer surface of the capsule
shell. The authors used CST Microwave Studio® to analyse the antenna. Kim et al.
reported an in vivo measurement of the endoscope prototype using this antenna [96].

Mahe et al. [97] reported a conformal microstrip antenna for the 434 MHz ISM
band (Figure 6.28). The antenna on a polyimide substrate (εr = 3.4) has a bandwidth
about 50 MHz (or 12%) for S11 < −10 dB. The microstrip antenna design includes a
ground plane, which implies antenna shielding and minimisation of capsule circuitry
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effect on the radiation performance. Three miniaturisation techniques were used:
short circuiting, stepped impedance and meandering. The authors achieved 90% size
reduction compared to the standard λ/2 patch antenna. The proposed analytical model
permits to calculate the antenna dimensions for the desired fres and miniaturisation
constraints to fit various capsules. Also, the model permits to shrink the numerical
antenna tuning to one dimension (the length of meandered element). The proof-of-
concept prototype was built on 18 × 9 × 1.58 mm3 FR4 substrate (εr = 4.4) with the
3 × 18 mm2 first element size and 0.2 × 75 mm2 the second. The maximum gain
is G = −33 dBi, the radiation efficiency η was not reported. As for the quarter
wave patch, the antenna input impedance ZANT depends on a feeding point with
the maximum on the radiating edge and minimum near the short circuit. A flexible
prototype was built on a 50 μm Pyralux® AP8525 substrate (polyimide, εr = 3.4),
which conforms to a (17 × ø7) mm capsule. The metallisation is 18 μm thick. The
antenna was measured in a liquid phantom within a ø200 mm cylindrical container
with εr = 49.6, σ = 0.51 S·m−1. The effect of bending is insignificant. The authors
used Ansys® HFSS™ to analyse the antenna.

Alrawashdeh et al. reported a range of conformal loop antennas. In Reference
98, the authors reported a conformal U-shaped loop antenna covering both MedRa-
dio 403 MHz and ISM 433 MHz bands. The antenna is UWB: 348–555 MHz or
207 MHz (46%) for VSWR < 2 when simulated inside a (110 × ø120) mm homo-
geneous cylindrical phantom (εr = 57.1, σ = 0.79 S·m−1 at 404.5 MHz). In air, the
antenna resonates at 4 GHz (left reflection coefficient plot). The authors also com-
pared a three-layer body model of the same size with a homogeneous phantom. The
gain values are G = −28.38 dBi and G = −28.95 dBi, respectively, within the mul-
tilayer and homogeneous phantoms. The total antenna size conforms to the surface
of the (15 × ø10) mm cylinder. The 18 μm metallisation is approximated by Per-
fect electric conductor (PEC) for the model. The unfolded antenna electrical size is
about λ/3 × λ/6, including the 25.4 μm thick polyimide substrate. Another 17 μm
polyimide layer was added above the antenna to insulate it from the tissue.

Further development with more meanders of the previous antenna was reported
in Reference 99 (Figure 6.29). The bandwidth is 327–530 MHz (203 MHz or 47%)
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for S11 < −10 dB when simulated in 180 × 100 × 50 mm3 elliptical cylinder phan-
tom (human arm model) with εr = 57, σ = 0.79 S·m−1. The reported gain is
G = −28.4 dBi. The radiation efficiency η was not reported. Antenna conforms to
the (10 × ø7) mm cylinder.

Another MedRadio conformal loop antenna by Alrawashdeh et al. [100] was
designed for cylindrical knee implants (Figure 6.30). The ø10 mm antenna bend-
ing diameter is in the same range as for the GI capsules. The antenna resonates at
404 MHz with a bandwidth about 25 MHz (6%) when simulated in a (444 × ø130) mm
cylindrical multilayer phantom (Figure 6.30 right). The simulated gain is G = −21 dBi
and the radiation efficiency is η = 0.3%. It must be noted that the gain and the effi-
ciency values are higher because of lower loss for this kind of implant application. The
antenna is designed to be printed on a 20 μm polyimide substrate. The trace width
is 1 mm and the separation distance varies from 1 to 3 mm. The radiation pattern
is omnidirectional; however, the maximum gain is directed along the phantom. The
transverse directivity would be preferable for the reported application.

Similar design of a conformal meandered loop antenna for the same application
was proposed by Alrawashdeh et al. in Reference 101 (Figure 6.31). The bandwidth
is 362–454 MHz (92 MHz or 23%) for S11 < −10 dB when simulated in a multilayer
cylindrical phantom: ø30 mm bone → 70 mm muscle → 4 mm fat → 2 mm skin
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Figure 6.30 Conformal loop antenna by Alrawashdeh et al. [100]: planar and
conformal designs, reflection coefficient and multilayer phantom.
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(Figure 6.31 right). The simulated radiation efficiency is η = 0.05% and the gain
is G = −27.6 dBi; as for the previous case, the values are higher because the envi-
ronment is less lossy. The antenna conforms to the (40 × ø10) mm cylinder. The
total radiator length is 137 mm (0.67λ) and the trace is 1 mm wide. In this study, the
authors reported also the analysis of antenna detuning due to the variation of dielectric
parameters of the surrounding tissue.

One more meandered loop antenna by Alrawashdeh et al. was reported in Refer-
ence 102. The antenna has one of the largest bandwidth among all reported capsule
antennas: 215–1000 MHz (785 MHz or 129%) for VSWR < 2 when simulated in the
phantom (εr = 56.4, σ = 0.82 S·m−1 at 500 MHz). In free space, the antenna res-
onates around 3.1 GHz. The gain and efficiency were not reported. The antenna is
designed to conform the (10 × ø11) mm cylinder while printed on a 25.4 μm substrate
with εr = 3.5 (presumably polyimide). The metallisation is copper; the antenna trace
is 0.5 mm width with 0.5 mm separation between meanders.

Alrawashdeh et al. also proposed a conformal loop antenna loaded with CSRR.
The antenna was designed to cover MedRadio and ISM bands. The simulated and
measured bandwidths are extremely large (Figure 6.32 right). The authors motivated
the use of CSRR to improve the impedance matching as well as to increase the
antenna radiation efficiency η and gain G. The antenna was simulated using a homoge-
neous elliptic cylindrical muscle equivalent phantom (180 × 100 × 50 mm3) as well
as within a CST Katja voxel body model (43-year-old female, 62 kg). The claimed
simulated radiation efficiencies within the homogeneous phantom are 0.12%, 0.2%,
0.3%, 0.35%, 0.53% and realised gains GR are −26, −25.1, −24, −21, −15 dBi at
403, 433, 868, 915, 2450 MHz, respectively. A prototype was manufactured and mea-
sured within pork. Antenna conforms to the (15 × ø10) mm cylinder and insulated
with 0.2 mm shell. All mentioned antennas by Alrawashdeh et al. were analysed using
CST Microwave Studio®.

Psathas et al. proposed a microstrip meandered antenna operating at 402 MHz
(Figure 6.33) [104]. The S11 < −10 dB bandwidth is 39.95 MHz (9.9%) and the gain
is G = −29.64 dBi when simulated in a homogeneous 100 mm3 cubic phantom with
εr = 57, σ = 0.8 S·m−1. The antenna was printed on a 18 × 18 × 0.127 mm3 Rogers
RT/duroid® 5880 substrate with εr = 2.2, tan δ < 0.0009 and conforms to ø10 mm
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Figure 6.34 Two conformal meander-line antennas by J. C. Wang et al. [106]:
designs and reflection coefficients (solid: planar, dashed: conformal).
©2013 IEEE

cylinder. Superstrate layer is 0.1 mm polyethylene (εr = 2.25, tan δ = 0.001). Antenna
miniaturisation is achieved using shorting pin and meandering techniques, which
permits to obtain dual-band characteristics as well. The proposed feed is an L-shape
coaxial probe. The antenna sensitivity to the environment variation was analysed for
four tissues [105]: oesophagus, stomach, small and large intestines (dielectric proper-
ties from References 45–47). The authors used FEM implemented in Ansys® HFSS™
to design the antenna; the mesh adaptivity was set-up to achieve 2% S11 error.

J. C. Wang et al. [106] reported two conformal antennas based on a planar
meander-line design. The first conformal antenna (Figure 6.34) has a bandwidth
of 306–529 MHz (223 MHz or 53%) for VSWR < 2 when simulated in the phantom
having εr = 56, σ = 0.8 S·m−1. However, there is a discrepancy between the reported
values and reflection coefficient plot (roughly 150–950 MHz on the plot). The phan-
tom has an elliptical cylinder shape with the dimensions 100 × 150 × 200 mm3. The
conformal antenna was simulated with bending diameters ø10.6 mm (reported antenna
results), ø14 mm, ø20 mm and ø30 mm. The planar antenna size is 33 × 23 mm2. The
capsule shell has εr = 4.4. The authors analysed also the impact of a capsule shell
with variable thickness: 0.5, 1.6 and 2.4 mm. The second antenna (Figure 6.34) has a
reported bandwidth of 330–894 MHz (564 MHz or 92%) for VSWR < 2 when simu-
lated in the same phantom as for the first antenna. The same discrepancy as for the first
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antenna exists between written and plotted values: about 310–690 MHz on the plot.
The conformal antenna was simulated with bending diameters ø4.8 mm (reported
antenna results), ø10 mm, ø14 mm, ø20 mm and ø30 mm. The planar antenna size is
18.2 × 15 mm2. Efficiencies and gain were not reported for both antennas; however,
authors claim the transmission for at least 15 cm from the body surface. The authors
used CST Microwave Studio® to analyse the antenna.

Xu et al. [107] proposed an enhanced bandwidth dipole antenna for 401–
406 MHz MedRadio band (Figure 6.35). The bandwidth is 358–516 or 158 MHz
(36.1%) when simulated in a 180 mm3 cubic phantom with εr = 46.76, σ =
0.69 S·m−1. The capsule is located at the centre of x–y-plane and 3 mm deep along the
z-axis of the phantom. This phantom set-up is apparently improper for the suggested
capsule application – endoscopy. The reported gain is G = −37 dBi and efficiency is
about η = 0.02%. The planar prototype was printed on 0.635 mm thick Rogers 3010
substrate (εr = 10.2, tan δ = 0.0035) and covered with the same material superstrate.
The planar antenna was measured in the phantom containing sugar (56.18%), salt
(2.33%) and deionised water. The measured dielectric characteristics of the phantom
were not reported. The final antenna is optimised to be printed on the polyimide
substrate (εr = 3.5, tan δ = 0.008) to conform the (24 × ø11) mm capsule. As the
antenna is based on a dipole radiation principle, it does not have a ground plane
(hence the mirror currents will affect the radiation efficiency).

Q. Wang et al. [108] proposed an UWB conformal trapezoid strip dielectric res-
onator antenna (Figure 6.36). The antenna bandwidth is 2–5 GHz (3 GHz or 86%)
at S11 < −10 dB when simulated in a 200 mm3 cubic homogeneous phantom with
εr = 51.5, σ = 3.2 S·m−1 at 4 GHz. The maximum gain is G = −24.2 dBi. The per-
mittivity of ø8 mm hemisphere is εr = 3 (presumably Polyvinylchloride (PVC)); it
is designed to fit a (26 × ø11) mm capsule. The phantom for the measurement was
prepared using the recipe from Reference 109 containing C12H22O11.

Morimoto et al. [110] proposed two UWB (3.4–4.8 GHz band) hemispherical
capsule-conformal antennas: helical and loop (Figure 6.37). The −10 dB bandwidth
begins at 3 GHz for the loop antenna and at 3.5 GHz for the helical. Antennas
were simulated using the FDTD method inside a 50 mm3 cubic phantom with
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εr = 51.4, σ = 3.26 S·m−1 at 4.1 GHz. The permittivity of ø8 mm hemisphere is
εr = 3. The antenna is covered with a 0.1 mm polyethylene shell (εr = 2.2). The
maximum gains are Gloop = −30 dBi and Ghelical = −32 dBi. The loop antenna has
zeros in y–z-plane radiation pattern; both antennas are omnidirectional in x–y-plane.
The authors manufactured a planar loop antenna to validate the model.

6.8 Conclusions

Emerging biomedical wireless telemetry permits to continuously monitor physiolog-
ical parameters unaffecting the mobility of a patient or an animal. It relies on an
efficient and reliable communication with an external monitor via a radio frequency
link. Although alternatives to radio frequency transmission exist for wireless GI cap-
sules (inductive links and human body communication (HBC) [32]), it is limited both
in operational range and throughput. Wireless transmission inVHF–SHF bands yields
the longest range and highest data transfer rates for ingestible wireless devices.

Biological media start to notably influence the antenna impedance and per-
formances for the frequencies beyond a few tenth of megahertz. Tissue dielectric
properties must be taken into account while designing antennas as well as when
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comparing the existent: the reported efficiencies and bandwidths are not informative
without considering the media dielectric properties.

The radiation efficiency – instead of gain – is a more appropriate performance
metric for capsule antennas since they are required to have an omnidirectional radia-
tion pattern, as a capsule position in GI tract is undefined. This requirement is satisfied
naturally for all capsule-sized antennas operating below f � 2 GHz8 according to the
theory of ESAs [64]. Several studies concluded that frequencies above 2 GHz are
inefficient for ingestible capsule antennas (see Section 6.5), so the directivity could
be neglected in most cases.

Modern VHF–SHF capsule antennas can be divided into wire, printed planar and
printed conformal. Wire antennas are easy to design and tune, they provide sufficient
bandwidth and, in helical implementation, they occupy a sufficiently large surface
augmenting the fundamental bandwidth versus efficiency limits (see Section 6.6).
Spiral antennas can have a ground plane sufficiently large to shield an antenna from a
capsule circuitry. However, wire antennas are bulky, poorly integrable into a capsule
design and non-technological (i.e. expensive and poorly repeatable for mass produc-
tion). Printed planar antennas are more technological to manufacture and its spiral
designs are less voluminous, but still lack the integrability. The bandwidth is com-
parable to wire antennas but it is harder to achieve the same Chu sphere radii, thus
planar antennas are less efficient for a given bandwidth.

Flexible substrates permit to minimise an antenna footprint within a capsule by
conforming to the shell. In this way, we can increase the Chu sphere radius by making
use of all available capsule surface, thus fending off the performance limits of ESAs.
So, theoretically achievable radiation efficiency η for a given bandwidth could be
greater than for wire and planar antennas. Moreover, printed conformal antennas are
technological and could be fully integrated into a circuit design; for instance, it could
be printed on the same flexible PCB with electronics and rolled to fit into the capsule
as in Reference 97. Unshielded designs (e.g. meandered dipole and loop antennas)
interact strongly with capsule circuitry. Conformal microstrip antennas are less cou-
pled to the circuitry because of a ground plane. It is convenient from a perspective of
system design: once tuned, the antenna will maintain its characteristics when capsule
circuitry or sensing units are revised. So, microstrip designs contribute to the faster
implementation of new biotelemetry sensing technologies since the antenna coupling
to capsule electronics could be intricate and time consuming to analyse.

While designing capsule antennas of whatsoever type, a frequency of opera-
tion must be properly chosen. Optimal frequency maximises the antenna radiation
efficiency without deteriorating too much the through-body transmission due to the
attenuation. MedRadio, UWB and some of ISM bands are globally available, WMTS
can be used only in the USA and Canada. When the frequency is chosen, another
compromise should be considered between the bandwidth and radiation efficiency.
Ideally, a capsule antenna should have a bandwidth as narrow as possible to reach

8This frequency limit depends strongly on antenna size and effective permittivity of the medium. The details
are given in Section 6.6
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the target data rate and to cover the frequency fluctuation due to the uncertainty of
tissue properties. In this way, the maximum achievable radiation efficiency will be
maximised for a given antenna electrical size.

A capsule antenna must be robust enough to remain tuned while the adjacent tissue
parameters vary during the GI passage. This is achievable either by sufficiently wide-
band designs to cover the resonant frequency detuning (efficiency must be sacrificed)
or using the microstrip designs – as in References 92, 97, 104 – with an insulation layer
(superstrate). These narrowband antennas are preferable as their maximum achiev-
able radiation efficiency is higher. Microstrip antennas require miniaturisation to
operate within the optimal frequency range for GI capsules. Several miniaturisation
techniques exist and comprehensive guidelines are given in References 64, 111.

A properly designed antenna will reliably transmit during the GI tract passage
within a specified operational range, provide sufficient bandwidth for desired data
transmission rates, occupy minimal volume within a capsule and integrate well with
control and sensing electronics.

Capsule antenna safety and dosimetry issues are out of the scope of this chapter;
relevant information can be found in References 11, 12, 55. Remaining research
challenges on capsule antennas involve maximising the radiation efficiency, reducing
the coupling with biological tissue and thus minimising the SAR levels as well as
studying new biocompatible materials. Future implantable and ingestible wireless
telemetry systems have a great potential to improve the diagnosis, treatment and
prevention of disease, illness or injury.
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7.1 Introduction

Technological advances in biomedical engineering have significantly improved the
quality of life and increased the life expectancy of many people. In recent years, there
has been increased interest in wireless body area networks (WBANs) research with the
goal of satisfying the demand for innovative biomedical technologies and improved
healthcare quality [1, 2]. One component of such advanced technologies is represented
by the devices such as wireless in vivo sensors and actuators, e.g., pacemakers, internal
drug delivery devices, nerve stimulators, wireless capsule endoscopes (WCEs), etc.
In vivo wireless medical devices and their associated technologies represent the next
stage of this evolution and offer a cost efficient and scalable solution along with the
integration of wearable devices. In vivo-WBAN devices (Figure 7.1) are capable of
providing continuous health monitoring and reducing the invasiveness of surgeries.
Furthermore, patient information can be collected over a larger period of time, and
physicians are able to perform more reliable analysis by exploiting big data [3] rather
than relying on the data recorded in short hospital visits [4–6].

In order to fully exploit and increase further the potential of WBANs for practical
applications, it is necessary to accurately assess the propagation of electromagnetic
(EM) waveforms in an in vivo communication environment (implant-to-implant and
implant-to-external device) and obtain accurate channel models that are necessary
to optimize the system parameters and build reliable, high-performance communi-
cation systems. In particular, creating and accessing such a model is necessary for
achieving high data rates, target link budgets, determining optimal operating frequen-
cies, and designing efficient antennas and transceivers including digital baseband
transmitter/receiver algorithms [7, 8]. Therefore, investigation of the in vivo wireless
communication channel is crucial to obtain better performance for in vivo-WBAN
devices. However, research on the in vivo wireless communication is still in the early
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stages, and heretofore there have been relatively few studies compared to the on-body
wireless communication channel [2, 9–11].

The in vivo channel exhibit different characteristics than those of the more
familiar wireless cellular and Wi-Fi environments since the EM wave propagates
through a very lossy environment inside the body, and the predominant scatterers
are present in the vicinity of the antenna (Figure 7.2). In this chapter, the state
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of the art of in vivo channel characterization is presented, and several research chal-
lenges are discussed by considering various communication methods, operational
frequencies, and antenna designs. Furthermore, a numerical and experimental char-
acterization of the in vivo wireless communication channel is described in detail. This
chapter aims to provide a more complete picture of this fascinating communications
medium and stimulate more research in this important area.

7.2 EM modeling of the human body

In order to investigate the in vivo wireless communication channel, accurate body
models, and knowledge of the EM properties of the tissues are crucial [2]. Human
autopsy materials and animal tissues have been measured over the frequency range
10 Hz to 20 GHz [12] and the frequency-dependent dielectric properties of the tissues
are modeled using the four-pole Cole–Cole equation, which is expressed as:

ε(ω) = ε∞ +
4∑

m=1

�εm

1 + (jωτm)(1−am)
+ σ

jωε0
(7.1)

where ε∞ stands for the body material permittivity at terahertz frequency, ε0 denotes
the free-space permittivity, σ represents the ionic conductivity and εm, τm, am are the
body material parameters for each anatomical region. The parameters for anatomical
regions are provided in Reference 13, and the EM properties such as conductivity,
relative permittivity, loss tangent, and penetration depth can be derived using these
parameters in (7.1).

Various physical and numerical phantoms have been designed in order to simulate
the dielectric properties of the tissues for experimental and numerical investigation
[14]. These can be classified as homogeneous, multilayered, and heterogeneous phan-
tom models. Although heterogeneous models provide a more realistic approximation
to the human body, design of physical heterogeneous phantoms is quite difficult and
performing numerical experiments on these models is very complex and resource
intensive. On the other hand, homogeneous or multilayer models cannot differentiate
EM wave radiation characteristics for different anatomical regions. Figure 7.3 shows
examples of heterogeneous physical and numerical phantoms.

Analytical methods are generally viewed as infeasible and require extreme sim-
plifications. Therefore, numerical methods are used for characterizing the in vivo
wireless communication channel. Numerical methods provide less complex and
appropriate approximations to Maxwell’s equations via various techniques, such as
uniform theory of diffraction (UTD), method of moments (MoM), finite element
method (FEM), and finite-difference time-domain method (FDTD). Each method
has its own pros and cons and should be selected based on the simulation model and
size, operational frequency, available computational resources, and interested char-
acteristics, such as power delay profile (PDP), specific absorption rate (SAR), etc. A
detailed comparison of these methods is available in References 2 and 15.
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(a) (b)

Figure 7.3 Heterogeneous human body models: (a) HFSS® model [19] and
(b) physical phantom [14]. ©2016 IEEE. Reprinted with permission
from Reference 55

It may be preferable that numerical experiments should be confirmed with real
measurements. However, performing experiments on a living human is carefully
regulated. Therefore, anesthetized animals [16, 17] or physical phantoms, allowing
repeatability of measurement results [14, 18] are often used for experimental investi-
gation. In addition, the first such study conducted on a human cadaver was reported
in Reference 20.

7.3 EM wave propagation through human tissues

Propagation in a lossy medium, such as human tissues, results in a high absorption of
EM energy [21]. The absorption effect varies with the frequency-dependent electrical
characteristics of the tissues, which mostly consist of water and ionic content [22].
The SAR provides a metric for the amount of absorbed power in the tissue and is
expressed as follows [23]:

SAR = σ |E|2
ρ

(7.2)

where σ , E, and ρ represent the conductivity of the material, the RMS magnitude
of the electric field, and the mass density of the material, respectively. The Federal
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Communications Commission (FCC) recommends the SAR to be less than 1.6 W/kg
taken over a volume having 1 g of tissue [24].

When a plane EM wave propagates through the interface of two media having dif-
ferent electrical properties, its energy is partially reflected and the remaining portion
is transmitted through the boundary of this media. Superposition of the incident and
the reflected wave can cause a standing wave effect that may increase the SAR values
[22]. A multilayer tissue model at 403 MHz, where each layer extends to infinity
(much larger than the wavelength of EM waves) and the dielectric values are calcu-
lated using Reference 25, is illustrated in Figure 7.4. If there is a high contrast in
the dielectric values of media/tissues, wave reflection at the boundary increases and
transmitted power decreases.

In addition to the absorption and reflection losses, EM waves also suffer from
expansion of the wave fronts (which assume an ever-increasing sphere shape from an
isotropic source in free space), diffraction and scattering (which depend on the wave-
length of EM wave). Section 7.6 discusses in vivo propagation models by considering
these effects in detail.

7.4 Frequency of operation

Since EM waves propagate through the frequency-dependent materials inside the
body, the operating frequency has an important effect on the communication channel.
Accordingly, the allocated and recommended frequencies are summarized including
their effects for the in vivo wireless communications channel in this section. The
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IEEE 802.15.6 standard [1] was released in 2012 to regulate short-range wireless
communications inside or in the vicinity of the human body, and are classified as
narrow-band (NB) communications, ultra-wide band communications (UWB), and
human body communications (HBC) [26, 27]. The frequency bands and channel
bandwidths (BW) allocated for these communication methods are summarized in
Table 7.1. An IEEE 802.15.6 compliant in vivo-WBAN device must operate in at
least one of these frequency bands.

NB communications operate at lower frequencies compared to UWB communica-
tions and hence suffers less from absorption. This can be appreciated by considering
(7.1) and (7.2) that describe the absorption as a function of frequency. The medi-
cal device radio communications service (MedRadio uses discrete bands within the
401–457 MHz spectrum including the international medical implant communication
service (MICS) band) and medical body area network (MBAN, 2360–2400 MHz)
are allocated by the FCC for medical devices usage. Therefore, co-user interference
problems are less severe in these frequency bands. However, NB communications are
only allocated small bandwidths (1 MHz at most) in the standard as shown in Table
7.1. The IEEE 802.15.6 standard does not define a maximum transmit power and
the local regulatory bodies limit it. The maximum power is restricted to 25 W EIRP
(equivalent radiated isotropic power) by FCC, whereas it is set to 25 W ERP (equiva-
lent radiated power) by ETSI (European Telecommunication Standards Institute) for
the 402–405 MHz band.

UWB communications is a promising technology to deploy inside the body due
to its inherent features including high data rate capability, low power, improved pen-
etration (propagation) abilities through tissues, and low probability of intercept. The
large bandwidths for UWB (499 MHz) enable high data rate communications and
applications. Also, UWB signals are inherently robust against detection and smart

Table 7.1 Frequency bands and bandwidths for the three different propagation
methods in IEEE 802.15.6. ©2016 IEEE. Reprinted with permission
from Reference 55

Propagation IEEE 802.15.6 operating freq. bands Selected
method references

Frequency band BW

Narrow band 402–405 MHz 300 kHz [7, 14, 22, 31,
communications 420–450 MHz 300 kHz 32, 36, 47]

863–870 MHz 400 kHz [7, 14, 31,
902–928 MHz 500 kHz 36, 45, 47]
950–956 MHz 400 kHz

2360–2400 MHz 1 MHz [7, 14, 36, 50]
2400–2438.5 MHz 1 MHz

UWB 3.2–4.7 GHz 499 MHz [17, 28, 36, 50]
communications 6.2–10.3 GHz 499 MHz

Human-body 16 MHz 4 MHz [26, 27]
communications 27 MHz 4 MHz
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jamming attacks because of their extremely low maximum effective isotropic radi-
ated power (EIRP) spectral density, which is −41.3 dBm/MHz [28, 29]. On the other
hand, UWB communications inside the body suffers from pulse distortion caused
by frequency-dependent tissue absorption and compact antenna design. Recently,
the terahertz frequency band has also been a subject of interest for in vivo propaga-
tion, and it is regarded as one of the most promising bands for the EM paradigm of
nano-communications [30].

7.5 In vivo antenna design considerations

Unlike free space communications, in vivo antennas are often considered to be an
integral part of the channel, and they generally require different specifications than
ex vivo antennas [2, 31–33]. In this section, we will describe their salient differences
as compared to the ex vivo antennas.

In vivo antennas are subject to strict size constraints and in addition need to be bio-
compatible. Although copper antennas have better performance, only specific types
of materials such as titanium or platinum should be used for in vivo communications
due to their noncorrosive chemistry [6]. The standard definition of the gain is not
valid for in vivo antennas since it includes body effects [34, 35]. As noted above, the
gain of the in vivo antennas cannot be separated from the body effects as the antennas
are considered to be an integral part of the channel. Hence, the in vivo antennas
should be designed and placed carefully in order not to harm the biological tissues
and to provide power efficiency. When the antennas are placed inside the human body,
their electrical dimensions and gains decrease due to the high dielectric permittivity
and high conductivity of the tissues, respectively [36]. For instance, fat has a lower
conductivity than skin and muscle. Therefore, in vivo antennas are usually placed in a
fat (usually subcutaneous fat –SAT–) layer to increase the antenna gain. This placement
also provides less absorption losses due to shorter propagation path. However, the
antenna size becomes larger in this case. In order to reduce high losses inside the
tissues, a high permittivity, low loss coating layer can be used. As the coating thickness
increases, the antenna becomes less sensitive to the surrounding material [36, 37].

Lossy materials covering the in vivo antenna change the electrical current distri-
bution in the antenna and radiation pattern [18]. It is reported in Reference 31 that
directivity of in vivo antennas increases due to the curvature of body surface, losses,
and dielectric loading from the human body. Therefore, this increased directivity
should be taken into account as well in order not to harm the tissues in the vicinity of
the antenna [23].

In vivo antennas can be classified into two main groups as electrical and magnetic
antennas. Electrical antennas, e.g., dipole antennas, generate electric fields (E-field)
normal to the tissues, while magnetic antennas, e.g., loop antennas produce E-fields
tangential to the human tissues [38]. Normal E-field components at the medium
interfaces overheat the tissues due to the boundary condition requirements [39] as
illustrated in Figure 7.5. The muscle layer has a larger permittivity value than the fat
layer, and hence, the E-field increases in the fat layer. Therefore, magnetic antennas
allow higher transmission power for in vivo-WBAN devices as can be appreciated
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Figure 7.6 Selected in vivo antenna samples: (a) A dual-band implantable antenna
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inverted-F antenna (PIFA) [42], (c) a miniature scalp-implantable
[43], (d) a wideband spiral antenna for WCE [16], and (e) an
implantable folded slot dipole antenna [44]. ©2016 IEEE. Reprinted
with permission from Reference 55

by (7.2). In practice, magnetic loop antennas require large sizes, which is a challenge
to fit inside the body. Accordingly, smaller size spiral antennas having a similar current
distribution as loop antennas can be used for in vivo devices [40]. Several selected
sample antennas designed for in vivo communications are shown in Figure 7.6.
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7.6 In vivo EM wave propagation models

The important factors for in vivo wireless communication channel characterization,
such as EM modeling of the human body, propagation through the tissues, and selec-
tion of the operational frequency, have been discussed in detail in the preceding
sections. Further, the main differences between in vivo and ex vivo antenna designs
were discussed – principally that the antenna must be considered as an integral part
of the in vivo channel. In this section, the focus is on EM wave propagation inside
the human body considering the anatomical features of organs and tissues. Then,
the analytical and statistical path loss models will be presented. Since the EM wave
propagates through a very lossy environment inside the body and predominant scat-
terers are present in the near-field region of the antenna, the in vivo channel exhibits
different characteristics than those of the more familiar wireless cellular and Wi-Fi
environments.

EM wave propagation inside the body is subject-specific and strongly related
to the location of the antenna as demonstrated in References 7, 18, 20, 31, and 45.
Therefore, channel characterization is generally investigated for a specific part of the
human body. Figure 7.7 shows several investigated anatomical regions for various
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Stomach: [7], [31], [32], [36]

Arm: [18], [32]

Intestine: [7], [47]
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Leg: [32]

Torso: [45]
[28]

[50]

Figure 7.7 Investigated anatomical human body regions. ©2016 IEEE. Reprinted
with permission from Reference 55
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in vivo-WBAN applications. For example, the heart area has been studied for
implantable cardioverter defibrillators and pacemakers, while the gastrointestinal
(GI) tract including esophagus, stomach, and intestine has been investigated for WCE
applications. The bladder region is studied for wirelessly controlled valves in the uri-
nary tract, and the brain is investigated for neural implants [33, 46]. Also, clavicle,
arm, and hands are specifically studied as they are affected less by the in vivo medium.

When the in vivo antenna is placed in an anatomically complex region, path loss,
a measure of average signal power attenuation, increases [7]. This is the case with the
intestine which presents a complex structure with repetitive, curvy-shaped, dissimilar
tissue layers, while the stomach has a smoother structure. As a result, the path loss is
greater in the intestine than in the stomach even at equal in vivo antenna depths [7].

Various analytical and statistical path loss formulas have been proposed for the
in vivo channel in the literature as listed inTable 7.2. These formulas have been derived
considering different shadowing phenomena for the in vivo medium. The initial three
models are functions of the Friis transmission equation [51], return loss, and absorp-
tion in the tissues. These models are valid, when either the far field conditions are
fulfilled or few scattering objects exist between the transmitter and receiver antennas.
In the first model, the free space path loss (FSPL) is expressed by the Friis transmission

Table 7.2 A review of selected studied path loss models for various scenarios.
©2016 IEEE. Reprinted with permission from Reference 55

Model Formulation

FSPL [31] Pr = PtGtGr

(
λ

4πR

)2

FSPL with RL [31], [36] Pr = PtGt (1 − |S11|2) Gr (1 − |S22|2)
(

λ

4πR

)2

FSPL with RL and Pr = PtGt (1 − |S11|2) Gr (1 − |S22|2)
(

λ

4πR

)2

(e−aR)2

absorption [40]

PMBA for near and far Prn = 16δ(Pt − PNF )

πL2
Ae, Prf =

(
(Pt − PNF − PFF )λ2

4πR2

)
GtGr

fields [48]

Statistical model – PL(d) = PL0 + n(d/d0) + S (d0 ≤ d)
A [45], [50]

Statistical model – PL(d) = PL(d0) + 10n log10 (d/d0) + S (d0 ≤ d)
B [14], [31], [32]

Pr/Pt , stands for the received/transmitted power; Gr/Gt denotes the gain of the receiver/transmitter antenna; λ

represents the free space wavelength; R is the distance between transmitter and receiver antennas, |S11| and |S22| stand for
the reflection coefficient of receiver/transmitter antennas; a is the attenuation constant, PNF /PFF is the loss in the
near/far fields; δ is Ae/A where Ae is the effective aperture and A is the physical aperture of the antenna; L is the largest
dimension of the antenna; d is the depth distance from the body surface, d0 is the reference depth distance, n is the path
loss exponent; PL0 is the intersection term in dB; S denotes the random shadowing term. Abbreviations: FSPL
represents the free space path loss in the far field, RL is the return loss, and PMBA denotes the propagation loss model.
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equation. FSPL mainly depends on the gain of antennas, distance, and operating fre-
quency. Its dependency on distance is a result of expansion of the wave fronts as
explained in Section 7.3. Additionally, FSPL is frequency dependent due to the rela-
tionship between the effective area of the receiver antenna and wavelength. The two
equations of the FSPL model in Table 7.2 are derived including the antenna return loss
and absorption in the tissues. Another analytical model, PMBA [48], calculates the
SAR over the entire human body for the far and near fields and gives the received power
using the calculated absorption. Although these analytical expressions provide intu-
ition about each component of the propagation models, they are not practical for link
budget design as is the case with the wireless cellular communication environment.

The channel modeling subgroup (Task Group 15.6), which worked on develop-
ing the IEEE 802.15.6 standard, submitted their final report on body area network
(BAN) channel models in November 2010. In this report, it is determined that the
Friis transmission equation can be used for in vivo scenarios by adding a random
variation term, and the path loss is modeled statistically with a log-normal distributed
random shadowing S and path loss exponent n [29, 49]. The path loss exponent (n)
heavily depends on environment and is obtained by performing extensive simulations
and measurements. In addition, the shadowing term (S) depends on the different body
materials (e.g., bone, muscle, fat, etc.) and the antenna gain in different directions
[32]. The research efforts on assessing the statistical properties of the in vivo propa-
gation channel are not finalized. There are still many open research efforts dedicated
to building analytical models for different body parts and operational frequencies
[14, 20, 31, 32, 45, 50].

7.7 In vivo channel characterization

The numerical in vivo channel characterization was performed in [45] using ANSYS
HFSS® 15.0, which is a full-wave EM field simulator based on the FEM. ANSYS also
provides a detailed human body model of adult male. The numerical investigation was
validated by conducting experiments on a human cadaver in a laboratory environment
[20]. Istanbul Medipol University provided the ethical approval for the study and
medical assistance for this study.

7.7.1 Simulation setup

The simulations [45] have been designed based on an implant-to-external device (in-
body to on-body) communications scenario. The human male torso area was divided
into four sub regions considering the major internal organs: heart, stomach, kidneys,
and intestine as shown in Figure 7.8. The measurements were performed in each sub
region by rotating both the receiver (ex vivo) and transmitter antennas (in vivo) around
the body on a plane at 22.5◦ angle increments as shown in Figure 7.9. For each location
of the ex vivo antenna (5 cm away from the body surface), the in vivo antenna was
placed at 10 different depths (10–100 mm). Moreover, the antennas were placed in
the same direction in order to prevent polarization losses.
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Omni-directional dipole antennas at 915 MHz were deployed in simulations for
simplicity. The dipole antenna size is proportional to the wavelength, which changes
with respect to both frequency and permittivity. Although the frequency of operation
was fixed in this study, the permittivity of the environment was variable. Therefore, the
antennas were optimized inside the body with respect to the average torso permittivity
in order to obtain maximum power delivery. In addition, a few antenna locations with
high return loss (i.e., >−7 dB) discarded from the data.

7.7.2 Experimental Setup

In order to validate our simulation results in [45], we conducted experiments on a
human cadaver with a similar setup [20]. The human male torso area is investigated
at 915 MHz by measuring the channel response through a vector network analyzer
(VNA), while using two antennas, one (in vivo) [52], and other a dipole antenna
(ex vivo) as illustrated in Figure 7.10. The in vivo antenna was placed at six different
locations (Figure 7.11) inside the body around heart, stomach, and intestine by a
physician. The antennas were located in the same orientation, and all return loss
values were less than −7 dB in the experiment dataset.

Rx Tx

Figure 7.10 Experiment setup for in vivo channel. ©2015 IEEE. Reprinted with
permission from Reference 20



200 Advances in body-centric wireless communication

12

4 3

6 5
Intestine

Stomach

Heart

Figure 7.11 Measurement locations on human cadaver. ©2015 IEEE. Reprinted
with permission from Reference 20

7.7.3 Results

7.7.3.1 Location-dependent characteristics
The location-dependent characteristics of the in vivo path loss have investigated at
915 MHz. The EM signal propagates through different organs and tissues for various
antenna locations that the path loss varies significantly even for equal in vivo depths.
Figure 7.12 presents the mean path loss for each angular position (see Figure 7.9).
It is observed that 0◦ has the highest path loss, whereas symmetric locations, 112.5◦

and 247.5◦, have the lowest attenuation. In addition, the number of scattering objects
(random variables) increases as the in vivo antenna is placed deeper and the variance
of path loss increases as well due to summation of random variables.

Figure 7.13 shows the scatter plot of path loss versus depth, and the in vivo path
loss is modeled statistically as a function of depth by the following equation in dB:

PL(d) = PL0 + m(d/d0) + S(d0 ≤ d) (7.3)

where d is the depth distance from the body surface in millimeters, d0 stands for
the reference depth distance (i.e., 10 mm), PL0 represents the intersection term in
dB, m denotes the decay rate of received power, and S is the shadowing term in dB,
which is a normally distributed random variable with zero mean and variance σ . The
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parameters for the statistical in vivo path loss model are provided in Tables 7.3 and
7.4. There exists a 30% difference between the received power decay rates (m) of heart
and stomach areas. In addition, the path loss at heart and intestine areas exhibits more
deviation around the mean than other two regions. It could be concluded that the path
loss increases significantly, when the in vivo antenna is placed in an anatomically
complex region as also reported in Reference 7.

The numerical studies were validated with experiments on human cadaver at
915 MHz. The in vivo antennas were placed at six different locations as shown in
Figure 7.11, and the ex vivo antenna was placed 2 cm away from the body surface.
Table 7.5 presents the path loss values for the selected in vivo locations, and a com-
parison of experimental results with numerical studies is provided in Figure 7.14. The
discrepancies should have occurred due to additional losses which are not considered
in simulations.

The angular-dependent characteristics of the in vivo channel were investigated by
performing further simulations at 0.4 GHz, 1.4 GHz, and 2.4 GHz. The in vivo antenna
was fixed inside the abdomen (78 mm in depth from body surface), and the ex vivo
antenna was rotated on the body surface with the azimuth angle of 0◦–355◦ with
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Table 7.3 Parameters for the statistical path loss model (body region). ©2014
IEEE. Reprinted with permission from Reference 45

Parameters
/

Body area PL0[dB] m σ

Above heart 24.75 2.30 3.73
Heart 22.70 1.96 2.38
Stomach–kidneys 22.56 2.55 1.79
Intestine 24.23 2.31 3.47
Overall torso area 23.56 2.28 3.38

Table 7.4 Parameters for the statistical path loss model (body side). ©2014 IEEE.
Reprinted with permission from Reference 45

Parameters
/

Body area PL0[dB] m σ

Anterior 23.83 2.46 3.51
Posterior 23.76 2.21 1.92
Left lateral 23.34 2.28 3.67
Right lateral 23.22 2.27 3.51
Overall torso area 23.56 2.28 3.38
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Table 7.5 Path loss values for selected in vivo locations. ©2015
IEEE. Reprinted with permission from Reference 20

Location In vivo depth (cm) Path loss (dB)

1) Above heart 3 45.32
2) Below heart 8 55.61
3) Above stomach 5 48.19
4) Inside stomach 9 50.80
5) Above intestine 2 29.95
6) Below intestine 10 50.47
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Figure 7.14 Path loss versus in vivo depth from body surface. ©2015 IEEE.
Reprinted with permission from Reference 20

5◦ increment. The results are presented in Figure 7.15 and Table 7.6. It could be
observed that the angular dependency (i.e., the variation of the path loss versus
azimuth angle) in terms of peak to average ratio is similar for different frequencies.

7.7.3.2 Frequency-dependent characteristics
Since the EM waves propagate through the frequency-dependent materials inside the
body, the operating frequency has an important effect on the path loss model as well.
The frequency-dependent characteristics of the in vivo channel were investigated by
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Table 7.6 Comparison of angular-dependent path loss at different frequencies

Frequencies (GHz) 0.4 1.4 2.4
Average (dB) 46.316 76.74442 108.8819
Maximum difference (dB) 20.3373 33.04337 45.38211
Peak to average ratio 1.197665 1.171730 1.208047

performing simulations from 0.4 GHz to 6 GHz at 0.1 GHz increment. The in vivo
antenna was implanted in the abdomen (78 mm in depth from the body surface),
and the ex vivo antenna was placed at three different locations: d = 50 mm (in body),
d = 78 mm (on body), d = 200 mm (far external node), where d denotes the distance
between the transmitter and receiver. The path loss was measured for these three sce-
narios (implant to implant, implant to on-body, and implant to far external node), and
the results are plotted in Figure 7.16 [53]. It is observed that the frequency-dependent
path loss [in dB] increases linearly. Therefore, the frequency-dependent in vivo path
loss [in ratio] increases exponentially, which is faster than that in free space.

7.7.3.3 Time dispersion characteristics
In addition to the path loss, the time dispersion characteristics of the in vivo chan-
nel were investigated for different body regions using a PDP in the simulation
environment as shown in Figure 7.17. It is observed that greater dispersion is



In vivo wireless channel modeling 205

180

160

140

Pa
th

 lo
ss

 (d
B

) 120

100

80

60

40

20
0 1 2 3 4 5 6

Frequency (GHz)

Implant to implant 
Implant to on-body device

d = 50 mm
d = 78 mm
d = 200 mmImplant to far external node

Figure 7.16 Frequency-dependent path loss at different locations. ©2015 IEEE.
Reprinted with permission from Reference 53

2 3 4 5 6

Anterior
Right lateral
Posterior
Left lateral

Time (ns)
10

–25

–20

–15

N
or

m
al

iz
ed

 p
ow

er
 (d

B
)

–10

–5

0

Figure 7.17 Power delay profile for each body side. ©2014 IEEE. Reprinted with
permission from Reference 45



206 Advances in body-centric wireless communication

present in the sides than anterior or posterior body locations at 915 MHz. Interest-
ingly, the torso area exhibits an exponential decaying behavior on the dB scale while
linear decaying is observed for the classical indoor/outdoor channel models [28]. The
maximum excess delay is not more than 10 ns which might be negligible for NB
communications. However, for UWB communications, which is also a very popu-
lar signaling scheme in WBAN research, this dispersion may lead to a significant
interference effect and should be carefully considered in the waveform design.

7.8 Comparison of in vivo and ex vivo channels

We summarize the differences between the in vivo and ex vivo channels in Table 7.7.

Table 7.7 Comparison of in vivo and ex vivo channels. ©2015 IEEE. Reprinted
with permission from Reference 54

Feature Ex vivo In vivo

Physical wave Constant speed Variable speed
propagation Multipath Multipath – plus penetration

in biological tissues

Attenuation and Lossless medium Very lossy medium
path loss (losses are negligible)

Path loss is essentially uniform Location dependent

Increases with distance Increases exponentially with
distance inside the body

Dispersion Multipath delays → time Multipath delays of variable
dispersion speed → frequency-dependent

time dispersion

Near-field Deterministic near-field Inhomogeneous medium →
communications region around the antenna near-field region changes with

angles and position inside body

Power limitations Average and peak Average and peak – plus SAR

Shadowing Follows a log-normal Follows a log-normal distribution
distribution

Multipath fading Flat/frequency selective Lower speed of propagation causes
fading longer dispersion than in free space

Antenna Antenna gain is essentially “Implant location”-dependent
location independent antenna gain

Wavelength In free space → the speed λ = c√
εr f

(e.g., εr = 35 at 2.4 GHz →
of light divided by

roughly six times shorter than theoperational frequency
wavelength in free space)
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7.9 Summary

In this chapter, the state of the art of in vivo wireless channel characterization has
been presented. Various studies described in the literature are dedicated to the in vivo
communication channel, and they consider different parameters in studying various
anatomical regions. Furthermore, the location-dependent characteristics of in vivo
wireless communication at 915 MHz are analyzed in detail via numerical and exper-
imental investigations. A complete model for the in vivo channel is not available and
remains an open research problem. However, considering the expected future growth
of implanted technologies and their potential use for the detection and diagnosis of
various health-related issues in the human body, the channel modeling studies should
be further extended to develop better and more efficient communications systems for
future in vivo systems.
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Chapter 8

Diversity and MIMO for efficient front-end
design of body-centric wireless

communications devices

Imdad Khan∗, Khalida Ghanem† and Peter S. Hall‡

Abstract

The advancement of intelligent, small sensors, microelectronics, integrated circuit,
and low power wireless communication has led us close to the deployment of body
area networks (BANs). There is considerable ongoing research on antennas and
propagation for BANs. Diversity and Multiple Input Multiple Output (MIMO) are the
two well-known multiple antenna techniques to overcome fading and provide channel
capacity improvement. In this chapter, we discuss the use of antenna diversity and
MIMO for on-body channels to support reliable and high data rate communication.
Diversity is also used to cancel the co-channel interference from a nearby BAN device.
Probabilistic channel models of diversity and MIMO on-body channels are proposed
and validated by measurements.

8.1 Introduction

Human body is a hostile environment for the propagation of electromagnetic waves
in the wireless body-centric communication systems. Fading and interference are
the two major concerns that affect the reliability and quality of service of wireless
links. Signals transmitted from a body-worn transmitting antenna come across various
impairments while propagating to a receiving antenna mounted on the same, or another
human body in the close vicinity. Apart from the large attenuation due to the lossy
nature of the human body, the propagating signal encounters reflection and scattering
due to the human body parts, which cause significant variation in the received signal.
Moreover, in the on-body channels, both the transmitter and receiver can move in a
random manner relative to each other, causing Doppler shift and pathloss variations.
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Apart from the mentioned sources of signal fading, the body itself causes fading due
to the shadowing of links and multiple signal paths on the body, such as the two
possible paths from front to back around the body from both sides. The surrounding
environment is also responsible to cause signal fading. Antenna diversity is a powerful
tool to combat fading by using multiple antennas either on the receiver side (receive
diversity) or at the transmitter side (transmit diversity). The diversity gain is limited
by the correlation among the diversity branch signals and the power imbalance [1].
Diversity exploits the multipath phenomena and works better in non-line of sight
(NLOS) channels.

Another important issue related to body-worn sensors and devices is the trans-
mitted power. It is desirable to reduce the power level to increase the battery life
and reduce the specific absorption rate value. Antenna diversity can help in keeping
the transmitted power low by providing better signal reception. Body area network
(BAN) devices can also be prone to co-channel interference from unwanted devices
mounted on the same human body or worn by other individuals using the same facil-
ities. Rejection of the interference from a nearby BAN becomes more significant
when the BANs are operating very close to each other and the level of the desired,
and interference signals are almost the same. Antenna diversity can provide good
interference cancellation capability [2].

The ever increasing demand of wireless devices in personal healthcare, entertain-
ment, security and personal identification, fashion, personalized communications,
etc. requires high data rates and reliable links. BAN is believed to be an integral
part of the fourth-generation wireless communication standards and has many appli-
cations that require data transmission at high data rates. This triggers the use of
multiple-input multiple-output (MIMO) techniques for the BAN devices. MIMO
provides excellent channel capacity improvement as well as diversity gain if used
effectively [3]. Due to the presence of line of sight (LOS) and the short-range nature
of body-centric communications, it may be a common perception that diversity and
MIMO may not be effective for body-worn devices. Diversity and MIMO both exploit
multipath fading. This chapter provides the significance of multiple antennas for
front-end design of body-worn devices for the two ISM bands of 2.45 GHz and
5.8 GHz. It shows that in the presence of significant amount of fading in on-body
channels from various sources, diversity and MIMO provide very significant improve-
ment in terms of reliability and channel capacity. The analysis is based on real-time
measurements with antennas mounted on human body. In order to complete the anal-
ysis and provide a better understanding of the multiple antenna links, the stochastic
channel models are also presented for the diversity and MIMO channels. These mod-
els can prove to be very helpful in the design of effective front end with multiple
antennas.

The chapter is organized as follows. Section 8.2 provides an overview of diversity
systems initially and then gives the detailed diversity performance analysis of various
on-body channels along with the measurement setup and channel models. The later
subsections provide the details of the stochastic diversity channel model with its first-
order and second-order statistics and spectral analysis. It also signifies the use of
diversity for interference cancellation. The use of MIMO in on-body channels for
capacity improvement and for diversity gains is presented in Section 8.3. The MIMO
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stochastic model is presented in this section as well. Section 8.4 summarizes the
chapter with some significant conclusions.

8.2 Receive diversity for body-worn devices

Receive diversity is achieved by using multiple diversity branches at the receiver side
and a single antenna at the transmitter side. These multiple diversity branches can be
achieved by different ways including space diversity, pattern or angle diversity, and
polarization diversity. In space diversity, the diversity branch signals are achieved by
more than one antenna elements placed at some distance in space from each other.
The distance between the elements is usually more than half wavelength to decrease
the correlation among the branches to a minimum [1]. The pattern or angle diver-
sity makes use of the directional radiation patterns of antenna elements. The patterns
of the diversity branch elements are directed in different directions with minimum
overlap to achieve the diversity branches. The elements producing the directional pat-
terns can be placed as close as possible as long as they are in the far-field region of
each other, and the overlap in the main radiation lobe is kept to a minimum. Pattern
diversity can also be achieved by using beam switching antenna arrays and keeping
the switching time between the main lobes less than the channel coherence time. In
the third type of antenna diversity technique, called polarization diversity, the diver-
sity branches are achieved by using antenna elements having different polarization,
preferably orthogonal. Due to limited changes in the antenna orientations for most
of the on-body channels, the power imbalance can be larger if the patterns or the
polarizations of the diversity elements are significantly different. So care must be
taken in designing pattern and polarization diversity antennas for on-body channels
to prevent one branch signal being dominant at all times. Apart from the antenna
diversity, frequency, and time diversity are the other types of diversity techniques in
which the diversity branches differ in frequency and time slots using frequency and
time multiplexing, respectively [4].

The signals received at the multiple diversity branches can be combined at the
receiver in various ways to effectively increase the receive Signal-to-Noise Ratio
(SNR) [5]. The diversity performance is quantified as the Diversity Gain (DG), which
is defined as the SNR increase due to diversity combining at a given probability level
compared to single antenna system [5]. Diversity gain mainly depends upon the power
imbalance (difference between the average signal levels) and the correlation among
the various diversity branch signals. In general, the smaller the values of these two
parameters are, the more effective diversity combining is and higher diversity gain can
be achieved. The correlation among the branch signals depends upon the propagation
channel and the separation of the branch signals. The complex signal correlation
coefficient (ρs) and envelope correlation coefficient (ρe) between the two-branch
signals can be calculated as [1, 5]:

ρs =

N∑
i=1

V1(i)V ∗
2 (i)√

N∑
i=1

V1(i)V ∗
1 (i)

√
N∑

i=1
V2(i)V ∗

2 (i)

(8.1)
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where N is the total number of samples, S1 and S2, V1 and V2 represent the zero-
meaned received power signals and complex voltage signals, respectively. With LOS,
the correlation and power imbalance are usually high. A correlation coefficient below
0.7 is considered adequate for acceptable diversity performance [1].

The simplest of the diversity combining techniques is the selection combining
(SC) [5] in which the signal with the higher instantaneous SNR is connected to the
receiver at a particular instant. This technique is easy to implement but gives the
lowest diversity gains. In equal gain combining (EGC), the diversity branch signals
are added together with equal gain (usually 1) [5]. This method gives slightly better
diversity gain than SC. The maximum ratio combining (MRC) method produces
the best theoretically possible SNR improvement [5]. In this case, the branch signals
are weighted according to their respective SNR and then added thus resulting in more
dominance for the branch signal with better SNR. However, the better performance
is achieved at a price of increased receiver complexity and cost. The expressions
to achieve the diversity combined signal for these three combining techniques with
two-branch diversity system are given in (8.3)–(8.5) [5]:

SC(t) = max(r1(t), r2(t)) (8.3)

EGC(t) = (r1(t) + r2(t))√
2

(8.4)

MRC(t) = √
(r1(t)2 + r2(t)2 (8.5)

where r1(t) and r2(t) are the fast fading envelopes of the two received branch signals.
As stated above, diversity can play a significant role in improving the receive

SNR and in making the channels more robust and reliable. However, in the on-body
channels, the transmitter and receiver are supposed to be in LOS for majority of cases.
Consequently, the diversity performance can be affected by the resulting high corre-
lation and high power imbalance. In order to investigate the significance of diversity
in on-body channels, the diversity performance was quantified for a variety of on-
body channels in different frequency bands in the studies [6–10]. Measurements in
these studies were carried out in an indoor office environment with random move-
ments of the body by mounting transmitting and receiving diversity antennas on the
same human body at various locations, as shown in Figure 8.1. The received sig-
nal envelopes were cophased, demeaned, and combined using (8.3)–(8.5) to achieve
the diversity combined signals. Various types of diversity antennas were designed
and used to quantify the diversity performance analysis of on-body channels.
These include monopole, printed inverted-F antenna (printed-IFA) [7, 8], planar
inverted-F antenna (PIFA) [7, 8], dual-polarized monopole-loop polarization diversity
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Figure 8.1 Antennas used in the measurement and the on-body channel. (a) The
on-body channel, (b) space diversity monopole antenna with variable
spacing d, (c) printed-IFA diversity antennas, and (d) single Tx and
diversity PIFA

antenna [9], and annular ring-slot antenna (ARSA) [10]. Details of the measurements
setup and antennas used in these studies can be found in References 7–10. Figure 8.1
also shows the layout and structure of few of the diversity antennas used.

8.2.1 Diversity performance analysis

The empirical diversity analysis is done for three on-body channels, namely belt-chest,
belt-head, and belt-wrist channels [7, 8]. Measurements were conducted by mounting
the various types of antennas given and described above. The three on-body channels
were selected to investigate the static, quasi-static, and dynamic environments. The
belt-chest channel is a representative of a static channel since the transmitter and
receiving antennas are mounted on the belt and chest positions, respectively, which
involve very little and slow movement of the antennas and hence results in almost
constant path length. The belt-head channel represents a quasi-static channel due to
limited movement of the head. The belt-wrist channel, in contrast to the above two
channels, is highly dynamic and involves large variation in path length due to the
random motion of hand.

Antennas, such as monopole, generate polarization which is perpendicular to
the body surface when mounted perpendicular to the body surface and hence the
propagating wave is less attenuated compared to the wave which is polarized tangential
to the body [7]. The presence of a strong dominant ray results in high correlation as
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Table 8.1 Results for the three channels at 2.45 GHz

Channel Antenna MRC Env. corr Mean power Power diff
(dB) (ρe) (dB) (dB)

Belt-chest Monopole 2.1 0.3 −29.1 3.8
Printed-IFA 6.5 0.5 −44.64 2.8
PIFA 4.9 0.4 −39.2 3.1

Belt-head Monopole 7.6 0.1 −46.3 2.6
Printed-IFA 7.7 0.5 −54.1 2.2
PIFA 9.2 0.2 −48.2 2.3

Belt-wrist Monopole 9.4 0.1 −39.7 1.4
Printed-IFA 8.1 0.4 −59.7 1.2
PIFA 7.8 0.3 −49.5 2.5

Table 8.2 Results for the three channels at 5.8 GHz

Channel Antenna MRC Env. corr Mean power Power diff
(dB) (ρe) (dB) (dB)

Belt-chest Monopole 5.4 0.3 −44.4 2.5
Printed-IFA 9.0 0.1 −55.7 2.5
PIFA 5.3 0.3 −50.8 3.1

Belt-head Monopole 9.8 0.2 −57.2 0.2
Printed-IFA 8.8 0.1 −67.0 2.6
PIFA 8.9 0.2 −62.8 1.7

Belt-wrist Monopole 8.5 0.2 −51.2 1.6
Printed-IFA 8.5 0.1 −63.9 1.7
PIFA 8.6 0.1 −59.8 2.6

well as high power imbalance and hence very low diversity gain values are expected
for this on-body channel [7, 8], as reflected in Tables 8.1 and 8.2. On the other hand,
antennas with polarization parallel to the surface of the body, like printed-IFA, result
in high pathloss due to much more attenuation of wave while propagating along the
surface of the body. For this reason, the direct ray may not be as strong as in the case
of monopole antenna, resulting in dominant or comparable multipath components.
This results in low correlation and low power imbalance and diversity is proved to be
useful in this case with slightly higher values of diversity gain, as given in Tables 8.1
and 8.2. PIFA has reasonably well link budget and significant diversity performance,
as shown in Tables 8.1 and 8.2. The presence of strong LOS or direct ray in case of
belt-chest channel also depends upon the physical structure and texture of the human
body on which the body-worn devices are mounted. The direct ray may be obstructed
and attenuated more in case of a fat person, and diversity can be useful in this scenario.
Despite the presence of a dominant ray or LOS component in case of the belt-chest
channel, diversity offers some improvement and the decision to use diversity for this
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Table 8.3 Results for the three channels at 2.45 GHz with pattern and polarization
diversity antennas

Channel Antenna MRC Env. corr Mean power Power diff
(dB) (ρe) (dB) (dB)

Belt-chest ARSA in polarization 6.29 0.22 −49.61 1.80
diversity mode

ARSA in pattern 8.68 0.13 −50.32 0.61
diversity mode

Monopole-loop polarization 0.70 0.20 −39.60 14.80
diversity antenna

Belt-head ARSA in polarization 8.13 0.07 −60.98 3.81
diversity mode

ARSA in pattern 7.79 0.15 −62.91 2.94
diversity mode

Monopole-loop polarization 9.20 0.10 −49.40 0.40
diversity antenna

Belt-wrist ARSA in polarization 9.15 0.20 −59.10 0.79
diversity mode

ARSA in pattern 9.26 0.24 −57.51 0.53
diversity mode

Monopole-loop polarization 4.20 0.30 −44.10 13.90
diversity antenna

on-body channel depends upon the improvement offered and the cost involved in
implementing diversity.

The belt-head on-body channel involves LOS, partial LOS, or complete NLOS
conditions while the head is moved randomly. Receive diversity offers good improve-
ment for this channel compared to the static channel. The results are presented for
different antennas and frequencies in Tables 8.1 and 8.2. It can be noticed that the
correlation coefficient values are relatively low compared to the belt-chest channel.

The belt-wrist channel undergoes more severe fading and diversity proves to be
more effective in this case, as clear from the low correlation and high diversity gain
values on average given in Tables 8.1 and 8.2. Due to strong depolarization of the
transmitted wave and the random orientation of the receiver antenna, the antenna type
has no significant effect on the diversity performance of this channel.

Table 8.3 summarizes the DG, envelope correlation and power imbalance values
with the pattern diversity ARSA, polarization diversity ARSA and monopole-loop
antennas. Since low depolarization is expected in case of belt-chest link, polarization
diversity offers no significant diversity gains. On the other hand, belt-head and belt-
wrist links offer reasonable improvement in diversity gains by virtue of depolarization
of the propagating wave. High DG values of pattern diversity mode in ARSA suggest
the presence of multiple angle of arrivals of the propagating wave along the surface
of the body.
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8.2.2 Diversity channel characterization and spectral analysis

8.2.2.1 Channel characterization and modelling
In order to design efficient front end for body-worn devices and systems, the chan-
nel characteristics need to be known. The channel variation resulting from random
movements may at times become very unpredictable. The channel behaviour is also
dependent upon the type of antenna used. So far, the antenna de-embedding from the
on-body transmission channels has not been successful. Thus the on-body propaga-
tion channel characterization includes the antenna embedded as part of the channel.
The channel can behave differently for different body parts and even for different body
shape and gender. Hence characterization of on-body channels is a complex scenario.
On-body channel models are significantly different from the mobile radio channels
which are mainly characterized by Rayleigh fading that assumes a random variation in
the amplitude of the fading envelope and uniform distribution of the phase in NLOS
scenario. The majority of on-body channels have a dominant component due to LOS
or due to the wave propagating along the surface of the body [11] and hence behave
differently than the mobile channel. Moreover, the scattering is of different nature as
well. Various efforts have been made to model the on-body channels [12–15]. The
empirical models of short-term and long-term fading for on-body diversity channels
are presented in Reference 14. Statistical analysis and Doppler spread is also given.
Reference [16] provides the second-order statistics of the same channels. The data
recorded in measurement campaign described above was used for characterizing the
fading envelopes with the same antenna types and same frequencies of 2.45 GHz and
5.8 GHz. For the purpose of channel characterization, the movements were divided
into static and dynamic postures. Static postures involve very less movements of
the antennas and path length remains almost constant, whereas, dynamic postures
involve rapid and random antenna movements and have varying path lengths and
more scattering. Details can be found in Reference 14.

The short-term and long-term fading envelopes of the received signals can be
separated using (8.6) and (8.7) [17, 18]:

r(t) = m(t)M (t) (8.6)

M (t) =

√√√√√ 1

2w

t+w∫
t−w

r2(τ )dτ (8.7)

where r(t) is the received signal envelope, m(t) is the short-term fading envelope,
and M (t) is the local root-mean-square (RMS) value of the envelope constituting the
long-term fading. The averaging window size 2w is a critical parameter and should
be within the 5λ to 20λ interval, where λ is the free space wavelength [17, 18].

The measured fast fading and slow fading channel data was tested against some
well-known distribution models using KS-test for the goodness of fit [19]. The good-
ness of fit test reveals that the short-term fading envelope can be modelled best with
Rician distribution, as shown in Figure 8.2, with parameters given in Table 8.4 for
the two on-body channels. The data with dynamic movements were used only since
the static posture data was not fitting any model. The long-term fading envelope best
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Figure 8.2 Graphs showing the no. of times short-term fading data sets of branch
and combined signals fitted the four dominant distributions with p
values higher than 5% and the best fit (highest p-value) among the 58
cases for (a) belt-head and (b) belt-wrist channel. © 2010 IEEE.
Reprinted with permission from Reference 14

fits the log-Normal distribution, as shown in Figure 8.3, with parameters given in
Tables 8.5 and 8.6 for various scenarios. It is evident that for almost 85% of the cases
for the short-term fading envelope, Rician is the best fit with its probability density
function (PDF) given by [20]:

p(m, s, σ ) = I0

(ms

σ 2

) m

σ 2
exp
(

−m2 + s2

2σ 2

)
(8.8)

where m is the random variable representing the short-term fading envelope m(t), I0

(x) is the modified Bessel function of the first kind and zeroth order, and s and σ

are the two parameters characterizing the strongest ray power, s2, and the average
scattering power, 2σ 2, respectively. Rician distribution can also be expressed in terms
of its parameters K and po. The Rician K-factor represents the ratio of the strongest
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Table 8.4 Short-term fading parameters of the Rician branch and combined signals
for the belt-head channel, Kb and KC are the K-factor values of branch
and combined signals respectively. © 2010 IEEE. Reprinted with
permission from Reference 14

Frequency Antenna Belt-head channel Belt-wrist channel
(GHz)

Average Difference Average Difference
Rician between Rician between
K -factor (dB) branches (dB) K -factor (dB) branches (dB)

Kb KC |δKb| Kb KC |δKb|

2.45 Monopole 3.3 6.8 1.9 2.4 7.3 2.3
PIFA 3.0 6.6 0.5 1.6 5.6 0.2
Printed-IFA −0.8 3.6 0.3 −0.2 5.1 1.8

5.8 Monopole 2.4 6.4 0.8 1.9 5.4 0.7
PIFA 2.4 6.1 0.3 1.8 6.2 0.2
Printed-IFA 2.7 7.0 0.3 1.7 5.5 0.1

ray power to the average scattered power, i.e. K = s2/2σ 2. po is the total power,
i.e. po = s2 + 2σ 2. For the model described in Table 8.4, po = 1 or 0 dB for all the
short-term fading envelopes and the Rician distribution is completely characterized by
the K-factor. Table 8.4 shows the average K-factor values of the branch signal, Kb, and
combined signal (MRC), KC , for the two channels. The table also shows the maximum
difference (in dB), |δKb|, between average values of the two diversity branches.

The PDF for the log-Normal distribution is given by [20]:

p(x, μ, σs) = 1√
2πσsx

exp
(

− (ln x − μ)2

2σ 2
s

)
(8.9)

μ and σs are the mean and the standard deviation of the natural logarithm of x, where x
is a random variable representing the long-term fading envelope M (t). Tables 8.5 and
8.6 show the average parameters of the fitted model for the two channels along with
the difference between the two diversity branches. Parameters μ and σs are presented
here in dB to make them consistent with the rest of the results.

The results suggest a Rician fit to the short-term fading but with K-factor values
not as high as expected in short range LOS communication. The reason for low
K-factor values is the attenuation of the direct ray while it propagates along the
surface of the body. This results in scattering power comparable to that of direct
ray power. The very low K-factor values with printed-IFA support this statement
since attenuation of direct ray along the body surface is much more by virtue of its
polarization. Furthermore, the mean received power, represented by the μ parameter,
is highest for monopole antennas with lower standard deviation, σs. Thus, monopole
antennas provide better link budget followed by PIFA but are less convenient to use
for wearable devices due to its high profile shape.
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Figure 8.3 Graphs showing the no. of times the long-term fading data sets of com-
bined signal fitted the two dominant distributions with p-values higher
than 5% and the best fit (highest p-value) among the 58 cases for
(a) belt-head and (b) belt-wrist channel. © 2010 IEEE. Reprinted with
permission from Reference 14

It can be concluded from the results that the two-branch signals for on-body
diversity channels may not be identically distributed. The difference between the
two-branch signals, which effectively shows the power imbalance, is noticeable for
monopole antennas at 2.45 GHz. The Rician K-factor increases significantly for the
combined signals compared to the K-factors of the corresponding branch signals, as
shown in Table 8.4. This clearly suggests an improvement of the coherent compo-
nent over the scattering power with diversity. This improvement can also be seen by
comparing the μ and σs parameters for branch and combined signals.

Along with the first-order statistics and probability model, the second-order
statistics, like average fade duration (AFD) and level-crossing rate (LCR) of the
channel also give useful information and are significant in characterizing the channel
completely [21]. These statistics give an idea about the severity of fading. AFD is
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Table 8.5 Long-term fading parameters of the log-normal branch and combined
signals for belt-head channel. © 2010 IEEE. Reprinted with permission
from Reference 14

Frequency Antennas Branch signals Combined
(GHz) (MRC) signal

Log-normal Difference Log-normal
parameters between parameters
(dB) branches (dB) (dB)

μ σs |δμ| |δσs| μ σs

2.45 Monopole −45.8 3.0 3.3 0.2 −43.9 2.6
PIFA −51.9 2.9 0.2 0.1 −48.3 2.5
Printed-IFA −53.1 5.2 0.5 0.2 −49.5 4.9

5.8 Monopole −60.5 3.2 0.8 0.3 −57.7 3.3
PIFA −65.3 3.7 1.8 0.6 −62.7 3.8
Printed-IFA −67.2 4.4 1.0 0.4 −64.1 3.8

Table 8.6 Long-term fading parameters of the log-normal branch and combined
signals for belt-wrist channel. © 2010 IEEE. Reprinted with permission
from Reference 14

Frequency Antennas Branch signals Combined
(GHz) (MRC) signal

Log-normal Difference Log-normal
parameters between parameters
(dB) branches (dB) (dB)

μ σs |δμ| |δσs| μ σs

2.45 Monopole −46.3 3.8 3.2 0.7 −41.1 4.0
PIFA −52.1 3.4 1.9 0.0 −49.6 2.8
Printed-IFA −61.4 5.2 0.6 0.2 −57.7 5.1

5.8 Monopole −58.5 4.8 0.7 0.7 −54.7 4.1
PIFA −64.4 4.0 1.8 0.4 −62.0 3.7
Printed-IFA −68.2 4.8 1.4 0.0 −65.3 4.3

the average amount of time for which the signal remains under a given fade level F
[20]. The LCR, NR, signifies the rapidity of fading, and is the rate at which the fading
signal envelope, r, crosses the threshold fade level, F , in one direction, either positive
or negative going [20]:

NR �

∞∫
0

•
rf (F ,

•
r) d

•
r (8.10)
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where f (F ,
•
r) is the joint PDF of r and

•
r at r = F , and

•
r is the time derivative of r(t).

AFD, TD, can be estimated from Pr and NR as [20]:

TD �
Pr

Nr
(8.11)

where Pr is the probability of fade (PF) and is the probability that the fading signal
remains under the threshold fade level F . The PF can be determined for a given
threshold F as [20]:

Pr(r ≤ F) = Nr≤F

NT
(8.12)

where Nr<F is the number of times the sample magnitude of the fading envelope, r,
is below F . NT is the total number of samples in the data set.

These statistics were calculated for the measured data of the belt-head chan-
nel for the two diversity branch signals and combined MRC signal. In addition to
the 2.45 GHz and 5.8 GHz, an additional measurement and analysis is presented at
10 GHz to see the trend at higher frequencies. Figure 8.4 shows a comparison of LCR
and AFD values of the branch and diversity combined signal and compares these
parameters at the two frequencies as well. The figure shows comparison of channels
using monopole antennas but the same trend was observed for the printed-IFA and
PIFA as well. The higher values of LCR for the higher frequency suggest that the
fading is more severe at 5.8 GHz. In addition, the signals at low frequency remain
under a given fade level for more time compared to high-frequency signals, as shown
in the AFD curves of Figure 8.4. In other words, the fading is more rapid at higher
frequency. The figure also clearly suggests the improvement offered by the diversity.
At lower fade levels, both LCR and AFD for the diversity combined signal are lower
compared to the values at the branch signal before combining. For fair comparison,
the branch and combined signals were both normalized to the median of the branch
signals. An improvement in the mean power level can also be observed for the diver-
sity combined signal since its LCR profile is slimmer than that of the branch signal.
This signifies that the signal values remain close to the median after combining. Fig-
ure 8.5 presents a comparison of the LCR and AFD for the three antennas used at
5.8 GHz. Similar conclusions regarding the link budget can be drawn as given above
in the first-order statistics. Printed-IFA is more prone to fading due to its weak link
budget compared to the monopole.

8.2.2.2 Spectral analysis
The motion of transmitter and receiver in on-body channels is restricted and hence
their small relative movement may result in low Doppler shifts. However, to complete
the narrowband characterization of the channel, the Doppler spectrum is required.
The Doppler frequency shift, referred to here as the body Doppler shift, fd , can be
calculated as [20]:

fd = v

λ
cos α (8.13)
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Figure 8.4 LCR and AFD for Monopole antennas at the three frequencies. © 2009
John/Wiley & Sons, Inc. Reprinted with permission from Reference 16

where v is the velocity of motion, α is the angle between the direction of arrival of the
signal and the direction of receiver movement, and λ is the wavelength. The channel
coherence time, tc, can be estimated from the maximum Doppler shift, fm = v/λ,
as [20]:

tc =
√

9

16π f 2
m

(8.14)
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Figure 8.5 Comparison of LCR and AFD for the three antennas at 5.8 GHz.
© 2009 John/Wiley & Sons, Inc. Reprinted with permission from
Reference 16

Doppler spectra for the received branch signal envelope and diversity combined
signal were calculated by taking the Fourier transform of the autocorrelation function
of the signal envelope. The spectra of branch and the corresponding diversity com-
bined signals were identical. Figure 8.6 shows the Doppler spectra of the two channels
for walking posture using Hamming window with side lobe level of −40 dB. Addi-
tional measurements at 10 GHz were carried out just to observe the trend with higher
frequencies. Any frequency point with an ordinate value below −40 dB may repre-
sent a side lobe and hence should be ignored. The maximum Doppler shift, fm, can
be approximated from these plots since the frequency where the slope of the curve
changes and drops down rapidly is 2fm [22]. It can be identified for the 2.45 GHz case
as approximately 4 Hz for belt-head and 10 Hz for belt-wrist channel but cannot be
identified for the other frequency due to the limitations of the measurement system
on the sampling time and the noise level. These values of maximum Doppler shift can
also be verified using (8.13) with an approximate speed of motion of 1.3 m/s, which
was the approximate average speed of movement of Rx antenna with respect to the
Tx antenna. Figure 8.7 shows a portion of the average Doppler spectra of the complex
signal which are asymmetric about the centre frequency. The asymmetry may be due
to the variable speed of motion and random movement of the scatterers around the
antennas due to the random movements. Besides this, most scatterers (equipment
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and furniture) were positioned in the horizontal plane. So a large proportion of the
directions of arrival was in the horizontal plane and are shielded by the body on which
the antennas were mounted, making the scattering non-isotropic.

8.2.3 Diversity for interference cancellation

Co-channel interference is a serious issue in BAN, where the nodes, operating in the
same frequency band, operate and move close to each other. The interference and the
desired signal power in this case can be the same. Interference cancellation hence
becomes unavoidable. The challenge is that signal to interference plus noise ratio
(SINR) becomes very low and moreover, more than one interferer move randomly in
the close vicinity. This makes the angle of arrival of interference signal spread over the
entire space domain and makes interference cancellation more difficult and challeng-
ing. Another challenge is the complexity of the receiver while using the conventional
interference rejection techniques like optimum combining (OC) [23] and Weiner–
Hopf (WH) method [24, 25] with smart antenna arrays. This complexity adds up to
the cost and size of the receiver, which is undesirable for wearable devices. Receive
diversity can play a significant role in interference cancellation by employing interfer-
ence rejection combining (IRC) algorithms [23]. A new low complexity interference
rejection technique with receive diversity is proposed in Reference 26, which is suit-
able for BAN applications. The technique works on the interference signal estimates
at the two receive diversity branches. The interference signals are combined in such a
way that they cancel each other. This can be accomplished by scaling and phase shift-
ing one branch interference signal to make it equal and out of phase with the second
branch interference signal. To make it possible, the interference signal needs to be
separated from the desired signal. It can be done by interrupting the desired signal
transmitter to stop signal transmission for a short interval. In this interval, the received
signal is thus interference plus noise only. The signal received in this short interval
can be used as an estimate of interference plus noise for the forthcoming time interval
until the transmission is interrupted again. The performance of this scheme is mainly
dependent upon the duration and frequency of occurrence of the interval. A long gap
in the interruption interval outdates the estimate of the interference signal, whereas, a
short gap affects the data rate of the desired signal. The performance of the proposed
algorithm in rejecting interference is compared to the performance of the conventional
OC and WH algorithms applied to the same channel data. Real-time measurements
were carried out by mounting the diversity antennas and the desired signal transmitter
on the same human body and the interfering signal transmitter on another human
body. The two subjects were moving around in close vicinity doing random move-
ments. Further details of the measurement setup can be found in Reference 26. System
model and results are discussed below.

8.2.3.1 Systems model
Consider a narrowband m-branch diversity combiner, as shown in Figure 8.8. The
received signal, xi(t) at the ith antenna of the diversity combiner is thus:

xi(t) = di(t) + ii(t) + ni(t) (8.15)
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Figure 8.8 Simplified diversity combiner. © 2010 IEEE. Reprinted with permission
from Reference 26

where di(t) is the received desired signal, ii(t) is the received interference signal, and
ni(t) is the additive white Gaussian noise (AWGN), at the ith branch antenna.

IRC combines the two-branch signals with an aim to suppress the interference
signal and improve the output SINR. This objective is achieved by calculating an
optimum weight, wi, for each branch [23]. For a two-branch diversity receiver, the
received signal vector, X , and the weight vector, W , can be defined as:

X = [
x1(t) x2(t)

]T
(8.16)

W = [
w1 w2

]T
(8.17)

where […]T represents the transpose of the vector. The array output, y(t), is then:

y(t) = W T X (8.18)

The desired signal vector, D, interference signal vector, I , and RMS noise vector,
Nrms, are given as:

D = [d1(t) d2(t)
]T

, I = [i1(t) i2(t)
]T

, (8.19)

Nrms =
[√

< |n1(t)|2 >
√

< |n2(t)|2 >

]T
(8.20)

where <…> represents the mean value.
In case of OC, the weight vector, W , is generated as [23]:

W = R−1H (8.21)

H is the desired channel transfer gain vector and R is the covariance matrix of
interference plus noise (U = I + N ), called the error covariance matrix [23, 24], i.e.

R = E(UU ′) (8.22)
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U can be estimated by using a known transmitted training sequence and the channel
response knowledge. In the WH solution, W can be generated as [24, 25]:

W = 
−1Z (8.23)

where 
 is the covariance matrix of the received signals, x1(t) and x2(t), Z is the
correlation matrix of the received signal, xi(t), and a reference signal z(t), that must
be correlated to the desired signal and uncorrelated to the interference signal.

For the proposed Interference Cancellation with Interrupted Transmission (ICIT)
scheme described above and given in detail in Reference 26, the estimated value of the
interference signal is used to calculate the weight vector, W , for the forthcoming time
interval. Such a signal, however, is subject to fast fading and thus should be averaged
over time to achieve an accurate estimate. The larger the averaging window, the more
is the time for desired signal blockage and more is the throughput degradation. Thus
at any time instant, k , the average estimated interference signal at the ith branch is:

ii(k) = ∣∣ii(k)
∣∣∠(ψ i(k)) (8.24)

and W at that instant, k , is calculated as:

W =
[

1 |i1(k)|
|i2(k)|∠(�ψ)

]
(8.25)

where �ψ = ψ1(k) − ψ2(k) + 180◦ (8.26)

The input and the output SINR can be calculated as [27]:

SINRin(i)(t) = |di(t)|2
|ii(t)|2 +

〈∣∣ni

∣∣2〉 (8.27)

SINRout(t) =
∣∣W T D

∣∣2∣∣W T I
∣∣2 + ∣∣W T Nrms

∣∣2 (8.28)

Interference rejection gain (IRG) is the improvement offered by the IRC in output
SINR over the input SINR of the branch having highest SINR value among the
branches. The IRG can be calculated from the CDFs of the input and output SINR by
taking the difference at a certain level of outage probability, usually 1%.

8.2.3.2 Interference cancellation performance analysis
In order to quantify the interference rejection by all the above mentioned algorithms,
the CDFs of the input and output SINR are plotted, as shown in Figure 8.9, and IRG
is calculated in each case at 1% outage probability. Table 8.7 shows the calculated
values of the IRG and the mean desired signal and interference signal powers. To
evaluate the IRG offered by each scheme, various averaging window sizes (for an
average estimate of the covariance matrices and the interference signal) were tried
and the window size giving the best IRG was used. For the proposed ICIT scheme, the
SINR improvement in the form of IRG was evaluated as a function of the interruption
period (time interval between two shut downs of the desired signal transmitter) and
is plotted for the three on-body channels in Figure 8.10. The figure reveals that in



Diversity and MIMO for efficient front-end design 233

0 20 40 60
SINR (dB)

Branch 1
Branch 2
WH
OC
ICIT

Branch 1
Branch 2
WH
OC
ICIT

−40 −20

0 20 40 60−40 −20

0 20 40
10−3

10−2

10−1

100

SINR (dB)(a)

(b)

(c)

SINR (dB)

P(
SI

N
R

 <
 a

bs
ci

ss
a)

10−3

10−2

10−1

100

P(
SI

N
R

 <
 a

bs
ci

ss
a)

10−3

10−2

10−1

100

P(
SI

N
R

 <
 a

bs
ci

ss
a)

Branch 1
Branch 2
WH
OC
ICIT

Figure 8.9 SINR CDFs. (a) Belt-head channel, (b) belt-wrist channel, and
(c) belt-chest channel. © 2010 IEEE. Reprinted with permission from
Reference 26
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order to obtain some reasonable IRG (around 2 dB and above), the transmitter must
be interrupted more frequently in order to update the interference signal in the case
of belt-chest channel compared to the other two channels. This may probably be due
to the fact that interference signal gets outdated because of more body shadowing of
the interferer by the virtue of the receiver position compared to the other channels.
For consistency, an interval period of 60 ms is used for the results of Table 8.7 and
Figure 8.10 for all of the three channels.

Table 8.7 Results for the three channels. © 2010 IEEE. Reprinted with permission
from Reference 26

Belt-head Belt-chest Belt-wrist

IRG (dB) ICIT with 60 ms 6.4 1.2 4.7
interval period

WH solution 2.2 −3 2.2

OC 4.5 0.2 3.0

Mean power, −53.7 −37.4 −48.1
desired signal, <|s1|2> (dB)

Mean power, −56.6 −41.3 −51.4
desired signal, <|s2|2> (dB)

Mean power, −54.3 −52.8 −51.9
interference signal, <|i1|2> (dB)

Mean power, −55.9 −53.4 −48.5
interference signal, <|i2|2> (dB)

SIRavg (dB) 8.13 21.8 10.9
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Figure 8.10 IRG vs. interval period for ICIT with interference estimated at a single
instant. © 2010 IEEE. Reprinted with permission from Reference 26
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Table 8.7 also gives the IRG values calculated using OC and WH algorithms. ICIT
shows better rejection capability. OC and WH use covariance and correlation matrices
to evaluate the weight vector. Relatively high correlation and covariance between the
branch signals for on-body channels result in degraded performance of these schemes.
This fact is pronounced more in the case of belt-chest channel having high correlation
values. The comparison shows that ICIT can perform better if a proper interruption
interval is selected. Moreover, it provides a simple and robust solution for interference
rejection compared to the complex and expensive smart antenna techniques. It also
provides a handle to control the IRG. For high interference prone scenarios where high
IRG is desired for better rejection, interruption interval can be reduced to increase
IRG. This comes at the expense of throughput degradation. Thus there is a trade-
off between the IRG and throughput of the system. In packet radio systems, the
gap between two transmitted packets can be used to estimate the interference and
the throughput degradation can be avoided. However, the disadvantage will be an
increased power consumption at the receiver end, as the sleep time for the receiver
will be decreased and utilized in estimating the interference signal.

The average desired signal to interference ratio (SIRavg), can be calculated as:

SIRavg = 10 × log10

(〈 |s1(t)|2 + |s2(t)|2
|i1(t)|2 + |i2(t)|2

〉)
(8.29)

By plotting IRG against the average SIR value (SIRavg), as shown in Figure 8.11
for belt-head case as an example, the performance of the IRC schemes with increasing
level of interference can be observed. The figure shows that the performance of IRC
algorithms degrade in suppressing the interference when the interference signal is
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Figure 8.11 IRG vs. average SIR for belt-head channel with interval length for
ICIT = 60 ms. © 2010 IEEE. Reprinted with permission from
Reference 26
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quite weak compared to the desired signal level. The figure also gives a comparison
of the three schemes for various values of average SIR.

8.3 MIMO channels and capacity of on-body channels

The emergence of 4G and 5G wireless communications technology has extensively
increased the demand of high data rate and reliability. MIMO systems are well known
to increase the channel capacity by providing significant amount of multiplexing
gain. These systems are also effective to increase the reliability by providing diversity
gain as well. Being an integral part of the Personal Communications System (PCS),
BAN also demands the use of multiple antennas to increase the channel capacity
and reliability. MIMO exploits the multipath richness in providing multiplexing gain.
The performance of MIMO is limited by the presence of LOS link, and correlation
among the spatial subchannels as well as by the mutual coupling between the spatially
separated antennas [27–30]. Section 8.2 shows that the short-term fading envelope
for the on-body channels is Rician distributed with varying K-factor values for var-
ious channels and antenna types. The capacity increase in Rician fading channels
depends on the K-factor which is a measure of the multipath richness and receiver
SNR. High K-factor values indicate the presence of a strong direct ray, and hence
high receive SNR values are expected. The high SNR values may increase the chan-
nel capacity compared to a NLOS link with the same configuration. On the other
hand, this results in high correlation among the spatial subchannels thus decreasing
the multiplexing gain. Thus, a trade-off exists between the effect of increased SNR
and increased correlation on the channel capacity. In the case of an on-body MIMO
link, body movements may cause changes to both these parameters, thus leading to
a temporal variation of the channel capacity. The diversity results presented above
encourage the use of MIMO for on-body channels due to the low channel corre-
lation values for some of the channels despite the presence of LOS. This can be
exploited to achieve reasonable channel capacity gain. To verify the significance
of MIMO for on-body channels, the measurement campaign presented above for
receive diversity was extended to multiple antennas at both the Tx and Rx sides. The
performance of a 2 × 2 MIMO system was investigated through real measurement
data which was collected by the same measurement setup as described above at the
2.45 GHz frequency. Instead of a single Tx antenna, a 2-element MIMO PIFA was
used as Tx to make a 2 × 2 MIMO channel, as shown in Figure 8.12. The two
transmitting antennas were connected through an RF switch to a signal generator
operating at 2.45 GHz. The antennas used for the measurements are also shown in
Figure 8.12. The switching time of the RF switch was 40 μs which was much less
than the coherence time of the channel. Apart from the 2 × 2 MIMO measurements,
2 × 1, 1 × 2, and 1 × 1 measurements, with n × m representing n Rx and m Tx
antennas, were done separately, and the channel capacity results were compared. The
MIMO subchannel matrix, as described below in the channel model, was obtained
from the measured data. Further details of the measurement procedure and antenna
characteristics are given in Reference 31. The following sections describe the MIMO
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channel capacity, analysis of spatial channel correlation matrices, and the transmit–
receive diversity gains with the 2 × 2 MIMO setup. Furthermore, the stochastic
MIMO channel model is presented and validated with the measured results. The
channel model is presented below first, and then the channel capacity analysis is
done by showing the CDFs of the capacity and its relationship with the SNR. The
transmit–receive diversity and stochastic model are then presented in the subsequent
subsections.

8.3.1 MIMO channel model

For a narrowband, single-user MIMO channel with m transmit and n receive antennas,
if X is the [m × 1] transmitted vector, Y is the [n × 1] received vector, the input–output
relationship between the Tx and Rx is given as:

Y = HX + N (8.30)

where N is receive AWGN vector, and H is the n × m channel matrix. For a 2 × 2
MIMO channel, H can be written as:

H =
[

h11 h12

h21 h22

]
(8.31)

where hij is the complex random variable representing the channel-fading coefficients
or the complex subchannel gains from transmitting antenna j to receiving antenna i, as
shown in Figure 8.12. The H matrix, representing the measured channel, includes the
effect of mutual coupling between the antenna elements and the correlation among
the subchannels since the subchannel gains were measured at the actual antenna ports
with antenna elements placed next to each other.
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8.3.2 MIMO for channel capacity

For a MIMO channel with uniform distribution of the transmitted power among the m
transmitting antennas, if channel state information is not available at the transmitter,
the channel capacity can be expressed by [3, 28–30]:

C = log2

(
det
[

In + ξ

m
HH∗

])
bps/Hz (8.32)

where In is n × n identity matrix, and ξ is the average SNR per receive antenna. Here H
is the normalized channel matrix, and * represents the complex conjugate transpose.
The H matrix is normalized such that its average Frobenius Norm (averaged over all
instances of H matrix) is equal to nm [3, 32, 33], i.e.〈‖H‖2

F

〉 = nm (8.33)

The normalization assumes a fixed transmitted power, and hence the average
SNR at the receiver for each realization of the channel changes with variation in
pathloss [33]. A high correlation among the subchannels, hij, may result in reducing
the rank of the H matrix which reduces the channel capacity. Hence, a knowledge of
the subchannel correlation is required. The complex signal correlation coefficients
(ρs) among the subchannels can be calculated as [34]:

ρs =

N∑
i=1

V1(i)V ∗
2 (i)√

N∑
i=1

V1(i)V ∗
1 (i)

√
N∑

i=1
V2(i)V ∗

2 (i)

(8.34)

where N is the total no. of samples of received envelope. V1 and V2 represent the
zero-meaned complex voltage signals. The MIMO spatial correlation matrix, given
by (8.35) for the 2 × 2 MIMO channel, gives a comprehensive view of the degree of
correlation among the subchannels [35]:

ρ =

⎡
⎢⎢⎢⎢⎢⎣

1 ρ12
11 ρ21

11 ρ22
11

ρ11
12 1 ρ21

12 ρ22
12

ρ11
21 ρ12

21 1 ρ22
21

ρ11
22 ρ12

22 ρ21
22 1

⎤
⎥⎥⎥⎥⎥⎦ (8.35)

whereρcd
ab is the correlation coefficient between subchannel hab and hcd . The symmetry

ρcd
ab = ρab∗

cd reduces the total number of significant coefficients to 6. The calculated
spatial correlation matrices for the measured data of the three on-body channels are
given in Table 8.8.

Figure 8.13 presents the CDF plots of the channel capacity calculated using (8.32)
at various values of average receive SNR, ξ , for the three on-body channels. The figure
also shows the CDFs of channel capacity for other configurations, i.e. MISO, SIMO,



Diversity and MIMO for efficient front-end design 239

Table 8.8 Spatial correlation matrices for the three on-body channels. © 2010
IEEE. Reprinted with permission from Reference 31

Channel Spatial correlation matrix (ρs)

Belt-head

⎡
⎢⎢⎢⎣

1 0.67 + 0.39i 0.31 − 0.27i 0.27 − 0.02i

0.67 − 0.39i 1 0.13 − 0.36i 0.17 − 0.24i

0.31 + 0.27i 0.13 + 0.36i 1 0.56 + 0.33i

0.27 + 0.02i 0.17 + 0.24i 0.56 − 0.33i 1

⎤
⎥⎥⎥⎦

Belt-chest

⎡
⎢⎢⎢⎣

1 0.92 + 0.22i 0.14 − 0.63i 0.23 − 0.54i

0.92 − 0.22i 1 0.00 − 0.60i 0.12 − 0.61i

0.14 + 0.63i 0.00 + 0.60i 1 0.88 + 0.19i

0.23 + 0.54i 0.12 + 0.61i 0.88 − 0.19i 1

⎤
⎥⎥⎥⎦

Belt-wrist

⎡
⎢⎢⎢⎣

1 0.78 − 0.01i −0.26 + 0.08i −0.24 + 0.10i

0.78 + 0.01i 1 −0.13 + 0.01i −0.23 + 0.11i

−0.26 − 0.08i −0.13 − 0.01i 1 0.81 + 0.22i

−0.24 − 0.10i −0.23 − 0.11i 0.81 − 0.22i 1

⎤
⎥⎥⎥⎦

and SISO at ξ = 25 dB, which are represented by thick lines. By observing the plots
closely, it can be noticed that in the low SNR regime, the capacities, at a fixed
outage probability, are almost the same for the three channels despite the difference
in the subchannel correlation values. It shows that the direct ray at the low SNR
values, in the case of belt-chest channel, is not strong enough to introduce significant
correlation among the subchannels. At higher SNR values, the direct ray is strong,
and the high correlation can influence the channel capacity. This is reflected in the
belt-chest channel case where the channel capacity decreases at high SNR compared
to the other two channels. Moreover, the curves for the belt-chest channel have steeper
slope signifying a less spread in the channel capacity. This may be by the virtue of
less pathloss variation for belt-chest channel compared to the dynamic belt-wrist and
belt-head channels. Nevertheless, it is noticeable that despite the correlation among
the subchannels and the presence of direct link due to LOS for the belt-chest channel,
the capacity improvement offered by MIMO over the same channel with SISO, MISO,
and SIMO links is encouraging. The other two channels offer significant amount of
channel capacity improvement with MIMO.

The channel capacity improvement can be measured in terms of the spatial multi-
plexing gain which is typically measured as min(n, m) bps/Hz for independent n × m
MIMO system in ideal case [36]. It can be calculated at a certain outage level (usually
1%) and fixed SNR as the improvement offered by MIMO over SISO at the same
fixed SNR. For the 2 × 2 measured channels presented, the multiplexing gain is close
to 2. The amount of decrease in gain from ideal value depends upon the correlation
among the subchannels. Furthermore, Figure 8.14 shows the ergodic capacity as a



240 Advances in body-centric wireless communication

0 3 6 9 12 15 18 20
0

0.2

0.4

0.6

0.8

1

Capacity (bps/Hz)

P 
(c

ap
ac

ity
 <

 a
bs

ci
ss

a)
 

(a)

0 3 6 9 12 15 18 20
0

0.2

0.4

0.6

0.8

1

Capacity (bps/Hz)

P 
(c

ap
ac

ity
 <

 a
bs

ci
ss

a)
 

(b)

0 3 6 9 12 15 18 20
0

0.2

0.4

0.6

0.8

1

Capacity (bps/Hz)

P 
(c

ap
ac

ity
 <

 a
bs

ci
ss

a)
 

(c)

2 × 2 ξ = 5 dB

2 × 2 ξ = 10 dB 
2 × 2 ξ = 15 dB 

2 × 2 ξ = 25 dB 
2 × 1 ξ = 25 dB

1 × 2 ξ = 25 dB 
1 × 1 ξ = 25 dB 

Rayleigh IID
ξ = 25 dB

2 × 2  ξ = 5 dB

2 × 2 ξ = 10 dB 
2 × 2 ξ = 15 dB 

2 × 2 ξ = 25 dB 
2 × 1 ξ = 25 dB

1 × 2 ξ = 25 dB 
1 × 1 ξ = 25 dB 

Rayleigh IID
ξ = 25 dB

2 × 2 ξ = 5 dB

2 × 2 ξ = 10 dB 
2 × 2 ξ = 15 dB 

2 × 2 ξ = 25 dB 
2 × 1 ξ = 25 dB

1 × 2 ξ = 25 dB 
1 × 1 ξ = 25 dB 

Rayleigh IID
ξ = 25 dB

Figure 8.13 Capacity CDFs. © 2010 IEEE. Reprinted with permission from
Reference 31. (a) Belt-wrist channel, (b) belt-head channel, and
(c) belt-chest channel
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Figure 8.14 Average capacity vs. SNR. © 2010 IEEE. Reprinted with permission
from Reference 31

function of SNR for the three channels, and the average capacity increase with each
3 dB increase in SNR can be observed to be less than but close to 2 bps/Hz, in the
high SNR regime. Ideally, the increase in capacity with every 3 dB increase in SNR
for independent n × m MIMO system is min(n, m) bps/Hz [36].

8.3.3 Transmit–receive diversity with MIMO

For any communication system, a fundamental trade-off exists between the two key
performance metrics, i.e. the frame-error rate (FER) and the transmission rate offered
by the system. Intuitively, an increase in SNR results in reduced FER for a fixed trans-
mission rate. Similarly, an increase in SNR may result in increased transmission rate
at a fixed target FER. This trade-off is often referred to as the diversity-multiplexing
trade-off in the context of MIMO systems with diversity signifying the FER reduction
and multiplexing signifying an increase in transmission rate.

Transmit diversity system, with number of transmitting antenna, MT = 2, and
number of receive antennas MR, can be analysed for diversity gains using the well-
known Alamouti scheme [37]. It realizes a diversity gain of the order of 2MR at a
fixed transmission rate equivalent to fourth-order diversity in a 2 × 2 MIMO chan-
nel. It has been shown by Alamouti that 2 × 2 MIMO configurations are equivalent
to traditional four-branch MRC after decomposing the MIMO channel into paral-
lel subchannels. For an ideal case with independent diversity branches having no
power imbalance, a diversity gain of around 20 dB can be achieved with four-branch
MRC [36]. Transmit–receive combined diversity performance analysis is presented
in Reference 38 for the 2 × 2 MIMO measure on-body channels. The four sub-
channels of the measured MIMO on-body channel were taken as the four diversity
branches in a fourth-order receive diversity system. The diversity combined signals
were achieved using extensions of (8.3)–(8.5). Table 8.9 presents the DG values with



242 Advances in body-centric wireless communication

Table 8.9 Results for 2 × 2 MIMO. © 2011 IET. Reprinted with permission from
Reference 38

Channel DG MRC (dB) Max power diff (dB) ρe matrix

Belt-head 11.5 8.3

⎡
⎢⎢⎢⎣

1.0 0.5 0.4 0.2

0.5 1.0 0.3 0.2

0.4 0.3 1.0 0.4

0.2 0.2 0.4 1.0

⎤
⎥⎥⎥⎦

Belt-wrist 10.6 6.4

⎡
⎢⎢⎢⎣

1.0 0.6 0.2 0.1

0.6 1.0 0.1 0.2

0.2 0.1 1.0 0.5

0.1 0.2 0.5 1.0

⎤
⎥⎥⎥⎦

Belt-chest 4.2 6.8

⎡
⎢⎢⎢⎣

1.0 0.6 0.6 0.3

0.6 1.0 0.3 0.5

0.6 0.3 1.0 0.6

0.3 0.5 0.6 1.0

⎤
⎥⎥⎥⎦

MRC, the maximum power difference among the four subchannels, and the enve-
lope correlation values. The results reveal that belt-head and belt-wrist channels give
reasonable diversity gains while belt-chest channel again is the worst performer by
virtue of the high correlation and high power imbalance. The diversity gains are not
as high as the ideal case but still significant in the context of on-body propagation
environment.

8.3.4 MIMO stochastic channel modelling

The characterization of on-body channels reveals that the on-body channel behaviour
is dependent upon not only the environment but also the antenna type, type of
movements, body shape and postures, location of antenna on the body, and polar-
ization of the antenna [14]. The channel may become highly non-stationary as a
consequence of random movements of the body where antennas are mounted. This
makes the channel very difficult to understand and requires a complete model which
can describe most of the mentioned complex effects. In the frequency band of
2.45 GHz, a realistic pathloss model was presented in Reference 12 where it was
shown that the slow fading can be modelled by the lognormal distribution. The results
presented above in Section 8.2 also validate this fact along with the findings that
the fast fading envelope’s distribution is Rician. However, these studies concern with
either SISO or SIMO systems. A MIMO channel model is presented in Reference 39
based on the measurement campaign described above. Furthermore, for the channel
capacity evaluation, equal power distribution was solely considered. In the subsequent
section, the achievable capacity gain is evaluated using water filling as well and is
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Table 8.10 Average pathloss, shadowing and K values
used in Model 1. © 2012 IEEE. Reprinted with
permission from Reference 39

On-body channel K value Mean Standard
pathloss (dB) deviation (dB)

Belt-head 3.90 58.501 1.004
Belt-chest 11.42 39.38 1.217

compared to the uniform power distribution. Herein, the Rician K-factor, received
power, and shadowing deviation are used as channel parameters. Proposed Model 1
uses the average values of these parameters for the different spatial subchannels
of a given on-body channel. A second model, Model 2, is presented to incorpo-
rate the various on-body propagation mechanisms perceived at the receive antenna
elements.

The evaluated statistical parameters for belt-chest and belt-head on-body chan-
nels are given in Table 8.10 using Model 1. As depicted in the diversity channel model
above, the high K-factor values (K) and low channel attenuation for belt-chest channel
suggest that the LOS component is significantly higher than the scattered component.
Belt-head channel is also Ricain but with low K-factor values. The parameters pre-
sented in Table 8.10 are averages recorded for the different types of body postures
over the different MIMO subchannels, thus the same values are assumed for each
receive antenna.

The received signal thus is a combination of a constant LOS signal and a Rayleigh
distributed time-varying component. So for a MIMO system, the spatial subchannel
linking the ith receive element and the jth transmit element can be given as:

hij (t) =
√

pr

K + 1

[√
Ke jϕij + zij (t)

]
(8.36)

where ϕij is the phase of the j–ith subchannel in the constant component and is
uniformly distributed over [0, 2π ] due to time variant orientation of transmit and
receive antennas, zij(t) is the correlated NLOS component. The received power or the
path-gain term Pr− can be modelled for a given transmitter-receiver separation as:

Pr (d) = Pr (d0) − 10n log10

(
d

d0

)
+ Xshad (d) (8.37)

where Xshad is the log-normally distributed shadowing term. Following these defini-
tions, the (N × M ) MIMO channel matrix H in the Model 1 can be formulated as:

H =
√

pr

K + 1

⎡
⎢⎢⎣√

K

⎡
⎢⎣

e jϕ11 · · · e jϕ1M

...

e jϕN1 e jϕNM

⎤
⎥⎦+

⎡
⎢⎣

z11 (t) · · · z1M (t)
...

zN1 (t) · · · zNM (t)

⎤
⎥⎦
⎤
⎥⎥⎦ (8.38)
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Table 8.11 K-factor, mean pathloss and standard deviation of the four MIMO
subchannels. © 2012 IEEE. Reprinted with permission from
Reference 39

Channel Subchannel K -factor Mean Standard
pathloss (dB) deviation (dB)

Belt-head h11 6.38 52.65 0.61
h12 7.33 55.81 0.919
h21 1.052 62.10 1.467
h22 0.82 63.43 1.019

Belt-chest h11 10.68 36.67 0.75
h12 15.02 40.48 0.93
h21 7.688 38.14 1.417
h22 12.30 43.25 1.767

where the first N × M term of the right hand part of (8.38) corresponds to the LOS
component and the second N × M term corresponds to the NLOS component.

The MIMO subchannels may not have identical distribution due to random pos-
tures, orientation and different shadowing effects on the various elements of the
MIMO receive antenna. Table 8.11 summarizes the statistical parameters for the four
MIMO subchannels while performing averaging over different body postures. The
channels parameters in this case clearly suggest the disparity in the propagation expe-
rienced in each subchannel specifically in the belt-head channel where the h11 and
h12 exhibit lower mean pathloss and higher K values compared to h21 and h22 sub-
channels. An index i is attached to the receive power (pr)i and to the Rician K-factor
in Model 2 to indicate their dependence on the receive antenna. It follows that the
MIMO channel matrix in Model 2 can be formulated as:

H =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

⎡
⎢⎢⎢⎢⎢⎢⎣

√
K1 (pr)1

K1 + 1
e jϕ11 · · ·

√
K1 (pr)1

K1 + 1
e jϕ1M

...√
KN (pr)N

KN + 1
e jϕN1

√
KN (pr)N

KN + 1
e jϕNM

⎤
⎥⎥⎥⎥⎥⎥⎦

+

⎡
⎢⎢⎢⎢⎢⎢⎣

√
(pr)1

K1 + 1
z11(t) · · ·

√
(pr)1

K1 + 1
z1M (t)

...√
(pr)N

KN + 1
zN1(t) · · ·

√
(pr)N

KN + 1
zNM (t)

⎤
⎥⎥⎥⎥⎥⎥⎦

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

(8.39)
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The correlated channel coefficients zij are generated from the spatial correlation
matrix ρ, given above in (8.35), and the zero-mean complex i.i.d. random variables
anm as follows:

A = Ca (8.40)

where ANM×1 = [z11 . . . zN1, · · · , z21 . . . zNM ]T , aNM×1 = [a1, a2, · · · , aNM ]T , and C
is a symmetric matrix extracted from the standard Cholesky factorization of the
matrix ρ. It is worth mentioning that the Kronecker product method to evaluate zij

does not hold for the on-body channels since its assumptions of independent spatial
correlation coefficients at the receiving and transmitting side is not valid. This is clear
from the spatial correlation matrices presented in the above section.

Assuming uniform power allocation among transmitting antennas, as explained in
the above section, the channel capacity can be obtained using (8.32). Now considering
water filling instead of equal power allocation, and assuming the existence of K
eigenchannels, the capacity with water filling is given by:

C =
K∑

k=1

log2

(
1 + λk

Pk

σ 2

)
(8.41)

where Pk is the power allocated to the kth MIMO eigenchannel and λk is the corre-
sponding eigenvalue. To reach this capacity, each eigenchannel is iteratively filled up
to a common level.

8.3.4.1 Simulation results
Figure 8.15 shows the CDFs of the maximum and minimum eigenvalues for the
measured, simulated Model 1 and simulated Model 2 cases for the two on-body
2 × 2 MIMO channels using 2 × 2 Rayleigh channel as a reference. It is clear
from the figure that due to the presence of correlation and LOS one eigenmode is
activated more compared to the other as opposed to the full rank 2 × 2 Rayleigh
reference where both the eigenmodes are active. The even higher values of spatial
correlation and stronger LOS in the measured belt-chest channel moves the minimum
eigenvalue away from the reference and even lower than the belt-head channel values.
The maximum eigenvalues of the measured, and both simulated models of the belt-
head channel are comparable to the reference case. Model 2 shows good agreement
with the measured results in case of minimum eigenvalues. It also suggests that only
one eignemode is almost solely active in belt-chest case.

Channel capacity CDFs with equal power allocation are shown for various SNR
values in Figure 8.16 for belt-head and belt-chest channels, respectively. The plots
show the capacities for both the models and measured channels. Model 2 is in close
agreement with the measured channel while Model 1 is close to the measured values
at low SNR values but deviates and is no longer valid at high SNR values for the
belt-head channel.

Figure 8.17 shows the achievable ergodic capacities at 10% outage for the mea-
sured and simulated (Model 1) channels for belt-head and belt-chest cases along
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with the Rayleigh reference case. The capacities are calculated with equal power and
water filling and compared. Up to 4 dB in SNR values, the on-body and Rayleigh
channels behave similarly when using water filling scheme. Around the cut-off value
of 4 dB in SNR and above, the Rayleigh channel outperforms the on-body channel.
Water filling improves the capacity at low SNRs due to the fact that it optimally
distributes the power among eigenchannels according to their state and balances the
impairment of low SNR.

8.4 Summary

The contents of the chapter focused upon the use of multiple antennas for a more
efficient and reliable front-end design for the body-worn receivers. It is obvious from
the results and discussions that both MIMO and diversity can play a significant role in
making the BAN receivers more robust and suitable for high-speed communications.
Significant improvement in SNR may result in belt-wrist and belt-head on-body chan-
nels by using two-branch receive diversity system. This may also help in reducing the
transmit power to the on-body devices thus reducing the risk of exposure of human
body to high power electromagnetic waves. Antenna diversity in all the three forms,
i.e. space, pattern, and polarization diversity, is effective for belt-head and belt-wrist
channels. Belt-chest channel by virtue of strong LOS may not be benefited much
by diversity and MIMO. Receive diversity was also found to be an effective tool in
BAN–BAN interference cancellation. A new interference cancellation scheme was
proposed and was found to be more suitable and efficient for BAN applications. The
use of MIMO for on-body channels was also investigated, and the results were very
encouraging in terms of channel capacity improvement offered for various on-body
scenarios. Stochastic channel models were proposed for on-body diversity and MIMO
channels. The fast fading envelope of both diversity and MIMO channels was found to
be Rician distributed, and the long-term fading envelope was found to be log-normal
distributed. The parameters of the two models were presented for various scenarios,
and channel correlation based MIMO channel model was presented and compared to
the measured data. These stochastic models can be used by the front-end designers to
design efficient, reliable, and robust body-worn devices.
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Chapter 9

On-body antennas and radio channels for
GPS applications

Masood Ur-Rehman∗, Xiaodong Chen† and Zhinong Ying‡

The Global Navigation Satellite System (GNSS) is providing navigation and
positioning services worldwide. The European GNSS Agency (GSA) has reported
usage of an estimated 4.5 billion GNSS devices worldwide in 2015. It is forecasted to
increase to over 7 billion by 2019 having a market size of approximately 300 billion
euros [1]. Being the only fully functional system till date, these navigation devices
rely primarily on the Global Positioning System (GPS).

Ever-growing demand of navigation and positioning facilities to be available in
portable devices has made the GPS antennas an essential part of the modern Wire-
less Personal Area Networks (WPAN) and Wireless Body Area Networks (WBAN)
applications. A Federal Communications Commission (FCC) adoption to enhance the
provision of emergency services by tracking the user’s location through his mobile also
necessitates the integration of the GPS to the cellular phones [2]. The WPAN/WBAN
works in collaboration with the GPS to provide these services. GPS enabled wearable
devices range from Personal Navigation Devices (PNDs), wrist watches, wristband
activity trackers, headband fitness trackers, smart shoe soles and most importantly
the smart phones. These devices typically operate either in on-body positions (held by
the user) or in near-body positions (working in the proximity of the human body). In
either case, the presence of the human body in the vicinity, degrades the performance
of the embedded GPS antennas of such devices.

It is now a well-established phenomenon that the human body is a very lossy
medium that affects the performance of the antenna in three ways: reduction in effi-
ciency due to electromagnetic absorption in the tissues, degradation of the radiation
pattern and variation in the feed point impedance [3–9]. Characterisation of these
effects is a challenging but necessary task to provide guidelines for the design of an
optimal performance antenna resilient to these degrading factors [10–13].
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‡Network Technology Lab., Research and Technology, Sony Mobile Communications Mobilvägen, Lund,
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GPS operation at 1575.42 MHz fed by a coaxial port c©2012 IEEE.
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9.1 GPS antennas in the presence of human body

A simple truncated corner microstrip patch (TC patch) antenna has been used to study
the fundamental phenomena inflicting performance changes due to the human body
presence [14, 15]. The antenna design has a ground plane of 100 mm × 100 mm with a
printed square radiating patch of 53.4 mm × 53.4 mm and fed by a coaxial port. A FR4
substrate of 1.6-mm thickness and εr = 4.7 is used. Figure 9.1 shows the geometry of
the antenna.

Antenna performance is analysed via simulations and validated through mea-
surements. The comparison of the simulated and measured S11 curves of the antenna
are shown in Figure 9.2. A good agreement between the two has been observed. The
highlighted area shows ±5 MHz impedance bandwidth region typically desired for
a good performing GPS antenna [17, 18]. The antenna performs well in L1 band
with centre frequency at 1578 MHz. The antenna has a −10 dB bandwidth of 25 MHz
covering frequencies in the range of 1566–1591 MHz.

Since, the microstrip patch antenna radiates normal to its patch surface, the
gain patterns for both XY plane and YZ plane are of importance. The simulated and
measured 2-D gain patterns in XY plane and YZ plane are shown in Figure 9.3. A
good agreement can be found between the simulated and measured patterns. The
small differences are due to the fabrication imperfections. Figure 9.4 illustrates the
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Figure 9.2 Simulated and measured S11 curves for the truncated corner microstrip
patch GPS antenna in free space
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Figure 9.3 Simulated and measured 2-D gain patterns in XY and YZ planes of the
truncated corner microstrip patch GPS antenna in free space at
1575.42 MHz. (a) XY plane and (b) YZ plane

simulated 3-D RHCP and LHCP gain patterns of the antenna. These results confirm
that the antenna performance is excellent for the GPS operation with good RHCP
and a small back side radiation of order −20 dB, in accordance with the specified
requirements in classic literature.
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Figure 9.4 Simulated 3-D RHCP and LHCP gain patterns of the truncated corner
microstrip patch GPS antenna in free space at 1575.42 MHz. (a) RHCP
and (b) LHCP

Table 9.1 Electric properties of specific human body
tissues used within the constructed homogeneous
body model at 1575.42 MHz

Tissue Electric properties

Dielectric constant Tissue conductivity
(εr) (σ ) (S/m)

Bone 19.65 0.52
Fat 5.37 0.07
Muscle 53.83 1.22
Skin 39.28 1.09

9.1.1 Experimental set-up for on-body antenna performance

The internal organs play a very insignificant role at microwave frequencies due to
small skin depth. It allows use of the homogeneous numerical models of the human
body to study the performance of on-body antennas with acceptable accuracy levels
[7, 9, 19–23]. Therefore, electromagnetic interaction between the human body and
the GPS antenna is studied using a single-layer numerical model of the human body.
Simulations were carried out in CST Microwave Studio®. The weighted averaged
tissue properties have been adopted to develop the model. The homogeneous human
body model is therefore, considered as a compound with 15% skin, 20% fat, 45%
muscle and 20% bone, which resulted in an averaged relative permittivity of 35.12
and conductivity of 0.83 S/m at 1575.42 MHz. The dielectric properties of the human
body tissue are taken as described in References 24–26. The values for the four types
of tissues at 1575.42 MHz used in this study are given in Table 9.1.
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Figure 9.5 Human body model and different on-body configurations of the
truncated corner microstrip patch antenna used to study the effects of
the human body presence on the GPS antenna (all lengths are in mm).
(a) Human body model, (b) antenna with varying on-body positions,
(c) antenna with varying distances along the chest and (d) antenna
held-in-hand

A realistic complete body model with a height of 1755 mm representing an aver-
age physique human user is used in this study. This model offers not only faster
computations as a result of reduced complexity but also gives flexibility in terms of
re-positioning the body parts [27, 28]. Effects of the presence of the human body on
the GPS receiver antenna are studied for different configurations considering varying
separations of the body and the antenna, different positions of the antenna on the body
and different body postures shown in Figure 9.5.

An adaptive mesh is employed with different cell sizes that has reduced the num-
ber of volume cells (voxels) in the computational domain significantly. The Perfectly
Matched Layer (PML) absorbing boundary conditions [29] are used with a maximum
cell size of 10 mm near the boundaries and a minimum size of 0.08 mm at the edges
of the solids in the computational region.
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9.1.2 Effects of varying antenna-body separation

The GPS antennas in portable devices, especially the mobile phones, are often inte-
grated with other radio communication systems. For the navigation use, the separation
between the portable device and the human body can change which results in varying
the antenna performance.

The effects of the human body on the performance of the microstrip patch GPS
antenna are studied by varying the separation (d) along the chest, illustrated in Fig-
ure 9.5. Different gaps between the antenna and the body are considered ranging
from d = 10 mm to d = 120 mm. Figures 9.6 and 9.7 provide a comparison of the
antenna performance in free space and in the presence of the human body at these
separations. A summary of various antenna parameters for different simulated con-
figurations including fc, bandwidth, total efficiency and maximum gain (in XY plane)
is presented in Table 9.2.

The S11 curves in Figure 9.6 show a shift in the resonance frequency from
1575.42 MHz to lower frequencies depending upon the separation. The detuning
of the antenna is caused due to the fact that while the antenna is placed on-body,
the electromagnetic field produced in the space near human body contains both the
fields induced by the antenna itself and the fields reflected from the body surface.
These reflected fields induce currents on the antenna surface disturbing the free space
distribution. It changes the antenna impedance and, hence, detunes the resonance fre-
quency. A maximum drop of 49% in the antenna efficiency (simulated), compared to
that in free space (93%), has been observed when the antenna is placed at d = 10 mm
from the human body.
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Figure 9.6 Comparison of the simulated S11 responses of the truncated corner
microstrip patch GPS antenna for various antenna-body separations
(d) along the chest
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Figure 9.7 Comparison of simulated 2-D gain patterns in XY and YZ planes of the
truncated corner microstrip patch GPS antenna as a function of the
antenna distance (d) from the body along the chest at 1575.42 MHz

Table 9.2 Comparison of different simulated parameters of CP patch antenna
analysed for various body-worn configurations working at the GPS
frequency of 1575.42 MHz

Antenna body-worn fc BW ηt (%) Gain in
configuration (MHz) (MHz) XY plane

dBi

Antenna with no body presence 1575 19 93 5.8
(free space)

Varying separation of d = 10 mm 1550 19 44 6.3
antenna and body d = 20 mm 1552 20 48 6.6

d = 30 mm 1555 12 53 6.5
d = 40 mm 1560 11 55 6.7
d = 80 mm 1564 13 68 7.1
d = 120 mm 1571 17 79 6.2

Varying antenna Middle chest 1550 19 44 6.3
position on-body Right chest 1549 17 45 6.9

Left chest 1549 17 46 7.1
Near belly 1537 13 16 3.7

Varying hand-held α = 60◦ 1554 8 51 7.0
antenna position α = 75◦ 1557 9 53 6.4
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It appears that greater separations between the antenna and the human body tend to
improve the antenna performance. At d = 40 mm, the antenna resonates at 1560 MHz
as compared to 1550 MHz when d = 10 mm. It could be observed from the presented
results that further the antenna from the body, the closer is its resonance to that in
free space. The antenna efficiency also shows improvement. With d = 120 mm, the
antenna exhibits very close performance to the free space operation with resonating
at 1571 MHz having an efficiency of 79%. This enhanced performance is caused
by change in the amount of the reflected fields by changing the antenna-body gap.
At larger separations, the effective permittivity of the medium becomes closer to the
value for the free space that reduces the extent of frequency detuning and the radiation
deformation.

Figure 9.7 demonstrates the antenna performance from radiation perspective in
both XY and YZ planes. The antenna radiation is compared for the absence of the
human body to that in its presence, as a function of the antenna and the human body
separation, along the chest. These results show that the human body presence deforms
the antenna radiation patterns substantially in both planes due to power absorption in
the lossy tissues. It also causes increased gain levels and reduced antenna efficiency.
The antenna pattern shape keeps constant with increasing separations from the body.
However, radiated power increases in front direction, away from the body because of
greater reflected waves. An increase of 0.5–1.3 dB is noted in the antenna gain in front
direction while it reduces by up to 5 dB in backward direction. It is also observed that
the antenna radiation patterns have a tendency of improvement by getting closer to
free space performance as value of d increases from 10 mm to 120 mm due to reduced
losses in the human body tissues. Also, large ground plane used for the matching and
optimised performance of the antenna has played a part to reduce the pattern defor-
mations by shielding the antenna from some of the reacting field reflected by the body
at closer gaps. These effects would have a greater impact on antennas with smaller or
no ground plane.

It could also be noted from Figure 9.7 that antenna radiation characteristics are
affected more in YZ plane as compared to XY plane. It is a result of the presence of
greater body mass with increased losses in the tissues since, the height of the torso is
larger than the width as shown in Figure 9.5.

9.1.3 Dependency on on-body GPS antenna position

The portable devices are commonly placed at different positions near the human body,
for example in the pocket of a shirt (near chest) or in the pocket of a jacket (near belly).
Difference in the shape of the body parts at different locations could influence the
GPS antenna to perform with varying radiation characteristics. The effects of vary-
ing on-body placements of the antenna are also analysed to study the change in the
antenna performance.

The microstrip patch GPS antenna is placed at different positions on-body while
maintaining a gap of 10 mm between the antenna and the body to allow the covering
assembly clearance. The considered on-body positions include the antenna placed at
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Figure 9.8 Comparison of simulated S11 of the truncated corner microstrip patch
GPS antenna for different antenna positions on-body

the middle chest, the right chest, the left chest and right waist near the belly. The
results are compared to the antenna performance in the absence of the human body.

The S11 curves in Figure 9.8 depict that resonance shifts from 1575.42 MHz to
lower frequencies depending upon the placement of the antenna on the body. The
effect on the antenna impedance is nearly equal for the three positions along the
chest. An average drop of 48% in the antenna total efficiency, compared to the free
space efficiency, is observed. However, the antenna is detuned to a larger extent and
centre frequency comes down to 1537 MHz when placed near the belly. The antenna
efficiency also experiences a huge drop reaching to 16%. It is because the presence
of discontinuities towards legs and arms near the belly changes size and shape of
the lossy tissue more as compared to the three chest positions. Hence, the resulting
modification of the effective medium causes larger variation in the antenna input
impedance.

The gain patterns shown in Figure 9.9 confirm that the radiation characteristics
of the antenna are also affected but the shielding provided through the ground plane
minimises this effect. The pattern shapes are again similar for the three chest positions
with reduced back lobes. The discontinuities towards legs and arms near the belly have
also caused scattered fields with greater pattern deformations.

9.1.4 Effects of body posture

The portable devices, especially the GPS navigators, are usually used in held-in-hand
scenarios with the user watching the screen. The direct contact of the human hand with
the GPS antenna affects the radiation properties of the antenna resulting in a reduced
performance. The presented microstrip patch GPS antenna is tested to demonstrate
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Figure 9.9 Simulated 2-D gain patterns in XY and YZ planes for the truncated
corner microstrip patch GPS antenna with effects of variation in
on-body antenna position at 1575.42 MHz

the human body effects on its performance for held-in-hand scenarios. Although a
realistic hand model (constructed in later studies) could not be added to the designed
structure due to the model limitations, the human body model is modified to represent
the user’s watching position with the antenna held in the left hand. The bending angle
of the arm is represented by α. Two held-in-hand configurations with the arm bent at
an angle of α = 60◦ and α = 75◦ are considered, and results are compared with the
antenna in the absence of the human body and antenna placed on-body at the middle
chest (α = 0◦). The three configurations have the separation between the body and
the antenna equal to 10 mm, 190 mm and 350 mm, respectively, as illustrated in
Figure 9.5.

The antenna impedance performance is compared in Figure 9.10. The presence
of the human body has detuned the antenna causing the resonance frequency to shift
from 1575 MHz to lower values. The detuning of the antenna again depends upon the
separation of the antenna and the human body. The resonance gets closer to the one
observed for the antenna in free space scenario with wider bending angles as antenna
becomes less affected by the torso. It also improves the antenna efficiency to 51% in
comparison to the free space value with α = 75◦ while it is 53% when α = 60◦ as
drop is minimised. However, the antenna impedance undergoes detuning in the two
cases due to the currents induced in hand tissues causing the drop in the efficiency.

The antenna radiation performance is compared in Figure 9.11. The reflected
fields again have caused changes in the gain and introduced deformations in the
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polar patterns. Increasing distance between the body and the antenna due to increased
bending angle has modified the patterns with high backward radiations. It is because
of the fact that the antenna is less affected by the greater body mass of torso and legs
at these separations. The major part of the degradation in these configurations comes
from the bent arm.

The presented results confirm that the GPS antenna undergoes frequency detun-
ing while operating in the vicinity of the human body depending upon the on-body
antenna placement, present body mass and physiological parameters of the body. This
tends to decrease the resonant frequency of the antenna, causing it to be mismatched
at its intended operating frequency of 1575.42 MHz. The antenna loses the desired
±5 MHz bandwidth in most of the cases whereas its radiation pattern also deforms.
It is, therefore, evident that the human body presence affects the GPS antenna per-
formance to a visible extent and should be taken into account to design an efficient
navigation system.

9.2 On-body GPS antennas in real working environment

The discussion in the above sections has established that the performance of the
GPS antennas tends to deteriorate while placed on/near the human body. This study,
however, does not take into account the nature of the surrounding environment. In
practical scenarios, these antennas have to operate in cluttered urban/sub-urban areas.
The incoming radio wave undergoes reflections, diffractions and scattering from the
surrounding objects including buildings, vehicles, vegetation and ground in these
difficult environments resulting in the multipath phenomenon, as illustrated in Fig-
ure 9.12 [20, 21]. It increases the magnitude of degradations in the GPS antennas
operating in the vicinity of the human body significantly resulting in attenuation,
delay and distortion of the communication link. To guarantee a reliable navigation
system that can also meet the FCC’s mandate E911 of provision of precise location of
the mobile user to ensure public safety [2] necessitates that the GPS antennas should
cope with both of these degrading factors. Therefore, these antennas must be tested
not only for the effects of the human body presence but also for their performance in
the multipath environment.

In ideal conditions, the GPS antennas are required to exhibit good Right Hand
Circular Polarisation (RHCP) with a uniform radiation pattern over entire upper hemi-
sphere in order to receive the incoming GPS signal efficiently. Theoretically, multipath
is needed to be avoided through good rejection of Left Hand Circular Polarisation
(LHCP) [30–32]. Fulfilment of these requirements in portable devices is, however, a
very challenging task which have to allow maximum mobility of the user and flexi-
bility of use offering multiple functions such as Wi-Fi, Bluetooth, FM radio, digital
camera, mobile TV and GPS [18, 33].

Portable GPS antennas are commonly used in cluttered environments such as
city streets, vehicles and indoors. In these working scenarios, the incoming Line-of-
Sight (LOS) GPS signals are weak while the polarisation of the reflected signals is
arbitrary and unknown. Furthermore, these hand-held or on-body devices are rarely
used in a fixed position varying the “up” direction of the embedded GPS antenna
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with the orientation of the device. Presence of the human body also increases the
losses due to electromagnetic absorptions and blocking the clear sky view of the
antenna. Paramount task of establishing the GPS link for these on-body antennas is
therefore, a very challenging task. Despite the potential losses due to polarisation
mismatch, linear polarised GPS antennas with wide-beam coverage have found to
be more efficient in overcoming these problems as compared to the conventional
RHCP antennas [34–36]. The multipath signal can be used constructively to establish
a quick GPS link. The resulting positioning errors can be removed using widely
available software approaches [37–40]. It requires detailed characterisation of the
GPS antenna performance in the portable devices.

The performance assessment of a portable GPS antenna through field tests suffers
from longer test durations that have uncontrollable factors of weather, temperature
and location. It causes lack of accuracy due to poor repeatability and efficiency.
The statistical modelling of the multipath environment provides a good alternative
to the field tests. It can estimate the antenna performance efficiently with realistic
replication of the actual working conditions while avoiding all these drawbacks.

The impact of the antenna on the wireless link budget in response to the nature
of the surrounding environment can be described statistically using Mean Effective
Gain (MEG). It estimates the antenna performance considering Angle of Arrival
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and polarisation of the incident waves and antenna gain patterns [41–44]. It has
been used as an important performance metric for mobile handsets in multipath land
mobile propagation environments [45, 46]. This method can efficiently incorporate
the effects of the human body presence as the calculations of antenna MEG are based
on the antenna power gain patterns, where the degradations in gain and efficiency due
to radiation pattern deformations and input impedance variations are easily accom-
modated [45, 47–49]. An enhanced MEG approach along with a new parameter of
antenna coverage efficiency for the portable GPS antennas has been proposed and
developed by Ur-Rehman et al. [16, 19, 50, 51].

9.2.1 Statistical modelling of GPS multipath environment

The statistical method for the characterisation of the environmental factors on the
performance of the GPS antennas uses the parameters of GPS MEG (MEGGPS) and
GPS coverage efficiency (ηc) to evaluate the performance of the GPS antennas [16,
51]. The model is based on the re-formulation of the MEG equation derived by
Taga [41]. The RHCP nature of the incoming waves and environmental reflections is
included to replicate the multipath GPS environment. The model efficiently estimates
the expected performance of the GPS antennas in realistic working conditions through
calculations based on 3-D antenna gain patterns and average angular distribution of
incident power in the environment.

9.2.1.1 GPS mean effective gain (MEGGPS)
The average gain of the antenna performance in multipath radio environment is termed
as MEG. It is ratio of total mean received power of the antenna and total mean incident
power in the same environment [41]:

MEG = Mean received power (Preceived)

Total mean incident power (Pincident)
(9.1)

For the GPS operation, the incident radio wave is circularly polarised. Therefore,
it could be split into perpendicular and parallel polarised components. Using the
spherical coordinates (Figure 9.13), Preceived can be expressed as follows:

PreceivedGPS =
∫ 2π

0

∫ π

0

[
P⊥G⊥ (θ , φ) p⊥ (θ , φ) + P||G|| (θ , φ) p|| (θ , φ)

]
sin θdθdφ

(9.2)

where P⊥ and P|| are the mean received powers in the perpendicular and parallel
polarisations with respect to the ground plane while the angular density functions
of the incident waves in the two polarisations (defined by AoAGPS) are denoted by
p⊥ (θ , φ) and p|| (θ , φ) (as shown in Figure 9.12), respectively. G⊥ and G‖ represent
the antenna power gains for the perpendicular and the parallel polarisations, respec-
tively. The total mean incident power (Pincident) arriving at the antenna would be the
summation of the mean powers in the two polarisations.
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c©2012 IEEE. Reprinted with permission from Reference 16

The ratio between the powers received in the two polarisations is referred as cross
polarisation ratio (XPR) and expressed as:

XPR = P⊥
P||

(9.3)

Based on this discussion, the MEG expression for the GPS multipath environment
has been formulated as [16, 51]:

MEGGPS =
∫ 2π

0

∫ π

0

[
XPR

1 + XPR
G⊥ (θ , φ) p⊥ (θ , φ)

+ 1

1 + XPR
G‖ (θ , φ) p|| (θ , φ)

]
sin θdθdφ (9.4)

In this model, XPR governs the polarisation of the incoming wave. Since the
transmission of two perpendicular and parallel polarised waves simultaneously, out
of phase by π/2 (radian), generates a circularly polarised wave, XPR = 0 dB has been
used to accommodate the circular polarisation of the incident GPS wave [16, 19].

9.2.1.2 GPS angle of arrival (AoAGPS)
Formulation of the GPS multipath environment requires statistical definitions of the
direction (angle) of arrival (AoAGPS) of the incoming waves in azimuth and elevation
planes.
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The statistical model assumes a uniform angular density function in azimuth
plane due to the random occurrence of the incident waves caused by reflections,
diffractions and scattering from geometrically varying objects located in the vicinity
of the receiving antenna [16, 42, 43]. The elevation plane has been divided into
incident and reflection regions. Incident region assumes uniform angular density
function while the reflection region accommodates the ground reflections by reducing
the angular density function in accordance with the reflection coefficients. Sum of the
received powers in the incident and reflected regions has been considered to use the
multipath signal favourably for quick link establishment [16]:

p⊥(θ , φ) =
{

1 0 ≤ θ ≤ π/2
A(θ )⊥ π/2 ≤ θ ≤ π

(9.5)

p‖(θ , φ) =
{

1 0 ≤ θ ≤ π/2
A(θ )‖ π/2 ≤ θ ≤ π

(9.6)

Here, A(θ ) depends upon the reflection coefficients for the perpendicular and
parallel components as [52]:

A(θi)⊥ = cos θi −
√

(ε2/ε1) − sin2 θi

cos θi +
√

(ε2/ε1) − sin2 θi

(9.7)

A(θi)|| = (ε2/ε1) cos θi −
√

(ε2/ε1) − sin2 θi

(ε2/ε1) cos θi +
√

(ε2/ε1) − sin2 θi

(9.8)

The model calculations are based on the consideration of an open field ground
to be of a semi-grassy semi-concrete type with a relative permittivity of 4.5 [53, 54].

9.2.1.3 GPS coverage efficiency (ηc)
The GPS antennas receive signals from all directions that lie within its coverage of
the open sky. Conventional techniques, however, consider the performance of a GPS
antenna by its capability to receive the signals for elevation angles higher and lower
than 10◦ (from the horizon) [31]. To overcome this problem, the statistical model also
evaluates the performance of the GPS antenna in terms of its coverage efficiency that
defines the ability of the antenna to receive the direct satellite signals in whole upper
hemisphere. It is calculated as [16, 51]:

ηc = Coverage area

Total area
(9.9)

Here, the coverage area represents the solid angle subtended by the directions in
which the GPS signal is above −13 dBi threshold (for a GPS receiver sensitivity of
145 dBi) in the incident region (0 ≤ θ ≤ π/2). Signals below this level are considered
too weak to make an impact and hence, wasted. The maximum coverage that can be
obtained by a reference GPS antenna has been considered as the total area. It repre-
sents the half hemispherical solid angle of 2π for an isotropic antenna. Figure 9.14
illustrates ηc calculations. The box encloses the incident region (upper hemisphere)
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Figure 9.14 Illustration of ηc calculations based on RHCP radiation pattern of a
GPS antenna with cross-hatched regions indicating coverage area
(where signal is above −13 dBi) c©2012 IEEE. Reprinted with
permission from Reference 16

with the horizon at 0◦ and the zenith at 90◦. Cross-hatched part indicates the cover-
age area. These calculations are based on RHCP gain pattern of the antenna-under-test
to suit the RHCP incoming radio waves.

9.2.2 On-body GPS antennas in multipath environment

The statistical model discussed in the preceding sections is employed to investigate
the performance of the on-body GPS antennas in multipath environment. Different
common possibilities of the on-body positioning of the GPS antennas are considered
including antenna placed in the user’s pocket, antenna held-in-hand used in watching
position and antenna held-in-hand placed beside the ear in talking-on-phone position.

The performance of the on-body GPS antennas is characterised in terms of
MEGGPS and ηc. The 3-D power gain patterns required to perform the calculations
using the statistical model only considers the power absorptions in the human body
tissues [29]. To include the mismatch losses caused by the antenna detuning in the on-
body configurations, the “Realised Gain” is considered calculated using the following
expression: using the following equation [55]:

Gainrealised = Gain × ηm (9.10)

where Gain is the simulated gain taking the material losses into account, and ηm rep-
resents the antenna mismatch efficiency accounting for the antenna detuning losses.
ηm is calculated by:

ηm = 1 − |S11|2 (9.11)



270 Advances in body-centric wireless communication

9.2.2.1 Experimental configuration
Performance of four GPS antennas in different on-body placements is evaluated to
investigate the multipath effects. The four antennas include TC patch, PIFA, DRA
and helix. The antennas operate at the GPS frequency of 1575.42 MHz. The TC
patch has the structure as shown in Figure 9.1. The PIFA has a FR4 substrate with
1.6 mm of thickness and PCB size of 100 mm × 40 mm. The DRA antenna is loaded
with a dielectric of εr = 21 which is covered with lossy silver. The ground plane is
100 mm × 40 mm of lossy copper type. The helix is mounted on the left side of the
metallic ground plane of 100 mm × 40 mm × 0.45 mm. The antennas are fed using
50 � coaxial port feed. Figures 9.15–9.17 show the schematic layout of the PIFA,
DRA and helix antennas.

The realistic homogeneous human body model discussed in Section 9.1.1 with
similar mesh scheme is used in this study. The flexibility of the model allowed to
add a realistic hand model to realise the antenna held-in-hand scenarios and represent
different body postures as illustrated in Figure 9.18. For the device kept in the user’s
pocket, GPS antennas are placed on the left bottom torso at the pocket position on the
body as shown in Figure 9.18(b). The separation between the antenna and the body
is kept at 8 mm to allow the clearance for the mobile casing.

40

100

2.5 1.5 9.3

h = 1.6
er = 4.7

Figure 9.15 Geometrical structure of GPS mobile terminal PIFA antenna used to
study the effects of human body presence on the antenna performance
in multipath environment (all lengths are in mm) c©2012 Wiley.
Reprinted with permission from Reference 51
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The talking-on-phone scenario is configured by re-positioning the arm in such a
way that the body model now has the antenna held in the user’s hand beside the head,
as illustrated in Figure 9.18(c). The separation between the antenna and the head is
maintained at 8 mm to allow the covering assembly, while the antennas are inclined
at 45◦ with respect to the z-axis. For the configuration where the navigation device
is being watched by the user, the GPS antennas are modelled to be held in the user’s
hand in front of the body, at a distance of 175 mm from the body surface, depicted
in Figure 9.18(d). Figure 9.19 shows the details of position and orientation of the
radiating elements of the three antennas in the considered on-body placements.

9.2.2.2 Evaluation of GPS antenna performance
The performance of the on-body GPS antennas operating in the multipath environ-
ment is analysed by observing the simulated S11 responses and statistical model’s
calculations of MEGGPS and ηc values.

The S11 response of the four antennas working without the human body presence
and in different on-body placements is plotted and compared in Figures 9.20–9.23.
The frequency detuning caused by the human body presence in the vicinity of the
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Figure 9.16 Schematic layout of GPS mobile terminal DRA antenna to study the
effects of human body presence on the antenna performance in
multipath environment (all lengths are in mm) c©2012 Wiley.
Reprinted with permission from Reference 51
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Figure 9.17 Geometry and dimensions of GPS mobile terminal helix antenna for
the study of the presence of the human body effects on the antenna
performance in multipath environment (all lengths are in mm) c©2012
Wiley. Reprinted with permission from Reference 51

antennas is evident from these results. Amount of the detuning varies for the four
antennas depending on the on-body placement. The TC patch is worst-hit due to the
human body presences in all three on-body positions considered. It has lost the −10 dB
impedance bandwidth of ±5 MHz (desired for efficient GPS operation) completely
with highest shift in the resonance frequency. It is followed by the PIFA, which also
has failed to exhibit the desired −10 dB impedance bandwidth, though the extent
of detuning is comparatively less than that observed for the TC patch. Although the
DRA has also suffered from completely missing the required −10 dB impedance
bandwidth in the watching and talking positions, it managed to achieve a −10 dB
impedance bandwidth of 5 MHz in the frequency range of 1570–1575 MHz in the
placed at pocket position. The helix antenna has appeared to be the best performer
having least detuning for the on-body operation. It has not only achieved the ±5 MHz
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Figure 9.18 Configuration of on-body antenna placements using homogeneous
realistic human body model (all lengths are in mm). (a) Human body
model, (b) at pocket, (c) talking and (d) watching

impedance bandwidth for the GPS operation for placed at pocket and held in watching
positions but also managed to attain a comparatively reasonable −8 dB impedance
bandwidth of ±5 MHz in the talking position.

The greater detuning of the four antennas in watching and talking positions is
primarily due to electromagnetic absorptions in the human head, palm of the holding
hand and the gripping fingers. Hence, the way a user holds the antenna plays a vital
role to define the extent of antenna detuning. Therefore, these GPS antennas could
perform better if re-designed in such a way that the radiating element is placed on the
PCB in a way that it is cleared from the palm of the hand and the gripping fingers,
for example, placed at the top edge of the PCB.
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Figure 9.19 Different on-body placements of TC patch, PIFA, DRA and helix
antennas for GPS operation. (a) TC patch: (i) pocket position,
(ii) watching position and (iii) talking position; (b) PIFA: (i) pocket
position, (ii) watching position and (iii) talking position; (c) DRA:
(i) pocket position, (ii) watching position and (iii) talking position and
(d) helix: (i) pocket position, (ii) watching position and (iii) talking
position
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Figure 9.20 S11 response of TC patch, PIFA, helix and DRA GPS antennas
operating in the absence of the human body
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Figure 9.21 S11 response of TC patch, PIFA, helix and DRA GPS antennas
operating on-body placed at the pocket position



276 Advances in body-centric wireless communication

1400 1500 1575.42 1600 1700
−25

−20

−15

−10

−5

0

Frequency (MHz)

S 1
1 (

dB
)

Patch
Helix
PIFA
DRA

Figure 9.22 S11 response of TC patch, PIFA, helix and DRA GPS antennas
operating on-body held in hand in talking-on-phone position
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Figure 9.23 S11 response of TC patch, PIFA, helix and DRA GPS antennas
operating on-body held in hand in watching position
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Figure 9.24 Simulated 3-D gain patterns for perpendicular and parallel
polarisations of TC patch, PIFA, DRA and helix GPS antennas
operating in the absence of the human body. (a) G⊥: (i) TC patch,
(ii) PIFA, (iii) DRA and (iv) helix and (b) G‖: (i) TC patch, (ii) PIFA,
(iii) DRA and (iv) helix

The 3-D simulated gain patterns of the four GPS antennas operating in the absence
of the human body and in different on-body positions are also observed (Figures 9.24–
9.27). These results show that the presence of the lossy human body tissues causes
significant deformation of the antenna gain patterns for both perpendicular and paral-
lel polarisations due to electromagnetic absorptions in the tissues and field reflections
from the surface of the human body. When the antennas are held in hand in talking and
watching positions, the radiating element of the PIFA is in the negative x-direction
while that of TC patch and DRA is in the positive x-direction (Figure 9.19). It causes
the PIFA to be affected more by the gripping fingers while the TC patch and DRA
suffers more by the absorptions in the palm. For the helix in free space, the ground
plane is a major contributor in the radiation. Therefore, it is also affected by the
gripping fingers. In the talking position, the antennas are placed beside the head, and
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Figure 9.25 Simulated 3-D gain patterns for perpendicular and parallel
polarisations of TC patch, PIFA, DRA and helix GPS antennas placed
at user’s pocket position. (a) G⊥: (i) TC patch, (ii) PIFA, (iii) DRA and
(iv) helix and (b) G‖: (i) TC patch, (ii) PIFA, (iii) DRA and (iv) helix

a greater body mass reduces the radiation of the four antennas in positive x-direction.
It results more directive gain patterns in negative x-direction as shown in Figure 9.27.
Also, presence of both the hand and the head on the two sides of the antenna in this on-
body position increases electromagnetic absorptions while reflected fields are very
low. It degrades the antenna radiation greatly and causes poor gain levels in all the
directions. Moreover, in the three on-body positions, the gain levels are less in the
upper hemisphere as compared to the lower hemisphere for the PIFA, DRA and helix
antennas. TC patch has highest level of gain in parallel polarisation.

Table 9.3 presents ηc and MEGGPS values (calculated based on realised gain to
incorporate both the power absorption and the detuning effects caused by the human
body presence). Figure 9.28 compares ηc and MEGGPS for the four antennas.

An optimally performing antenna needs to exhibit a balanced performance in
terms of its ηc and MEGGPS [16, 19]. In the absence of the human body, TC patch
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Figure 9.26 Simulated 3-D gain patterns for perpendicular and parallel
polarisations of TC patch, PIFA, DRA and helix GPS antennas held in
user’s hand at watching position. (a) G⊥: (i) TC patch, (ii) PIFA,
(iii) DRA and (iv) helix and (b) G‖: (i) TC patch, (ii) PIFA, (iii) DRA
and (iv) helix

gives an overall best performance of the four tested antennas with ηc of 81% and of
−4.9 dB. It is followed by the DRA with ηc and MEGGPS values of 95% and −5.7 dB,
and helix with values of 88% and −5.8 dB. PIFA has shown the weakest GPS
operation with 92% of ηc and −8.2 dB of MEGGPS .

The results show that frequency detuning and deterioration of the gain patterns
reduce the coverage and MEGGPS of the on-body GPS antennas operating in actual
working environment affecting their ability to pick up the GPS satellite signal dras-
tically. The reduction in ηc depends mainly on the extent of available clear sky view
to the radiating element of the antenna. Higher shielding of the radiating element by
the user gives lesser ηc. The amount of present body mass in the vicinity of the GPS
antenna also plays a key role. The GPS antennas have a minimum drop of 3% in ηc

and 1.5 dB in MEGGPS due to the presence of the human body.
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Figure 9.27 Simulated 3-D gain patterns for perpendicular and parallel
polarisations of TC patch, PIFA, DRA and helix GPS antennas held in
user’s hand beside head in talking position. (a) G⊥: (i) TC patch,
(ii) PIFA, (iii) DRA and (iv) helix and (b) G‖: (i) TC patch, (ii) PIFA,
(iii) DRA and (iv) helix

The four antennas show their best on-body performance when they are placed at
pocket position. A greater availability of clear view of the sky alone with enhanced
gain levels in directions away from the body due to reflections from the surface of
the body helps to minimise the degradations caused by the presence of the human
body in this position for the PIFA, DRA and helix. On contrary, despite exhibiting
higher gain levels, the TC patch suffers from the greatest level of detuning that makes
it to give lowest realised gain values in this experiment. It results in a very poor
performance in the three on-body placements with a maximum ηc of 15% and MEGGPS

of −18 dB when it is placed at the pocket position. The DRA antenna has shown the
best performance in this on-body placement having a stronger radiation in upper
hemisphere with ηc of 58% and MEGGPS of −7.2 dB.
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Table 9.3 Calculated GPS coverage efficiency and GPS MEG of four
GPS antennas working on-body in multipath environment

Antenna working scenario Antenna Antenna performance in
type multipath environment

ηc(%) MEGGPS(dB)

Antenna without TC patch 81 −4.9
human body presence PIFA 92 −8.2

DRA 95 −5.7
Helix 88 −5.8

Antenna placed on-body TC patch 15 −18
at pocket position PIFA 52 −10.7

DRA 58 −7.2
Helix 53 −7.3

Antenna held in TC patch 8 −20
watching position PIFA 69 −13.2

DRA 3 −24.8
Helix 85 −8.0

Antenna held in TC patch 3 −22
talking-on-phone position PIFA 34 −17.5

DRA 17 −18.5
Helix 20 −13.8

In the watching position, larger gap between the torso and the antenna has lessened
the tissue losses but the presence of the holding hand has proved the major source of
degradation in this case. The PIFA and helix have exhibited an improved ηc of 69%
and 85%, respectively, as a combined result of less shielded radiating element and
increased gain in the upper hemisphere because of the reflections from the palm and
arm. However, this increased coverage is made less effective by a reduced MEGGPS of
−13.2 dB and −8.0 dB, respectively, due to pattern deformations. On the other hand,
the performance of the TC patch and DRA has suffered greatly since, the radiating
element is blocked to a larger extent by the palm and gripping fingers of the holding
hand. The two antennas managed to provide a ηc of just 8% and 3%, respectively,
with MEGGPS values of −20 dB and −24.8 dB, respectively.

The four antennas have again shown a poor performance in the talking position.
The electromagnetic shielding by the lossy head and hand tissues on both sides limits
the GPS signal reception from all directions. The ηc values are observed to be 3%,
34%, 17% and 20% while the MEGGPS is noted to be −22 dB, −17.5 dB, −18.5 dB
and −13.8 dB for the TC patch, PIFA, DRA and helix antennas, respectively.

Overall, the helix has shown better capability to operate in the vicinity of the
human body in the three tested scenarios, exhibiting reasonable levels of MEGGPS

and ηc with lesser detuning in comparison to the PIFA and DRA. The operation of
the GPS on-body antennas depends not only upon the clear view of the sky, shielding
body mass and antenna placement but also on the size and position of the radiating
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Figure 9.28 Multipath environment performance of GPS antennas in the absence
of the human body and in different on-body scenarios. (a) Coverage
efficiency of GPS antennas and (b) MEG of GPS antennas

element within the device. Moreover, CP antennas are not necessarily be the best
choice for portable navigation devices and linearly polarised antennas can outperform
them in cluttered environments. Therefore, efficient antenna designs for these devices
need to be characterised for not only free space parameters of impedance matching,
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resonance frequency and radiation pattern but also for their ηc and MEGGPS to predict
performance in real working scenarios.

9.3 Summary

This chapter has presented the characterisation of the GPS antennas operating in
different on-body scenarios. Performance of these antennas is severely affected by
the multipath arrival of the GPS signal in realistic operational conditions. These
effects have been investigated using a statistical model replicating the multipath GPS
environment. It has been shown that the linear polarised antennas can work better
for on-body GPS links in multipath environment as compared to the conventional
choice of CP antennas. It has also been shown that the antenna performance depends
hugely on the body posture and on-body antenna position. The model also reduces the
antenna design and testing durations by removing the need of detailed, uncontrolled
and lengthy open field test procedures and providing efficient and accurate predictions
of GPS antenna performance in cluttered environment.
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Chapter 10

Textile substrate integrated waveguide
technology for the next-generation wearable

microwave systems

Sam Agneessens∗, Sam Lemey∗, Riccardo Moro†,
Maurizio Bozzi†, and Hendrik Rogier∗

10.1 Introduction: the contribution of wearable technology
to ubiquitous computing

Ever since the transistor replaced the vacuum tube by the end of the 1950s and,
thereafter, the invention of the integrated circuits (ICs), the influence of computers
on society has increased hand over fist. Whereas, in the 1990s, we used to rely on
keyboard and mouse to browse our first web pages and send our first emails, most
people nowadays carry around, in their pocket, a device that lets them contact anyone,
anywhere in the world, or access any piece of information from a data source more
vast than all of the world’s libraries combined. And all of this by simply swiping a
screen or by using voice commands. But what does the future have in store for us?
Where will this evolution bring us in the next 5–10 years?

In the vision of the Internet-of-things (IoT) [1–3] and “ubiquitous computing”
[4, 5] it is expected that, with the continued miniaturization of electronic sizes and
their ever increasing capabilities, technology will retract further and further into the
background, becoming more and more interwoven with our everyday lives.

In this evolution toward total symbiosis between man and machine, an impor-
tant role is reserved for wearable devices. These body-centric systems, dealing with
a plethora of tasks, offer a lot of potential owing to the combination of inconspic-
uous integration of functionality, extending the user’s capabilities while still being
comfortable enough to carry around all day long.

The possibilities offered by wearables have not gone unnoticed, and the subject
attracts a lot of attention from researchers in academia, industry, and designer groups.
Numerous application domains can be conceived that may benefit from wearable
technology, such as medical systems for patient monitoring [6–11], epidemiologic
studies [12–14], rehabilitation and geriatric care [15–17], in-home healthcare [18, 19].
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Rescue workers, first responders, and security personnel [20, 21] will certainly benefit
from low-weight, high-performance, and smart systems. In addition, wearables may
enhance the experiences of leisure activities, such as sports & fitness monitoring
[22, 23] and augmented reality [24]. Another interesting topic concerns body-centric
energy harvesting [25–31] and some researchers have even focused on the use of
wearable electronics to improve human–animal interaction [32, 33].

Clearly, the future looks bright for wearable devices, given the abundance of
application areas and their user-friendly potential. But what is a wearable system,
from a technical point of view, really? To engineers, a wearable system is a wire-
less body-centric system, consisting of a number of functional blocks that should be
integrated without diminishing the user’s comfort. There is a hardware part, with sen-
sors (gathering the data), actuators (providing interaction with the user), a computing
core (such as microcontroller that takes care of data processing), an energy source
(batteries or power-harvesting unit), and communication capabilities (RF front-end
and antenna). The software part, running on the microcontroller, handles the available
data streams from/toward the hardware components and makes the system “smart.”
And finally, what makes this combination of separate building blocks into a full blown
wearable is the fact that it is integrated, in some way, such that it can easily be worn by
a user, inconspicuously, without hindering him or her during the execution of his/her
tasks or day to day activities.

An interesting type of wearable with strong emphasis on integration is the smart
textiles [34, 35]. These are fabrics in which electronics are embedded, exploiting as
much of the space provided by the textile to achieve optimal integration, to extend its
functionality. The electronics could be off-the-shelf components, such as microcon-
trollers, sensors, actuators, or could be realized by using the fabrics of the smart textile
itself, such as RFID tags [36–38], stretchable interconnects [39–41], or antennas.

10.2 Conventional wearable antennas

10.2.1 On-body considerations

In any wireless system, the antenna is a key component. Its function is to facilitate the
wireless transfer of data by converting an electric signal, carrying information, into
an electromagnetic wave and launching it into space. At the receiving end, its task
is comparable, but reversed: the electromagnetic wave carrying the information is
converted into an electric signal that can be handled by the system’s “data processing
core.” It stands to reason that the quality of the antenna will severely influence the
overall performance of the wireless system. A decent antenna converts the signal into
EM waves in a power-efficient way, giving the system a long communication range,
high bit rate, and long-lasting battery life. A bad one, on the other hand, results in
short range, bad signal quality, low bit rates, and high power consumption, inevitably
leading to quickly drained batteries.

Sometimes the design of an efficient antenna is straightforward: all you need
is a bulky geometry, and a large keep out area such that there are no objects in the
direct vicinity. Overall best performance is achieved when the size of the design is
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about half the wavelength. For example, this would mean that the optimal antenna
size for Wi-Fi is about 6 cm, and for 900-MHz GSM (mobile telephone) ±17 cm, and
with no nearby objects (i.e. no laptop screen or human body parts). Obviously, this is
not always possible, especially not in scenarios where integration is important (as for
wearable systems), and, therefore, this approach needs to be abandoned in such cases.
Dedicated design and implementation methods are needed for wearable antennas to
be able to cope with a large number of – often conflicting – objectives.

The design should be low profile, compact, and easy to integrate inconspicu-
ously. The person using the wearable system should be able to take advantage of the
additional functionality offered, without being hindered, and having to pay the price
of reduced comfort. There are also specific challenges related to the deployment near
the human body. Mechanical stress occurs, such as bending, crumpling, and stretch-
ing. This can lead to failure, such as broken connectors, cracked interconnections,
or delamination of the different layers. Electromagnetic issues are associated to on-
body deployment as well. In today’s technologically advanced societies, exposure
to all types of radio-frequency (RF) sources [42–44] is inescapable and additional
absorption caused by a radiating antenna, placed near the human body, should be
avoided as this could lead to health issues. The presence of the body also has the
tendency to affect the propagation characteristics [45–50], and careless design could
result in poor link quality, depolarization, and augmented power consumption. The
body might also detune the antenna’s operating frequency and deteriorate its matching
characteristics and/or radiation efficiency, rendering it useless for wearable applica-
tions. On top of this, the characteristics should be robust and stay reliable under
changing environmental parameters, such as air humidity and heat.

A good strategy to achieve stable and efficient on-body performance is to make
high body-antenna isolation a design priority. In other words, the antenna has to
operate in such a way that the amount of radiation toward, and near field coupling
with, the body is minimized (and ideally equal to zero). Placing the body in a “blind
spot” of the antenna will permit stable performance, comparable to free-space results,
and will make the design independent of the position on the human body, the spacing
between the antenna and the user, and the person’s morphology (child or adult, female
or male, skinny or fat, etc.).

10.2.2 Topologies and fabrication methods

In the previous section, it became clear that a wearable antenna needs to meet two
different design aspects. First of all, good free-space and on-body performances
(i.e. high body-antenna isolation) are essential. Second, it should be possible to
integrate the design inconspicuously, without causing hinder to the user, and with
stable performance in various operating conditions. This is where textile antennas
become interesting. Many of these designs are microstrip line or coplanar waveguide
(CPW) topologies, and they can be fabricated in the same materials as the garments
into which they are integrated by combining them with conductive textiles. As an
antenna substrate, a thicker textile, with a low permittivity, is ideally used. Wearable
antenna conductors can be realized by using conductive textiles [51], such as copper-
plated nylon taffeta and silver-plated stretchable fabric, by using laminations of metal



292 Advances in body-centric wireless communication

film onto a polymer carrier [52, 53], such as copper-on-polyimide, or by using con-
ductive patterns defined by screen printing conductive ink [54–56] or embroidering
conductive yarns [57, 58].

To determine the suitability of (conductive) textile materials for antenna fabrica-
tion, the electromagnetic parameters have to be known. Several methods have been
developed to extract the permittivity, losses, and conductivity of these materials, such
as microstrip line methods with connector de-embedding [59], surrogate-based meth-
ods [60], or in-situ methods [61, 62]. The use of textile materials, in combination with
a dedicated design strategy, results in flexible, low weight, high performance on body
components. This benefits the system and facilitates longer communication ranges,
lower power consumption, and higher bitrates.

10.3 Substrate integrated waveguide technology for a new
class of wearable microwave components

10.3.1 Substrate integrated waveguides: fundamentals

This section briefly introduces the concepts behind substrate integrated waveguides
(SIWs) and their relation to rectangular waveguides. For more in-depth information,
the reader is directed to literature such as References 63 and 64.

SIW technology yields a planar implementation of rectangular waveguides and
all microwave components that can be derived from it, such as filters, couplers, and
antennas. It is realizable with standard printed circuit board (PCB) manufacturing
techniques by using two rows of conductive cylinders, vias, or slots to connect two
conductive plates on opposing sides of a dielectric substrate. This structure yields a
performance comparable to that of a rectangular waveguide in terms of dispersion
characteristics and field pattern. The modes that exist in the SIW coincide with the
TEn0, n = 1, 2, . . . modes of the rectangular waveguide, TM modes are not supported
due to the gaps between the metal posts.

To facilitate easy design, empirical relations between the geometrical dimensions
of an SIW waveguide and the effective width, weff , of the equivalent rectangular
waveguide with the same propagation characteristics have been developed:

weff = w − 1.08
d2

s
+ 0.1

d2

w
(10.1)

where w is the width of the waveguide, d the diameter of the vias, and s the spacing
between them. This relation can be used to quickly obtain initial dimensions of a design
by substituting the weff in well-known formulas regarding rectangular waveguide
structures.

The losses in SIW structures can be subdivided into three groups: dielectric
losses, conductor losses, and radiation losses. Dielectric losses are caused by the
losses in the dielectric substrate (tan δ). The conductor losses are proportional to the
height of the used substrate and the surface roughness of the conductors. The radiation
loss, caused by leakage through the apertures between the posts, can be controlled by
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choosing the right dimensions for the posts and the corresponding spacing between
them. A rule of thumb which should be used is:

d <
λg

5
, p ≤ 2d (10.2)

10.3.2 SIW techniques and textile materials

The SIW implementation of microwave structures has some very interesting advan-
tages over microstrip or CPW, such as higher isolation owing to the vertical metal
posts, low radiation losses for thicker substrates (such as textile materials), no need
for a large ground plane, and the miniaturization options by exploiting the symmetry
planes of the modes.

10.3.2.1 Fabrication technique
Fabrication of SIW technology on textile materials has the same basis as the pro-
duction steps for conventional textile antennas, with some additional steps and
considerations. As for conventional textile antennas, metalized layers are realized
by conductive textiles, which are often copper or silver based. They can be patterned
manually, e.g. with a scalpel, or by laser cutters, when higher precision and better
repeatability are required. As for the dielectric substrates, serving as non-conductive
textiles, a stable height, low moisture retention, and resilience against permanent
deformation are required, in addition to low losses and limited inhomogeneity in
electromagnetic parameters (mainly permittivity and loss tangent). The stable height
is important for reliable and repeatable performance. Thicker substrates are preferred,
as they yield lower losses and larger bandwidth. A suitable height may be obtained by
applying one thick substrate or a stack of thinner textile layers. Lamination is typically
used to assemble the different layers of the textile stack. A popular choice of adhesive
is thermally activated glue, which enables fast realization of prototypes.

The main difference in fabrication procedure and material selection between con-
ventional textile antennas and SIW microwave components relates to the realization
of the interconnection between the two metallization layers. Currently, two techniques
are popular to create the vias: stitching and eyelets.

The stitching methods generate very closely stitched, “nearly-sold walls” of con-
ductive thread that connect the parallel metal layers. This method realizes very good
electrical contact between top and bottom planes. There is a risk of fabric tearing due
to the very close stitch of the thread. Furthermore, compression of the substrate due
to the tension on the stitching wire can result into local substrate compression, which
cannot be ignored in the design process.

Another implementation method for the SIW technology on textiles is by relying
on eyelets. They can be found in many different shapes, sizes, and materials and are
very commonly used in all types of textile-related products. For SIW implementation,
cylindrical brass eyelets are often used, which are spaced according to the common
SIW rules of thumb. Due to the resemblance between cylindrical eyelets in textile
materials and metalized vias in PCB technology, empirical rules that describe the rela-
tionship between rectangular waveguides and SIW waveguides can be used without
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modification, simplifying the design process. Care needs to be taken in selecting
the substrate material, as the quality of the electrical connection between eyelet and
e-textile depends on mechanical pressure. Good contact can be obtained if the eyelets
are fixed very tightly, leading to substrate compression, which needs to be taken into
account in the design, or by selecting a substrate material that is very resilient to
compression. Another strategy that can be used is applying conductive glue or paste
between the eyelet and the e-textile.

10.3.2.2 State of the art
The first implementation of SIW technology on textile materials was published in
August 2012 [65]. The proposed design is a cavity-backed dog-bone slot antenna,
completely covering the 2.45-GHz ISM band and boasting excellent radiation char-
acteristics. This study demonstrated that SIW techniques can be applied in textile by
means of simple, low-cost materials, and manufacturing techniques.

The SIW technique is very versatile and can be used to meet very distinctly dif-
ferent design goals. As such, topologies aiming at wideband operation or covering
multiple frequency bands [27, 66] have been reported. The miniaturization of anten-
nas by relying on the symmetry of the mode distributions has also been exploited.
Half-mode SIW [66, 67] and quarter-mode SIW (QMSIW) [68] topologies were pro-
posed that combine very high body-antenna isolation with excellent performance and
compact dimensions. Another option to combine good shielding and compact dimen-
sions is the multilayered cavity-backed stacked patch design presented in References
62 and 69.

When eyelets are used for the implementation of SIWs on textile, wires (e.g.
power active electronics) can be routed through the eyelets from one side of the
substrate to the other without affecting the performance of the microwave component,
which is not feasible with microstrip line or CPW designs. Based on this principle,
SIW antennas have been presented that act as an energy-harvesting platform for solar
energy and thermal energy [27, 70].

SIW techniques can also be adopted to realize other microwave components,
and studies have been presented that focus on the realization of SIW waveguides and
filters implemented on textile materials [62, 71].

10.4 Textile substrate integrated waveguide designs

10.4.1 Textile SIW cavity-backed slot antennas

The cavity-backed antenna topology was selected for the implementation of SIW
antennas on textile. Cavity-backed antennas offer several advantages, including the
suppression of undesired surface waves and a high front-to-back ratio, resulting in
a low sensitivity for on-body operation. In addition, the SIW technology allows for
a simple and cost-effective fabrication process [63], well developed in the case of
PCBs and suitable to apply to fabrics. Furthermore, the SIW structure guarantees the
easy integration of active components on the antenna [72, 73], thus permitting the
realization of active antennas or complete transceivers on a textile substrate.
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10.4.1.1 Cavity-backed SIW antenna
The first implementation of an SIW antenna on textile consisted in a cavity-backed
slot antenna [65]. The antenna was designed for operation in the 2.45-GHz industrial,
scientific and medical (ISM) band, for short-range communication between rescue
workers.

This antenna comprises a square SIW cavity, with a radiating slot etched in the
top metal layer and a feed line consisting of a 50-� grounded CPW in the bottom
metal layer (Figure 10.1). The SIW cavity was designed to operate with the TM120

cavity mode at 2.45 GHz. The slot has a dog-bone shape, to reduce its length and
fit it inside the cavity. The length of the CPW was determined to optimize the input
matching. Metal eyelets were adopted to implement the metal vias, to guarantee the
flexibility of the structure, required for wearable applications.

The substrate adopted for the fabrication of the antenna has a thickness of
3.94 mm, dielectric permittivity εr = 1.575 and loss tangent tan δ = 0.0238 at
2.45 GHz. The top and bottom conductive layers are realized by using Flectron®,
a conductive fabric with surface resistivity Rs = 0.18 �/sq at 2.45 GHz.

The prototype of the antenna was experimentally characterized under different
operation conditions. Preliminarily, the antenna was measured in nominal condi-
tions inside an anechoic chamber: the comparison between simulated and measured
reflection coefficients is shown in Figure 10.2 (solid lines). The antenna exhibits
a bandwidth of 165 MHz around the central frequency of 2.45 GHz, meeting the
design specification of 10-dB input matching over the entire ISM band. The radia-
tion pattern was measured in the E-plane and in the H -plane, and the comparison
between simulation and experimental data is reported in Figure 10.3: the measured
antenna gain resulted 3.21 dBi in the simulation and 3.9 dBi in the measurement, and
the measured front-to-back ratio was 19.7 dB. The antenna efficiency resulted 52%
in the simulation and 68% in the measurement.

Subsequently, to verify the proper operation of the antenna in wearable conditions,
on-body measurements were performed, with the antenna integrated on the backside
of a fire-fighter jacket worn by a person. To avoid the direct contact with the skin,

d
s

Lcavity

Lslot

W2

L1

W1

Lground WB ground

Lf
Wgap

Wstrip L
B

 ground

Wground

d

hcLcavity

Substrate
compression

εr tan δ

D

Figure 10.1 Geometry and dimensions of the cavity-backed SIW textile antenna
(dimensions in mm: Lcavity = 71.5, Lslot = 26.2, L1 = 19.1, W1 = 10.5,
W2 = 8.7, Lf = 64.6, Wstrip = 15, Wgap = 3, d = 7, D = 13, s = 14,
hc = 1, Lground = 126.5, Wground = 131.5, LB ground = 91.5,
WB ground = 111.5) (© 2012 IET from Reference 65)
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the antenna was mounted between a waterproof aramid inner liner of the jacket and
a moisture/thermal barrier. Measurement results of the reflection coefficient and of
the radiation pattern are shown in Figures 10.2 (dashed line) and 10.3, respectively.
The presence of human body does not affect significantly the input matching and the
radiation characteristics. Moreover, an increase of the measured gain at broadside
was observed (4.9 dBi), attributed to the larger ground plane due to the presence of
the body. The measured efficiency of the antenna mounted on-body was 60%.

The final experimental verification aimed to investigate the influence of bending
on the antenna performance, in the hypothesis to locate the antenna on the arm of a
fire-fighter jacket. The antenna was bent along the H -plane around a cylinder with
a diameter of 10 cm. The only effect was a small shift of the resonance frequency
(Figure 10.2, dotted line). Under this operation condition, however, the antenna still
met the specifications of 10-dB input matching in the ISM band.

10.4.1.2 Folded cavity-backed SIW antenna
A folded configuration was adopted to reduce the size of the cavity-backed SIW
antenna and improve its integration in the garments [62]. In this antenna topology, the
SIW cavity is folded around a metal patch, which is connected to the bottom ground
plane by a metal via (Figure 10.4a). A square ring slot, cut out in the top metal layer,
is responsible for the radiation. The dimensions of the radiating slot were selected to
maximize the radiation efficiency at the frequency of 2.45 GHz and to broaden the
operating bandwidth of the antenna. The antenna is fed by a coaxial probe in the back
side, whose position was selected for optimal input matching. Due to the position of
the coaxial probe, the antenna radiates an electric field linearly polarized along the
diagonal of the cavity. This folded topology allows reducing the area of the antenna of
approximately 50%, compared to the classical cavity-backed antenna described above,
at the cost of the additional complexity in the fabrication of a double-layer structure.

A prototype of the folded cavity-backed SIW antenna was manufactured, and
photographs of the back and front sides are shown in Figure 10.4b and c, respectively.

The antenna was subsequently characterized to determine its electromagnetic
performance. The simulated and measured values of the input reflection coefficient
of the antenna are shown in Figure 10.5. The measurements confirm that the antenna
meets the design specifications of 10 dB matching in the ISM band and exhibits
a 10 dB bandwidth of 130 MHz around the frequency of 2.45 GHz. Bending and
compression tests were also performed, and in all cases the antenna meets the design
specifications [62].

The radiation pattern of the antenna was subsequently measured at the fre-
quency of 2.45 GHz. Due to the polarization properties of the antenna, the radiation
pattern was measured along the planes � = 45◦ (co-polarization) and � = 135◦

(cross-polarization). Figure 10.6 shows the comparison between simulation and mea-
surement of the radiation pattern, which exhibit a good agreement. The measured
antenna efficiency was 74%, with a measured gain of 5.93 dBi, close to the simulated
value of 5.9 dBi. The front-to-back ratio of the antenna was approximately 18 dB.
On-body measurements are also reported in Figure 10.6, confirming the suitability
of SIW components for on-body applications.
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Figure 10.4 Textile antenna based on a folded SIW cavity-backed antenna
configuration: (a) geometry of the antenna (dimensions in mm:
Lcav = 54.1, L2 = 35, Wring = 5.5, L1 = 41.2, d1 = 2, d2 = 4, s = 8,
r = 11.3); (b) photograph of the back side (feed input); and
(c) photograph of the front (radiating) side (©2015 IEEE. Reprinted
with permission from Reference 62)

10.4.2 Half-mode SIW textile antenna

10.4.2.1 Introduction
Previously presented antenna designs have shown that it is possible to implement SIW
antennas relying solely on off-the-shelf textile (related) materials. The techniques
have as additional benefit that they augment body-antenna isolation, resulting in
robust and safe on-body deployment. The main advantage is the achievement of
high body-antenna isolation without the need for an extended ground plane. This,
however, has as a downside that the actual antenna occupies a slightly larger area.
Solutions to further reduce size can be found by applying miniaturization techniques.
Another improvement for this antenna topology consists of implementing multi-band
operation, making it a more powerful candidate if an on-body system requires flexible
operation in multiple frequency bands.
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Figure 10.5 Amplitude of the input reflection coefficient |S11| of the folded SIW
cavity-backed antenna: simulation and measurement (©2015 IEEE.
Reprinted with permission from Reference 62)

In this section, a dedicated SIW design is presented that is developed to exhibit
good body-antenna isolation, reduced dimensions, and, optionally, providing dual-
band operation. The novel design, discussed in detail in Reference 66, yields a
signification size reduction with respect to conventional textile patch antennas owing
to the lack of large ground plane.

10.4.2.2 Design and material selection
SIWs provide an interesting option to reduce dimensions by exploiting the symmetry
in the magnetic field distribution. If a magnetic field has no tangential component
w.r.t. a certain symmetry plane, then there is no current flow (on the top and bottom
metal walls of the waveguide) across this plane. Since there is no current flow, it is
possible to replace the plane by a virtual magnetic wall, which is implemented by
removing half of the structure. This is analogous to the virtual electric wall, where
a null in the electric field can be replaced by a shorting wall without altering the
operation of the structure.

The design evolution of this antenna is depicted in Figure 10.7. The strategy uses
two different miniaturization techniques that rely on the symmetrical distribution of
the electromagnetic fields inside a resonant cavity: a row of shorting vias, acting
as a virtual electric wall, and a virtual magnetic wall, which both help to reduce
the dimensions of the design significantly and an additional slot is used to facilitate
impedance matching to and tune a higher order mode.

In the first step, the magnetic wall is implemented to reduce the dimensions a
full-size cavity back slot antenna, which has a symmetrical magnetic field distribu-
tion w.r.t. the y-axis, almost by half. This results in half-mode SIW operation. The
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Figure 10.7 Design evolution of the wearable half-mode dual band SIW antenna

following step introduces the electric wall above the slot. The magnitude of the elec-
tric field above the slot varies only slightly around zero, so a shorting wall could be
introduced, resulting in smaller dimensions and very limited performance loss. In the
final step, III in the Figure 10.7, an additional slot is added to the design to allow for
good impedance matching to 50 � in a high- and low-frequency band.

This structure is fed by a coaxial probe. The probe, the top conductor, the shorting
vias, and the bottom conductor form a current loop, which couples to the magnetic
field of the resonant cavity, thereby exciting the resonant modes. The choice of probe
feeding has an additional advantage for on-body antennas, since it does not intro-
duce any extra back radiation, which is not the case for microstrip or CPW feeding
techniques. In addition, it allows for easy integration of the antenna below behind
the ground plane. This makes it possible to design very compact systems, where the
active electronics and antenna share the same area.

The design realizes antenna operation in the 2.4- and 5.8-GHz ISM bands, making
the device suitable for multiple applications. The substrate material of the antenna is a
closed-cell rubber fabric with permittivity = 1.495, loss tangent = 0.016, and height
3.94 mm. The antenna is manufactured as described in Section 10.3.2. Computer-
aided performance optimization is done by relying on CST microwave studio. The
final layout and dimensions of the optimized design is shown in Figure 10.8.

10.4.2.3 Validation
To validate the design, simulation results are compared to the outcomes of a measure-
ment campaign. Different measurement scenarios were investigated, as to guarantee
optimal performance in a variety of operating conditions: free-space (when the
antenna is not near the human body, this could be due to a deliberate spacers or
to movements of the user, yielding a significant spacing between antenna and body)
and on-body scenarios (when the antenna is very close to the wearer, only separated
by a thin shirt that avoids direct contact between antenna and the user’s skin).

Two criteria, vital for decent antenna operation, are verified in all measurement
scenarios: the impedance matching (measurement of the S-parameters) and the radia-
tion performance. For on-body deployment, an additional performance characteristic
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Figure 10.8 Geometry and dimensions of the wearable half-mode, dual-band
antenna

is checked: the specific absorption rate (SAR). This will provide information about
the amount of radiation that is absorbed by the human body and is a good indication
whether the antenna is safe to use in close proximity of the wearer. A network analyzer
(Agilent N5242 PNA-X) is used to determine the reflection coefficient in an accurate
way, and 3D radiation pattern measurements in an anechoic chamber are conducted
to assess the radiation performance of the half-mode SIW design.

Free-space measurements
Figure 10.9 shows the reflection coefficient at the input port of the antenna w.r.t.
50 � for the simulated case and the measurement in free space. Very good agreement
between both scenarios is observed. The antenna has a fractional bandwidth of 4.9%
in the lower band and 5.1% in the higher band.

By comparing the simulated and measured gain patterns in the 2.4- and 5.8-GHz
ISM bands, as depicted in Figure 10.10, it is seen that the antenna also behaves
as expected in terms of radiation performance. The measured maximal gain and
efficiency in both bands are: 4.1 dBi and 72.8% (@2.4 GHz) and 5.8 dBi and 85.6%
(@5.8 GHz). These results validate the antenna as a good design in terms of free-space
performance.

On-body performance
After the validation in free space, it is necessary to look at on-body performance.
Robust operation is required in the on-body scenario if reliable communication at all
times is to be guaranteed. The same measurement procedure is conducted as for the
free-space scenarios, but the setup now includes the presence of the human body: the
antenna is positioned directly on the human torso, separated by a t-shirt.
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Figure 10.9 Free-space reflection coefficient of the half-mode SIW antenna
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Figure 10.10 Simulated and measured free-space gain in the E-plane at
(a) 2.45 GHz and (b) 5.8 GHz

The reflection coefficient for the free-space scenario and the on-body scenario
are depicted in Figure 10.11. Good agreement is observed. The bandwidth in the
on-body scenario remains unchanged, and no frequency shifts occur.

Comparing the free-space radiation performance with the on-body case, shown
in Figure 10.12, indicates that the gain in boresight remains largely unaffected, despite
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Figure 10.12 Measured free-space gain and on-body gain in the E-plane at
(a) 2.45 GHz and (b) 5.8 GHz

the presence of the human body. Observe that the radiation that is directed toward the
human body is largely absorbed.

To assess the influence of this absorbed radiation on the user, the SAR values
are calculated to get a clear view on how much radiation the human body will be
exposed to. CST microwave studio is used to simulate the SAR values when 0.5 W
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of input power is applied to the antenna, which is placed at 2 mm distance from the
human body (emulated by the three-layer human body model). This results in values
of 0.55 mW/g @2.45 GHz and 0.9 mW/g @5.8 GHz, both well below the allowed
level of 1.6 mW/g.

Performance under deformation
Due to the dynamic nature of the body environment, deformation of the antenna
of the antenna is likely to occur. Such an alternation of the antenna’s shape will
result in a perturbation of the EM-field in the resonant cavity of the antenna and
the associated current distributions on its surface, leading to different radiation
characteristics and impedance matching. A well-designed antenna is able to cope
with deformation, exhibiting robust performance even under significant levels of
bending.

The presented design is therefore subjected to bending scenarios, for which the
reflection coefficient of the design is measured. The antenna is bent around two cylin-
ders with different radii (75 and 40 mm), along different axes: ϑ = 0◦, ϑ = 90◦. The
outcome of these measurements is shown in Figure 10.13. Although the −10 dB
matching criteria are slightly violated in the higher frequency band for certain
combinations of bending angles and radii, the antenna performance remains remark-
ably stable, with limited detuning and conservation of bandwidth. The combinations
of bending angles and radii for which the |S11| < −10 dB matching criterion are
not obtained over the entire frequency band, only generate a slight violation of
the impedance matching, which is unlikely to pose problems when connected to a
signal source.
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Figure 10.13 Reflection coefficient of the half-mode SIW antenna under different
bending situations
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10.4.3 Quarter-mode SIW antenna

10.4.3.1 Introduction
As seen in Section 10.4.2, SIW technology provides some interesting options to
miniaturize designs, while maintaining good body-antenna isolation and robust per-
formance. The exploitation of mode symmetry in a resonant cavity does not need to be
limited to a single symmetry plane. If other symmetry planes exist, this technique can
be reapplied to further reduce dimensions. This section shows how this can be done,
by implementing a quarter-mode SIW (QMSIW) antenna. An in-depth discussion of
the design can be found in Reference 68.

The goal is a body-worn antenna, for off-body communication, which is an
excellent candidate for integration into a garment. In terms of specifications, this
requires maximal performance, high body-antenna isolation, and minimal size. Size
reduction is achieved by combining different techniques. As mentioned, the main
size-reduction strategy focuses on exploiting the potential of virtual magnetic walls.
Additional slots are added afterward in order to lengthen the current paths and resulting
in a more compact design.

10.4.3.2 Design evolution
To allow the antenna to be used for body-worn applications, the 2.4-GHz ISM band
is selected as operating band. This is a good candidate because, at this frequency,
compact antennas can be fabricated, which are easy to integrate into garments, and
many popular radio protocols operate in this unlicensed band (Wi-Fi, Bluetooth,
ZigBee, etc.)

The design evolution is presented in Figure 10.14 and consists of three steps.
An initial full-size resonant cavity has a symmetrical H -field w.r.t. the y-axis (or in
fact, any plane that divides the structure into two equal parts). Step one implements
the first virtual magnetic wall along this axis: the left size of the cavity is removed
completely, except for a small ground plane extension, which is kept to maintain good
body-antenna isolation. The structure now becomes an effective radiator, as power
can leak through the open cavity wall into free space. Subsequently, the procedure
is repeated: the second virtual magnetic wall is implemented along the x-axis of
the design. This results in a size reduction by almost 75% w.r.t. the initial full-size

Virtual 
magnetic wall A

Virtual 
magnetic wall B

gndext

I II III

Figure 10.14 Design evolution of the wearable quarter-mode SIW antenna
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resonant cavity. To achieve further miniaturization, step 3 introduces slits into the top
plane of the top metal patch to effectively lengthen the current patch of the resonant
mode, lowering its operating frequency and, hence, the dimensions.

10.4.3.3 Design validation
Simulations and measurement results are used to determine the quality of the design
and the fabricated prototype. For the realization of the antenna, all-textile materials
are once again used to permit a seamless integration into garments. The substrate
material of the antenna is a closed-cell rubber fabric with permittivity = 1.495 and
loss tangent = 0.016 and height 3.94 mm. The fabrication procedure is performed
as described in Section 10.3.2. Optimization is performed by relying on full-wave
electromagnetic solver software, CST microwave Studio. The final layout and its
dimensions are visualized in Figure 10.15.

Figures of merit to characterize the performance of the design are the 3D radiation
pattern (antenna’s radiation performance) and the reflection coefficient (impedance
matching) w.r.t. 50 �. Once again, the performance is determined in two distinctly
different situations: no human body present (free space) and in very close proximity
of the user (on-body). Both scenarios are considered because it is impossible to
determine the actual distance between body and an integrated antenna into a garment,
in the very different situation that might occur: sitting, walking, running, etc.
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34.9 mm

17
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y x
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Figure 10.15 Geometry and dimensions of the wearable quarter-mode SIW textile
antenna
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Free-space performance
The measurements in free space are shown in Figures 10.16 and 10.17a. It can be seen
that there is good agreement between simulated and measured reflection coefficients
and radiation patterns. The simulated fractional bandwidth is 4.4%, which compares
well to the measured value of 4.8%. Radiation patterns are also as expected, with a
simulated and measured free-space gain/efficiency of 4.4 dBi/76% and 4.2 dBi/81%.
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Figure 10.16 Free-space reflection coefficient of the quarter-mode SIW antenna
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On-body performance
Now, the performance of the antenna, when placed on-body, is compared to the free-
space results in order to assess its robustness when deployed in an actual application,
like a smart textile. Figures 10.17b and 10.18 show the performance for both cases,
proving that the antenna is very robust when positioned near the human body, both
in terms of impedance matching and radiation characteristics.

The reflection coefficient shows the same resonance frequency and a measured
on-body bandwidth of 5.1%. This is a very stable result for such a compact antenna
and is important, because the antenna acts as a stable load impedance matching for the
radio front-end to which it is connected. The radiation performance also compares
very well, both in terms of pattern and maximal gain, which is now 3.8 dBi. The
limited decrease in maximal gain and slight increase in impedance matching is most
likely caused by near-field absorption and dissipation of the antenna’s electromagnetic
fields by the human body. This lowers the Q-factor and reduces the amount of radiated
power.

Body absorption not deteriorates the system’s performance, but also poses health
issues. To determine the amount of radiation to which a person will be subjected
when wearing such an on-body antenna, the SAR is computed. In this study, a three-
layered body model is adopted to emulate the human body, which is placed at 2-mm
distance of the antenna, and 0.5-W input power is applied to the antenna terminals.
The simulated SAR value is 0.45 mW/g averaged over 1 g of tissue. This is well below
the limit of 1.6 mW/g.
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Figure 10.18 Stable reflection coefficient is observed when the quarter-mode
antenna is in close proximity to the human body
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10.4.4 Wideband SIW cavity-backed slot antennas

10.4.4.1 Introduction
Despite the excellent on-body performance of the SIW cavity-backed slot antennas
discussed in the previous sections, they all exhibit narrowband behavior due to the
excitation of only one resonance frequency [65, 68] or two resonance frequencies in
distinct bands [66]. Yet, modern and future wireless communication systems require
increasingly higher bandwidths to meet the requirements of various types of future
emerging wireless applications, such as uncompressed high-definition (HD) video
streaming and accurate submeter localization in indoor confined areas. In literature,
several efforts are undertaken to enhance the antenna impedance bandwidth. Gong
et al. [74] uses a large width-to-length ratio for the radiating slot to enhance impedance
bandwidth, whereas Luo et al. [75] obtains bandwidth enhancement by merging
two simultaneously excited hybrid modes within the desired frequency range. The
latter bandwidth enhancement technique is now discussed into more detail, as this
technique has already been successfully applied in two wearable textile wideband
SIW cavity-backed slot antennas, which will be discussed below.

10.4.4.2 Bandwidth enhancement technique
The basic configuration of an SIW cavity-backed slot antenna that allows exploiting
the bandwidth enhancement technique, discussed in Reference 75, is shown in Fig-
ure 10.19. The antenna topology consists of a rectangular-shaped SIW cavity, which
is split into two subcavities (A and B) by a non-resonant rectangular slot. By carefully
selecting the dimensions of the slot and both subcavities, two hybrid mode combina-
tions can be excited at two different, neighboring frequencies. The hybrid mode at the
lowest resonance frequency combines a weak TE110 and a strong TE120 resonances. In
both subcavities, this specific combination produces fields which are out-of-phase,
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Figure 10.19 Basic geometry of an SIW cavity-backed slot antenna that exploits
the bandwidth enhancement technique. (a) Front view, (b) back view,
and (c) cross-section
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with the dominant field situated in subcavity B. The hybrid mode at the higher res-
onance frequency is composed of a strong TE110 and a weak TE120 mode. Then, the
fields in both cavity parts are in phase. However, they exhibit a large difference in
magnitude, with the dominant field situated in subcavity A. Hence, at both resonance
frequencies, the large electric field across the non-resonant slot will cause it to radiate.

Then, bandwidth enhancement is obtained by exciting both resonance frequen-
cies close enough to each other and merging both hybrid modes within the intended
frequency range of operation. Therefore, following insights can be exploited [75].
Increasing the cavity size Lc enlarges the resonating area of both hybrid modes, caus-
ing the corresponding resonance frequencies to shift to lower frequencies. Cavity
dimensions Wc,A and Wc,B depict the widths of subcavities A and B, respectively.
Increasing Wc,A enlarges the dominant field resonating area of the highest frequency
hybrid mode and the weak field resonating area of the lowest frequency hybrid mode.
Hence, the highest resonance frequency decreases correspondingly, whereas the low-
est resonance frequency only exhibits a slight decrease. By increasing Wc,B, a similar
effect can be observed. The length of the non-resonant slot Ls should be selected
large enough to divide the rectangular cavity into the two subcavities. However, the
antenna’s center frequency and impedance hardly changes when Ls is slightly var-
ied. The slot width Ws mainly determines impedance matching, whereas the center
frequency remains quasi-unaffected when varying Ws.

A 50-� GCPW feed line, located in the feed plane at the center point of the largest
SIW cavity wall (Figure 10.19b), is adopted as the feeding element. For measurement
convenience, an SMA connector is connected to the end of the microstrip line, which
results from extending the inner lead of the GCPW feed line.

10.4.4.3 Antenna materials and fabrication procedure
Both designs are manufactured by means of the fabrication procedure discussed in
Section 10.3.2. Both designs adopt the same materials as the designs described in
Sections 10.4.2. and 10.4.3, being a 3.94-mm-thick closed-cell expanded rubber pro-
tective foam as antenna substrate, pure copper-coated nylon taffeta electro-textile as
conductive layers, and flat-flange copper tube eyelets to implement the antenna cavity.

10.4.4.4 Wideband 2.45-GHz ISM band and 4G LTE textile SIW
cavity-backed slot antenna

The bandwidth enhancement technique is then effectively exploited in Reference 27
to realize a wideband textile SIW cavity-backed slot antenna with an impedance
bandwidth of 409 MHz or 15.1%, thereby covering the 2.45-GHz ISM band
(2.4–2.4835 GHz) as well as both up- and downlink of the 4G long-term Evolution
(LTE) band 7 (2.50–2.57 GHz and 2.62–2.69 GHz, respectively). Such an approach
could allow the wearer to connect to a 4G LTE wireless metropolitan area network in
the absence of wireless local area network access points at the location of operation.

The geometrical configuration and a realized prototype of the SIW cavity-backed
slot antenna are depicted in Figures 10.19 and 10.20, respectively. The dimensions
are carefully selected by means of full-wave electromagnetic simulation in CST
Microwave Studio to obtain a return loss larger than 10 dB from 2.36 to 2.73 GHz.
The final dimensions are shown in Table 10.1 and guarantee coverage of both
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Figure 10.20 The 2.45-GHz ISM band and 4G LTE textile SIW cavity-backed slot
antenna, with integrated flexible solar harvesting system. (a) Front
view, (b) bottom view, (c) cross-sectional view, (d) bent along the
H-plane (bending radius = 5 cm), and (e) bent along the E-plane
(bending radius = 5 cm)

desired bands with margins of at least 40 MHz to account for variations in material
parameters, inaccuracies of the fabrication process and frequency detuning caused
by bending, crumpling, or proximity of the human body.

The antenna’s performance was validated under different operating conditions.
First, the antenna was measured standalone in an anechoic chamber. Figure 10.21
shows that the simulated and measured reflection coefficients are in good agreement.
Good impedance matching with respect to Z0 = 50 � from 2.356 to 2.74 GHz, yield-
ing a bandwidth of 409 MHz or 15.1%, can be observed. The measured and simulated
radiation patterns at 2.45 GHz of the antenna in the E and H -plane are shown in
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Table 10.1 Dimensions of the wideband 2.45-GHz ISM band and 4G
LTE textile SIW cavity-backed slot antenna

Parameter Value (mm) Parameter Value (mm)

Lc 84.5 WGND 93.0
Wc,A 26.2 LGND 124.5
Wc,B 26.8 WB,GND 81.0
WS 3.9 LB,GND 124.5
LS 76.5 Wf 15.5
s 8.0 gcpw 2.6
din 4.0 lcpw 8.0
dout 6.0 dcpw 7.0
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Figure 10.21 Reflection coefficient of the wideband 2.45-GHz ISM band and 4G
LTE textile SIW cavity-backed slot antenna in different conditions

Figure 10.22. Lemey et al. [27] states that very similar radiation patterns are obtained
at 2.53 and 2.65 GHz. Table 10.2 shows the measured antenna gain along broad
side, the FTBR and the radiation efficiency at 2.45, 2.53, and 2.65 GHz. Second, the
antenna is deployed on the chest of a test person wearing a t-shirt. Because of the pres-
ence of the human body, the input return loss depicted in Figure 10.21 exhibits a slight
increase in bandwidth to 449 MHz. The on-body radiation pattern in Figure 10.22(b)
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Figure 10.22 Measured and simulated radiation patterns of the wideband
2.45-GHz ISM band and 4G LTE textile SIW cavity-backed slot
antenna at 2.45 GHz. (a) E-plane and (b) H-plane

Table 10.2 Measured characteristics of the wideband 2.45-GHz ISM
band and 4G LTE textile SIW cavity-backed slot antenna

Frequency (GHz) Gain (dBi) FTBR (dB) ηrad (%)

2.45 4.7 17.1 89
2.53 4.9 17.9 93
2.65 5.1 16.3 92

demonstrates a similar gain along broadside and slightly lower backside radiation, due
to additional losses caused by body absorption. Finally, to assess antenna performance
when deployed on a human arm, the antenna was bent with a radius of 5 cm along
H - and E-plane. Figure 10.21 clearly demonstrates that the antenna remains matched
over the frequency ranges of interest, demonstrating its robustness and capability to
be deployed in bent conditions.

10.4.4.5 Ultra-wideband (UWB) textile SIW cavity-backed
slot antenna

Ultra-wideband (UWB) communication is an emerging wireless technology that
offers attractive features over conventional narrowband systems, such as high data
rate transmission rates with low power spectral densities [76, 77], high-accuracy
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Table 10.3 Dimensions of the UWB textile SIW cavity-backed slot
antenna

Parameter Value (mm) Parameter Value (mm)

Lc 75.0 WGND 49.5
Wc,A 14.34 LGND 85.0
Wc,B 14.17 WB,GND 38.0
WS 4.2 LB,GND 85.0
LS 67.0 Wf 13.4
s 8.0 gcpw 3.7
din 4.0 lcpw 4.8
dout 6.0 dcpw 3.5

localization of persons in indoor locations or confined areas [27, 78], and lower sen-
sitivity for narrowband interference. Furthermore, UWB systems exhibit low-power
consumption [79], low cost and small size, making the technology very suitable
for integration into SFIT systems. The definition of a UWB signal, formulated by
the Federal Communications Commission (FCC), requires that the antenna exhibits
a −10 dB bandwidth in excess of 500 MHz and/or a fractional bandwidth larger than
20% [77]. Obviously, the ultra-wide bandwidth implies substantially more stringent
antenna requirements and different propagation aspects compared to narrow band
systems, making the antenna design more challenging [80]. First, matching and effi-
cient radiation should be ensured over an ultra-wide bandwidth. Second, the UWB
antenna’s radiation pattern and group delay should both be as constant as possi-
ble over the entire bandwidth to minimize pulse distortion [80]. Finally, the antenna
should maintain these characteristics when worn by a user, even under harsh operating
conditions.

Lemey et al. [27] demonstrate that the bandwidth enhancement technique can be
exploited to design a wearable textile UWB antenna that fulfills all of these stringent
requirements. More specifically, a wearable UWB textile antenna based on the geom-
etry depicted in Figure 10.19 was presented for application in the next-generation RF
identification (RFID) systems, operating in the low-duty cycle restricted [3.4–4.8]
GHz UWB band. The antenna dimensions were carefully selected to obtain a return
loss characteristic with maximum bandwidth, exceeding 10 dB well below 3.4 GHz
and exceeding 13 dB in the region where both hybrid modes merge, in combination
with a stable and broad radiation pattern over that entire impedance bandwidth. In
addition, dimensions that resulted in large peaks in the group delay were omitted.
Furthermore, special care was taken to prevent out-of-band backside radiation at
higher frequencies during the optimization process, as discussed more in depth in
Reference 27. The antenna dimensions, after an extensive optimization process by
means of the transient solver of CST Microwave studio, are given in Table 10.3.

Figure 10.23 shows the simulated group delay as a function of frequency. There-
fore, a second, identical antenna was placed at a distance of 0.4 m along the positive
z-direction in such a way that both antennas face each other. The group delay was
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Figure 10.23 Simulated group delay of the textile UWB SIW cavity-backed slot
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Figure 10.24 Prototype of the textile UWB SIW cavity-backed slot antenna.
(a) Front view and (b) back view

then obtained by taking the negative derivative of the corresponding S21’s phase. As
shown in Figure 10.23, the group delay hardly changes within the 3.4–4.8 GHz band.

A prototype, depicted in Figure 10.24, was realized and measured to validate its
excellent UWB performance under free-space conditions and under more realistic
(on-body) conditions. First, the antenna performance was verified under free-space
conditions in an anechoic room by means of Agilent’s N5242A PNA-X Network
Analyzer. The simulated and measured reflection coefficients |S11| are depicted in Fig-
ure 10.25 and agree well. Both demonstrate good impedance matching to Z0 = 50 �

from 3.33 to 4.66 GHz, yielding a −10 dB impedance bandwidth of 1.33 GHz and
a fractional bandwidth of 33%. Over the entire 3.4–4.8 GHz band, the return loss
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Figure 10.25 Reflection coefficient of the textile UWB SIW cavity-backed slot
antenna under different conditions

remains larger than 6 dB. Figure 10.26 depicts the measured radiation patterns in
the E- and H -plane of the antenna at 3.4, 3.85, and 4.3 GHz. These measurements
prove that this topology guarantees a radiation pattern that hardly changes over the
desired bandwidth, minimizing direction-specific distortion of UWB wave forms.
This behavior is also demonstrated in Table 10.4, depicting the measured antenna
gain along broadside, FTBR, and 3 dB-beamwidth in the E- and H -plane at the three
frequencies under study. Then, the antenna’s performance was extensively tested
when deployed onto several body parts of a test person and under deformation, to
validate antenna performance in more realistic situations. More specifically, in Refer-
ence 27, the antenna was deployed on the arm, leg, chest, and abdomen of an average
height and weight male test person wearing a T-shirt and jeans. Only slight deviations
were observed when deploying the antenna on different locations of the human body,
compared to the free-space conditions. Figure 10.25 shows the antenna’s |S11| when
deployed on the chest to demonstrate the antenna’s stable performance in vicinity of
the human body. Finally, the antenna’s return loss was also measured after bending
the antenna with a radius of 5 cm along the H -plane. Then, both resonance frequen-
cies are slightly shifted toward lower frequencies. Yet, the impedance bandwidth only
reduces to 1.30 GHz, demonstrating the antenna’s robustness when bent.

10.4.5 Textile microwave components

Besides the antennas presented in the previous sections, a variety of SIW components
on textile have been implemented and tested, to prove the feasibility and performance
of this class of structures for wearable applications.
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Figure 10.26 Measured radiation pattern of the textile UWB SIW cavity-backed
slot antenna at 3.4 GHz (a), 3.85 GHz (b), and 4.3 GHz (c)

Table 10.4 Measured characteristics of the textile UWB SIW
cavity-backed slot antenna

Frequency (GHz) Gain (dBi) FTBR (dB) 3-dB beamwidth (◦)

E-plane H -plane

3.40 6.8 10.5 117 46
3.85 6.5 10.5 123 54
4.30 4.6 7.1 133 46
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10.4.5.1 SIW interconnect
A straight SIW interconnection on textile was designed for operation in the ISM band
around 2.45 GHz [62]. Consequently, the cutoff frequency of the fundamental mode
was set to f0 = 1.62 GHz. To this aim, the width of the SIW is w = 79 mm, the diameter
of metal vias d = 4 mm, and their longitudinal spacing s = 8 mm (Figure 10.27a).
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Figure 10.27 Straight SIW interconnect on textile: (a) geometry of the SIW, with
transitions to input/output microstrip lines; (b) photograph of the
prototype; (c) simulated and measured scattering parameters vs.
frequency (©2015 IEEE. Reprinted with permission from
Reference 62)
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The substrate consists of a foam layer with a thickness of 3.94 mm. Input/output
transitions from SIW to microstrip lines were adopted for measurement purposes
(with dimensions lt = 32.7 mm, wt = 23 mm, and wm = 13 mm). A prototype of the
SIW interconnect on textile is displayed in Figure 10.27b.

Figure 10.27c shows the scattering parameters of the SIW structure, comparing
simulation results and measurement data. The measured cut-off frequency of the
fundamental SIW mode is 1.65 GHz, and the insertion loss is 2 dB at the frequency
of 2.45 GHz.

10.4.5.2 Folded SIW interconnect
A substrate integrated folded waveguide (SIFW) was implemented with the aim
to reduce the size of the classical SIW structure, presented above [62]. The SIFW
consists of a standard SIW folded around a metal septum [81]: this allows reduc-
ing the width of the structure of a factor two, while keeping the complete shielding.
The only drawback of this structure is the increased manufacturing complexity, as a
double-layer topology is required.

The SIFW interconnect was designed to achieve the same cut-off frequency of the
fundamental mode f0 = 1.62 GHz, as the standard SIW interconnect described above.
The width of the waveguide resulted to be w = 41.2 mm, corresponding to a reduction
of 47.8% with respect to the standard SIW structure (Figure 10.28a). A photograph
of the prototype is displayed in Figure 10.28b.

The comparison between simulated and measured scattering parameters is shown
in Figure 10.27c. The measured cut-off frequency is shifted upward by 45 MHz with
respect to the simulation data: the reason of this small discrepancy is attributed to a
possible misalignment of the central conductive sheet. The measured insertion loss
of the SIFW resulted 1.49 dB at 2.45 GHz.

10.4.5.3 Folded SIW filter
The folded SIW structure was adopted to implement a compact two-pole bandpass
SIW filter, operating in the frequency band centered at 2.45 GHz. The filter is based on
a dual-mode folded SIW cavity, with three insets cut out in the central metal septum
(Figure 10.29a). This filter type allows controlling the bandwidth by changing the
length and width of the insets, and the design of the filter is based on the modal
analysis of the folded SIW cavity, as discussed in Reference 82.

The filter was manufactured and experimentally tested. Figure 10.29b shows the
comparison of simulated and measured scattering parameters. The 3 dB bandwidth
of the filter is 725 MHz, and the insertion loss at 2.45 GHz is 2.3 dB. In this filter, the
first two modes of the cavity determine the passband of the filter, and the suppression
of some of the upper modes due to the input/output striplines guarantees the wide
rejection band between 3 and 6 GHz.

This filter topology provides good selectivity, excellent out-of-band performance,
along with a compact size: in fact, the area of this filter is approximately four times
smaller than the area of a classical second-order cavity SIW filter.
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Figure 10.28 Folded SIW interconnect on textile (dimensions in mm: lt = 28.7,
wt = 19.6, wm = 8.5, h = 3.94, s = 8, d = 4, g = 4, w = 41.2, l = 96):
(a) geometry of the SIFW, with transitions to input/output striplines,
(b) photograph of the prototype, and (c) simulated and measured
scattering parameters vs. frequency (©2015 IEEE. Reprinted with
permission from Reference 62)
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Figure 10.29 Folded SIW filter on textile (dimensions in mm: w = 41.2, g = 4,
d = 4, s = 8. l = 56.3, wpost = 9.9, l1 = 6.3, l2 = 5.9, w1 = 12,
w2 = 17, a1 = 7.2, a2 = 11.7): (a) geometry of the SIFW filter, with
transitions to input/output striplines and (b) simulated and measured
scattering parameters vs. frequency (©2015 IEEE. Reprinted with
permission from Reference 62)

10.5 Textile SIW antennas as hybrid energy-harvesting
platforms

10.5.1 Introduction

A major issue of the current generation smart fabric and interactive textile (SFIT) sys-
tems concerns the limited system autonomy, and the corresponding inconvenience of
frequent charging [83] As Huang et al. [84] identify the wireless communication



Textile substrate integrated waveguide technology 323

subsystem as one of the major power consumers within a SFIT system, the textile
antenna’s dimensions should remain of the order of a wavelength to yield large radia-
tion efficiency in proximity of the human body [85]. Moreover, by deploying multiple
highly efficient textile antennas on well-considered locations of the wearer’s body,
shadowing caused by the human body may be avoided, different services in distinct
frequency bands can be provided and/or system autonomy can be further extended
[86]. System autonomy can even be extended further, as Lemey et al. [70] pinpoint
SFIT systems as prime candidates to be partly, or even solely, powered by energy-
harvesting techniques. Extracting energy at the location of operation from the user’s
activities [70, 87], or from ambient sources [70, 88], could even make batteries super-
fluous and could prevent life-threatening situations, due to batteries running out of
power during interventions. Obviously, exploiting multiple different energy sources
is preferable as such a hybrid approach improves the continuity of energy scavenging
and the amount of energy harvesting [89]. As already a large surface in the SFIT
system is consumed by the textile (multi-)antenna system, a smart approach is req-
uisite for the integration of multiple energy harvesters and the corresponding power
management module, in order to harvest sufficient levels of energy, on the one hand,
maintaining the user’s comfort on the other hand, and without degrading the textile
antenna’s performance.

10.5.2 Exploiting the textile antenna as integration platform

Lemey et al. [70] describe how a textile antenna’s functionality may be further
extended by exploiting its surface as an energy-harvesting and power management
platform. Their approach is illustrated in Figure 10.30. It enables a compact, highly
integrated and unobtrusive design. The selection of an appropriate antenna topology
is critical. Obviously, a topology should be selected that facilitates the integration of

Standalone
energy-harvesting

transducer
Integration platform

Input for externally connected
energy-harvesting transducers

Power management system

Energy storage deviceRegulated output voltage

Embedded energy-harvesting
transducers

Wearable textile antenna for setting up an efficient
and stable wireless communication link

Figure 10.30 Concept of exploiting the textile antenna as energy harvesting
platform
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additional electronic hardware without degradation of radiation performance, in the
meantime guaranteeing the wearer’s comfort. A plethora of antenna topologies were
discussed, identifying textile SIW cavity-backed slot antennas as ideal candidates.
First, the cavity-backed slot topology, in combination with the SIW technology, guar-
antees an excellent isolation from its environment, making it not only very suitable for
on-body deployment but also for the integration of additional energy-harvesting or
computational hardware. Second, SIW technology allows adopting antenna materials
that enable a flexible, low-profile, and conformal design. A third and very important
reason to adopt an SIW cavity-backed slot textile antenna concerns the ease by which
additional hardware can be integrated, in the meantime minimizing the amount and
length of the interconnections by exploiting the topology’s properties. Sections 10.5.3
and 10.5.4 elaborate on the latter reason, by discussing two different designs in which
energy-harvesting and power management hardware are integrated onto the textile
SIW cavity-backed slot antenna, discussed in Sections 10.4.4 and 10.4.1, respec-
tively. Furthermore, both sections also briefly repeat the guidelines to ensure good
antenna performance after integration. By following these guidelines, other textile
SIW cavity-backed slot antennas, such as the ones discussed in Sections 10.4.2 and
10.4.3, could also be exploited as an integration platform.

10.5.3 Wideband SIW textile antenna with integrated
solar harvester

The integration procedure described in Reference 70 and briefly discussed in Sec-
tion 10.5.2 was for the first time applied in Reference 27. More specifically, in
Reference 27, the textile SIW cavity-backed slot antenna, discussed in Section 10.4.4,
is exploited as an integration platform for a flexible solar energy-harvesting system,
as depicted in Figure 10.20. The flexible solar energy-harvesting system is designed
to charge an energy storage device in outdoor environments and to provide a regulated
output voltage for adequately powering a wireless communication system.

Therefore, one ultra-thin and ultra-flexible hydrogenated amorphous silicon
(a-Si:H) solar cell is integrated on the slot plane of the antenna, whereas a flexible
power management system (PMS), including a micro-energy cell (MEC) as energy
storage device, is integrated onto the antenna’s feed plane, to prevent antenna radiation
from coupling into the circuitry. The PMS relies on the MAX17710, an energy-
harvesting charger and protector IC by Maxim Integrated, to control the charging
process of the MEC and to generate a regulated output voltage. A more elaborate
description about the functionality and design procedure of the PMS can be found in
Reference 27.

Mechanical flexibility of the design is maintained by implementing the PMS on
a flexible polyimide layer and using small electronic components that are distributed
over a larger area than necessary. Furthermore, a non-conductive, stretchable sheet is
used to fix the solar cell to the slot plane, and the PMS and MEC to the feed plane. The
solar cell is positioned in such a way that the radiating slot remains uncovered, whereas
the MEC and the PMS are oriented to prevent the GCPW feed line from being covered.
The antenna cavity is then exploited as a common DC ground for the PMS, MEC, and
flexible solar cell, to minimize the amount and length of interconnections, yielding
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Figure 10.31 Reflection coefficient of the 2.45-GHz ISM band and 4G LTE textile
SIW cavity-backed slot antenna, under free-space conditions, to
validate the integration procedure

increased robustness and a higher comfort for the wearer. Furthermore, the positive
connection of the solar cell is routed through one of the hollow tube eyelets, as depicted
in Figure 10.20, further reducing the length of interconnections. Figure 10.20 also
depicts the antenna when bent along the H -plane (d) and along the E-plane (e), demon-
strating its bending capability after integration of the solar energy-harvesting system.

The integration procedure is validated under free-space conditions by comparing
the antenna’s standalone performance with the antenna’s performance after integra-
tion of the solar harvesting system. Figures 10.31 and 10.32 demonstrate that the
integration of the solar cell, PMS, and MEC only has a minor influence on antenna
performance. Moreover, Lemey et al. [27] showed that the integration of the flexible
solar harvester allows scavenging up to 53 mW in real-life outdoor environments,
without requiring additional surface of the garment.

10.5.4 SIW cavity-backed slot antenna with integrated hybrid
energy-harvesting hardware

In Reference 70, the integration procedure is applied to integrate a flexible hybrid
energy-harvesting system and PMS onto the textile SIW cavity-backed slot antenna
described in Section 10.4.1. Now, the integration of the flexible hybrid energy-
harvesting system and PMS enables combining the energy scavenged from indoor
artificial light, outdoor solar light, and the heat emanated by the human body to charge
a MEC and to provide a regulated output voltage. Such a hybrid approach is prefer-
able over the single energy source-harvesting technique discussed in Section 10.5.3,
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Figure 10.32 Measured radiation pattern of the 2.45-GHz ISM band and 4G LTE
textile SIW cavity-backed slot antenna at 2.45 GHz, under free-space
conditions, to validate the integration procedure. (a) E-plane and
(b) H-plane

as it yields a higher continuity of energy scavenging and a larger amount of total
harvested energy.

Figure 10.33 shows the integration of two different ultra-thin, flexible a-Si:H
solar cells at the antenna’s slot plane and a flexible power management module,
including a 170-μm-thick MEC, at its feed plane. The flexible PMS consists of an
ultra-low voltage step up converter and a central PMS (CPMS). The latter is designed
to charge the MEC from two high-voltage DC sources by means of linear harvesting
and one low-voltage DC source via an incorporated boost converter, in the meantime
protecting the MEC and providing a regulated output voltage. By connecting the
smaller solar cell to the boost converter input and the larger solar cell to one of the
linear harvesting inputs of the CPMS, energy scavenging from artificial and natural
solar light is enabled. Furthermore, by connecting the output of the ultra-low voltage
step up converter to the other linear harvesting input of the CPMS, thermal body
energy harvesting via an externally connected TEG is enabled. Therefore, the TEG’s
hot side needs to be tightly attached to the skin of the wearer, whereas its cold side
needs to be exposed to the ambient air. Lemey et al. [70] describe a procedure to
select an appropriate TEG.

A similar approach as in Section 10.5.3 was applied to maintain mechanical
flexibility and antenna performance after integration of the energy-harvesting and
power management hardware. First, both circuits are etched on a flexible polyimide
substrate and small electronic components, distributed over a larger surface than
necessary, were used. Second, non-conductive adhesive sheets were applied to glue
both solar cells and both circuits to the antenna’s slot and feed plane, respectively.
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Figure 10.33 The wearable textile SIW cavity-backed slot antenna, discussed in
Section 10.4.1, with integrated flexible a-Si:H solar cells, PMS, and
energy storage device. The externally connected TEG is also
depicted. (a) Slot plane and (b) feed plane

Judicious alignment prevents the slot and feed line from being covered. Therefore,
unlike in Section 10.5.3, the solar cells are patterned to fit the antenna’s slot. Finally,
the amount and length of interconnecting wires were minimized by routing the positive
connections of both solar cells through the hollow eyelets to the PMS and exploiting
the antenna cavity as a common DC ground for the solar cells, MEC, and PMS.

Figures 10.34 and 10.35 demonstrate that the integration of the additional energy-
harvesting and power management hardware, according to Figure 10.33, only has a
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minor influence on the antenna’s reflection coefficient and radiation pattern, respec-
tively. Furthermore, a comprehensive field test was carried out in a realistic indoor
environment to emphasize the importance of a hybrid energy-harvesting approach in
realistic scenarios [89]. First, the field test clearly demonstrated that the periods dur-
ing which no energy can be harvested are significantly reduced. Second, it was also
shown that, during a significant percentage of the time, energy could be harvested
from multiple energy sources. Both effects contribute to higher system autonomy
and/or reduced battery size.
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Chapter 11

Ultra wideband body-centric networks for
localisation and motion capture applications

Richa Bharadwaj∗, Qammer H. Abbasi∗∗, John Batchelor†,
Srijittra Swaisaenyakorn††, and A. Alomainy‡

Localisation and motion tracking using body-worn antennas are emerging as an
important research area based on ultra wideband (UWB) technology. Motion tracking
itself is motivated by a variety of applications such as training of athletes, patient mon-
itoring in health care domain, localisation of people in home or office environment,
and the human body is an integral part of such applications. Hence, it is important to
study the effect of human body on UWB localisation and the accuracy achieved while
localizing the antennas present on the body. The choice of sensors, such as compact,
efficient and low-cost UWB antennas, makes human localisation and activity moni-
toring a promising new application made possible by advances in UWB technology.
In this chapter, UWB three-dimensional (3D) human body localisation is studied
using body-worn antennas placed on different locations on the human body through
numerical and experimental investigations. Detailed analysis is performed based on
the measurement data in terms of propagation phenomenon for each antenna location
and how the presence of human body affects ranging and localisation accuracy. The
objective of the work is to achieve high-accuracy localisation of the human body using
time of arrival positioning techniques and also evaluate the results with the optical
motion capture system which is used as a standard reference.

11.1 Introduction

UWB (3.1–10.6 GHz) is an emerging wireless communications technology that can
transmit data at around 100 Mb/s (up to 1000 Mb/s). UWB signals have a fractional
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bandwidth of larger than 20% or an absolute bandwidth of at least 500 MHz [1, 2].
Impulse radio ultra wideband technology (IR-UWB) has several advantages such
as immunity to multipath interference, low cost, high data rate, portable, ease of
implementation and low energy consumption making it suitable for body-centric and
wearable networks applications [3]. The inherent characteristics of UWB radio tech-
nology makes it a natural choice for high precision indoor positioning and in scenarios
where “everybody and everything” is connected by different types of communication
links: human to human, human to machine, machine to human and machine to
machine. In the future, the need for even higher data rates is expected to develop
jointly with a flourishing increase in large numbers of wireless devices embedded in
common appliances, sensors, beacons as well as identification tags, spontaneously
interacting in ambient intelligence networks.

In recent years, localisation and tracking of human subjects have received sig-
nificant interests for several attractive applications in wireless body sensor networks
[4–8]. In particular, wearable wireless systems provide detection and monitoring
applications to access human activity for sports, health care, military applications
and day-to-day life [9]. The human body is an integral part of various indoor body
area networks/personal area networks applications such as motion tracking, patient
monitoring, training of athletes; hence, it is important to study the effect of human
body on UWB localisation and the accuracy achieved while localising the antennas/
sensors present on different locations of the body [4]. Along with the indoor prop-
agation environment, the human body is also a complex medium from the radio
propagation perspective and hence, is essential to understand and characterise the
effect of the human body on the antenna characteristics, the radio propagation chan-
nel parameters and the overall communication system performance in the presence
of various objects/obstacles in an indoor environment.

UWB has gained widespread use in commercial and industrial applications and
also in research endeavours with various applications in indoor localisation and
tracking. Commercial localisation systems such as Time Domain and Ubisense,
which utilise time of arrival (TOA), and angle of arrival localisation techniques
have specified 3D real-time accuracy of 10–15 cm with indoor operating ranges
of over 50 m [10, 11]. 3D motion tracking products based upon miniature (Micro-
electromechanical systems (MEMS)) inertial sensors and UWB technology enables
5–8 cm positioning accuracy in an area of 20 × 20 m2 [12]. On the research side
of UWB positioning applications, major advances have been made in the fields of
high-accuracy 3D positioning for surgical navigation, low power, integrated UWB
Complementary metal-oxide semiconductor (CMOS) solutions [13]. An accuracy of
high centimetre range (1–5 cm) is being achieved using impulse-based UWB sys-
tems as stated in the open literature by [14, 15] and sub-millimetre range accuracy is
possible using carrier-based UWB systems as proposed in the literature [16].

11.2 Indoor propagation channel and multipath environment

The indoor radio propagation channel depends on various factors which include build-
ing structures, layout of rooms, objects and the type of construction materials used
due to which there is reduction in signal strength and attenuation of the signal. Due to
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the varied nature of the propagation channel and presence of various objects, large-
scale and small-scale propagation losses occur which are best described with the help
of statistical models [17]. A complete channel model comprises of the path loss model
and the multipath model. The path loss is defined as the reduction in power density
of an electromagnetic wave as it propagates through free space. The multipath model
describes how the signal energy is dispersed over the multipath components.

In a typical complex indoor environment, a signal, as it travels through the
wireless channel, undergoes many kinds of propagation effects such as reflection,
diffraction and scattering (Figure 11.1), apart from line of sight (LOS) communica-
tion due to the presence of buildings, walls, doors, furniture, human subjects and
other such obstructions [4]. The physics of the above phenomena may also be used
to describe small-scale fading and multipath propagation [3, 4, 18]. Multipath results
when the transmitted signal arrives at the receiver by more than one path. The mul-
tipath signal components combine at the receiver to form a distorted version of the
transmitted waveform. Therefore, there would be multipath interference, causing mul-
tipath fading. The multipath components can combine constructively or destructively
depending on phase variations of the component signals. The destructive combina-
tion of the multipath components can result in a severely attenuated received signal.
Multipath fading degrades the performance of the wireless communication systems
because, in the propagation environment, the signal arriving at a receiver experiences
the effects of various propagation-dependent mechanisms. Therefore, accurate chan-
nel characterisation is required to provide a reliable simulation model. The amplitude
of the fading can follow different distributions, such as Rician, Rayleigh, Nakagami,
Log-normal, Gamma, Normal and Weibull [9].

The UWB signal has a very wide bandwidth (in the order of gigahertz); hence,
the multipath components tend to form clusters of rays caused by building structures

Reflection

Scattering

LOS

Diffraction

Base station

Mobile station

Reflection

Figure 11.1 Multipath phenomena in an indoor environment: reflection,
diffraction and scattering. Line of sight (LOS) propagation between
the base station and mobile station [4]
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and other large reflectors. The rays within a cluster are attributable to reflections from
objects in close proximity to the transmitter and receiver [19]. The Saleh–Valenzuela
(S–V) channel model is widely used in research for UWB systems as it takes into
consideration the clustering phenomenon of the multipath components. In the S–V
model, multipath components arrive at the receiver in clusters. Cluster arrivals are
Poisson distributed and so are the subsequent arrivals in each cluster. The impulse
response of the model [19] can be presented as:

h(t) =
L∑

l=0

K∑
k=0

βk ,lδ(t − Tl − τk ,l) (11.1)

where L is the cluster of the multipath channel, K is the ray number within each cluster,
Tl is the excess delay of the lth cluster and τk ,l is the delay of the kth path within the
lth cluster. The model is independent of the used antennas and includes the frequency
dependence of the path loss as well as many generalisations of the S–V model, like
mixed Poisson times of arrival and delay-dependent cluster decay constants.

11.3 IR-UWB technology

UWB technology in the range 3.1–10.6 GHz (as per the Federal Communications
Commission (FCC) regulations) has been topic of exciting research and development
to explore for consumer and commercial applications, especially for short distance
and personnel networking including tracking and localisation [2]. Due to the carrier-
less characteristics, no sinusoidal carrier is required to raise the signal to a certain
frequency band, UWB systems are also referred to as carrier-free or impulse radio
(IR-UWB) communication systems [3, 20]. IR-UWB employs a baseband signal with
pulse duration in the order of sub-nanoseconds and with signal energy spread over
several gigahertz. One of the key benefits of IR-UWB is its carrier-less transmis-
sion, which can substantially reduce the development costs [21, 22]. In an IR-UWB
communications system, a number of UWB pulses are transmitted per information
symbol, and information is usually conveyed by the timings or the polarities of
the pulses (Figure 11.2). For positioning systems, the main purpose is to estimate
position-related parameters of this IR-UWB signal, such as its TOA. This technology
has a low transmitting power and, because of narrowness of the transmitted pulses, has
a fine time resolution which provides high precision for location-based applications.
The implementation of this technique is simple as no mixer is required, which means
low-cost transmitters and receivers. Direct Sequence Ultra Wideband (DS-UWB) and
Time Hopping Ultra Wideband (TH-UWB) are two variants of the IR technique [20].
These IR techniques are different multiple access techniques that spread signals over
a very wide bandwidth. Because of spreading signals over a very large bandwidth,
the IR technique can combat interference from other users or sources.

11.3.1 Advantages and disadvantages of IR-UWB technology

UWB offers several inherent properties which will make short-range communication
cost-effective, high-speed, simple, miniaturised and portable devices available for
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Figure 11.2 UWB signal consisting of short duration pulses with a low duty cycle,
where T is the signal duration and Tf represents the pulse repetition
interval or the frame interval [4]

positioning, communications and radar applications [3, 4, 20–22]. The unique benefits
of UWB technology are derived from the wide broadband nature allowing more smart
solutions for wireless sensor networks (WSNs). Some of the advantages of UWB
technology are listed below:

● Accurate position estimation: Due to extremely narrow pulses, IR-UWB systems
have emerged as a promising solution for high-resolution indoor positioning and
ranging applications.

● Penetration through obstacles: Unlike narrowband technology, UWB systems
can penetrate effectively through different materials. UWB can carry signals
through many obstacles (even lossy and opaque objects) that usually reflect signals
at more limited bandwidths and at higher power.

● Secure: UWB has low probability of detection and interception. UWB provides
high secure and high reliable communication solutions. Due to the low energy
density, the UWB signal is noise like, which makes unintended detection quite
difficult.

● Robustness to multipath: The phenomenon known as multipath is unavoidable
in wireless communications channels. The very short duration of UWB pulses
makes it less sensitive to multipath and NLOS situations, hence is very suitable
for positioning applications in indoor and outdoor environments.

● High-speed data rate transmission: UWB has an ultra-wide frequency band-
width; it can achieve huge capacity as high as hundreds of megabit per second or
even several gigabit per second within distance of 1–10 m.

● Less power consumption: The transmission of short nanosecond pulses, rather
than continuous waveforms, allows pulse generators, amplifiers and receivers to
not work continuously, but to be turned on for only a few nanoseconds in each
repetition period.

● Low-cost transceiver designs: Due to the carrierless nature of UWB sig-
nals, transmission of signals requires fewer radio frequency components than
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carrier-based transmission. For this reason UWB transceiver architecture is
significantly simpler and thus cheaper to build.

● Suitable for human localisation: UWB technology is safer for the user because
of the very low peak power (−41.3 dBm). Hence, it is very suitable for body-worn
antenna/sensors localisation and tracking as the signals are harmless (at such low
power) for the human body. Besides, since in UWB systems short nano pulses
are transmitted, the user is not continuously exposed to the radiation.

However, with every advantage, there are some disadvantages and challenges to sur-
mount before the technology performs up to its full potential [4, 21, 22]. UWB is
robust to multipaths, but this advantage comes at the significant receiver hardware
cost due to very high sampling requirement. As UWB operates below noise floor, it
is difficult to recognise and synchronise UWB signal at the receiver end. UWB trans-
mitter power limitation poses significant challenges when designing UWB systems
to achieve the performance desired at an adequate transmission range and to design
UWB waveforms that efficiently utilise the bandwidth and power allowed by the FCC
spectral mask [10]. The ultrashort duration of UWB pulses leads to a large number of
resolvable multipath components at the receiver. Each resolvable pulse undergoes dif-
ferent channel fading, which makes multipath energy capture a challenging problem
in UWB system design.

11.3.2 Body-centric UWB localisation applications

UWB is an excellent signalling choice for high-accuracy localisation in short to
medium distances due to its high time resolution and inexpensive circuitry. It is also
considered to be the unique signalling choice for short-range, high data rate commu-
nications such as in WSNs [4, 20–23]. The UWB technology is an excellent match that
makes these exciting applications possible with high centimetre range accuracies for
short-range body-centric applications. Some of the important applications are listed
below:

● Sports: Sensors for athletes’ performance monitoring and enhancement to
improve outcomes in major events. Accurate tracking of limb motion for sports
person using small, lightweight and cost-effective body-worn antennas/sensors
based on UWB technology.

● Health care: UWB can be used as the communication link in a sensor network
making it suitable for wireless body area networking for fitness and medical
purposes. The UWB sensors are lightweight and wireless, hence provide freedom
to the patient from the tangle of wired sensors. UWB tags/sensors can be used in
many medical situations to determine pulse rate, temperature, medical imaging
and surgical techniques along with accurate tracking and localisation of patients,
providing significant improvement in patient care, increase in efficiency and
reduction in operating costs.

● Military: Locating people in high-security areas and tracking the positions of
the military personnel. Location of various military equipment and vehicles in
cluttered environments.
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● Home and office environments: Locating inhabitants in home and office envi-
ronments and accurate tracking of objects and persons in indoor environments.
Home security, remote operation and control of home appliances such as TV,
ovens, lamps and office equipment.

● Entertainment and digital arts: Accurate tracking and motion capture of various
postures and movements made by artists, dancers and actors.

11.4 UWB body-centric localisation scheme

The high time resolution of the UWB signals makes TOA-based approach most suit-
able for ranging and localisation [3, 20, 24] for WSNs. The accuracy of prediction of
TOA is one of the most important parameter for positioning systems. TheTOA between
the mobile (Tx) and base stations (Rx) is estimated by classifying the channel impulse
response (CIR), statistical information derived from the radio propagation environ-
ment and peak detection techniques [24]. First, the magnitude and phase of each
frequency components are measured on the analyser. An inverse fast Fourier transform
(IFFT) is then applied to obtain the impulse response of the measured channels. For
N propagation paths between the transmitter and receiver, with the amplitude, phase
and delay of the kth path being αk , ϕk and τk , respectively. The CIR [25] is given by:

h(t) =
N∑

k=1

αkejϕk δ(t − τk ) (11.2)

Figure 11.3 show a flow chart of the proposed body-centric localisation algorithm
which is based on TOA ranging and localisation techniques [7]. First steps include
computation of the CIR and received signal waveforms using IFFT and convolution
techniques. Further channel classification is performed using various features that
can distinguish between LOS and NLOS situations. Based on these results, TOA
estimation is performed using different peak detection techniques for LOS scenarios
and threshold-based algorithms for NLOS scenarios. Later, 3D localisation results
are computed based on the range estimates using least square data fusion techniques.

11.4.1 NLOS identification

11.4.1.1 Received signal amplitude
Sine-modulated Gaussian pulse is used as UWB source pulse and the frequency range
is from 3 GHz to 10 GHz [7]. In NLOS conditions, signals are considerably more
attenuated, weak and have smaller energy and amplitude due to propagation through
obstacles or obstructions. The strength of NLOS signals varies greatly depending on
the type of obstruction present.

11.4.1.2 RMS delay spread
The Root Mean Square (RMS) delay spread is defined as:

τrms =
√∑

k (τk − τm)2.|h (τk ; d)|2∑
k |h (τk ; d)|2 (11.3)
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where τm is the mean excess delay, and τk are the multipath delays relative to the
first-arriving multipath component and d is the separating distance between the Tx
and Rx [26]. This parameter helps to distinguish between LOS and NLOS links as
the RMS values for NLOS scenarios are much larger.

11.4.1.3 Kurtosis
The NLOS scenarios have dense multipath components and also more number of
weaker components before the maximum peak [27]. Hence, overall NLOS scenarios
have wider distribution of multipath components in comparison to LOS scenarios
which have a clearly distinguishable maximum peak with multipath components of
very low magnitude. Kurtosis index is a simple and efficient parameter to precisely
differentiate between the indoor channel conditions and thereby identify the best
and worst mobile station–base station (MS–BS) link in the indoor environments.
The kurtosis is a statistical parameter that indicates the fourth-order moment of the
received signal amplitude [18, 19]. Kurtosis κ is mathematically defined as follows:

κ(x) = 1

σ 4

∑
i(xi − x̄)4

N
(11.4)

where σ is the standard deviation of the variable x and x̄ is the mean value of x. N is
the number of samples of x. The kurtosis index κ is supposed to be high in case of
LOS conditions while it has low values for signals received under NLOS conditions.

11.4.2 Non-line of sight mitigation

For LOS case, the TOA is determined through peak detection algorithm in which the
dominant peak of the CIR will give an estimate of the TOA [7, 28, 29]. Figure 11.4
shows the CIR strongest peak detection technique for LOS situation. It can also be
observed that the LOS situation has very less multipath; hence, the peak is easily
detectable. However, in urban or indoor environments the accuracy in estimation of
TOA depends on the multipath components, non-line of sight (NLOS) situations,
low signal-to-noise ratios, sampling precision of the analyser and the environment in
which measurements are taking place. In NLOS situations, the direct signal between
the transmitter and the receiver is blocked due to the presence of obstructions; hence,
the transmitted signal can only reach the receiver through a reflected, diffracted or
scattered path. The strongest path in such scenarios does not give the direct path
estimate, leading to large ranging errors. Situations, in which the first path is not
the strongest path, can be still detectable by appropriate algorithm and understand-
ing of the environment in which measurements are taking place. Due to the large
bandwidth of a UWB signal, multipath components are usually resolvable but can
be challenging in dense multipath environments. Threshold-based algorithms such
as search back technique and leading edge detection methods [29, 30] are used to
reduce the error obtained in range estimation for NLOS situations (Figure 11.4).
Threshold-based TOA estimation is specifically attractive due to its low complex-
ity and computational burden, which are crucial for many low-cost battery powered
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threshold-based and leading-edge technique. Zoomed region of the
channel impulse response showing the detection of peaks [4]

devices, wireless antenna networks and radio frequency identification. These search
algorithms compare individual signal samples with a certain threshold in order to
identify the first-arriving signal and obtain the range information. Moreover the sen-
sitivity of the system is quite dependent on the threshold value which can be selected
based on the noise level or signal peak.
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11.4.3 TOA data fusion method

The TOA data fusion method is based on combining estimates of the TOA of the MS
signal that arrives at four different BSs [7, 31]. Since the wireless signal travels at the
speed of light (c = 3 × 108 m/s), the distance between the MS and BSi is given by:

ri = (ti − t0) c (11.5)

where t0 is the time instant at which the MS begins transmission and ti is the TOA of
the MS signal at BSi. The distances r1, r2, r3, r4 can be used to estimate (xm, ym, zm)
by solving the following set of equations:

r2
1 = x2

m + y2
m + z2

m (11.6)

r2
2 = (x2 − xm)2 + ( y2 − ym)2 + (z2 − zm)2 (11.7)

r2
3 = (x3 − xm)2 + ( y3 − ym)2 + (z3 − zm)2 (11.8)

r2
4 = (x4 − xm)2 + ( y4 − ym)2 + (z4 − zm)2 (11.9)

These equations can be solved by using least square solution. Subtracting (11.6) from
(11.7)–(11.9) and rearranging the terms in the following matrix form:⎡

⎢⎣
x2 y2 z2

x3 y3 z3

x4 y4 z4

⎤
⎥⎦

⎡
⎢⎣

xm

ym

zm

⎤
⎥⎦ = 1

2

⎡
⎢⎣

K2
2 − r2

2 + r2
1

K2
3 − r2

3 + r2
1

K2
4 − r2

4 + r2
1

⎤
⎥⎦ (11.10)

where

K2
i = x2

i + y2
i + z2

i

It can be rewritten as:

Hx = b (11.11)

H =
⎡
⎢⎣

x2 y2 z2

x3 y3 z3

x4 y4 z4

⎤
⎥⎦; x =

⎡
⎢⎣

xm

ym

zm

⎤
⎥⎦; b = 1

2

⎡
⎢⎣

K2
2 − r2

2 + r2
1

K2
3 − r2

3 + r2
1

K2
4 − r2

4 + r2
1

⎤
⎥⎦

The target coordinates can be found by rearranging the matrix equation through
the following equation:

x̂ = (H T H )−1H T b (11.12)

11.5 BS configurations for UWB localisation

The configuration of the BSs has a direct effect on the accuracy of localisation esti-
mation of the MS. A trade-off between the number of BSs and accuracy has to be con-
sidered in order to have a compact, simple and efficient UWB 3D positioning system.



348 Advances in body-centric wireless communication

Related work reported in the open literature is based on 3D localisation using a mini-
mum of four BSs or more for localising an object [16, 32]. It is observed that different
BS configurations and number of BSs used have an effect on the accuracy obtained in
positioning [4–6]. Three-dimensional localisation is achieved by using two configura-
tions using three BSs only and one with four BSs occupying less coverage area, which
is more compact than the conventional four BSs or more requirement. Three novel BS
models are proposed in Reference 33 for 3D localisation namely the Y-shape config-
uration, L-shape configuration and mirror-based BS configuration and are validated
theoretically and experimentally using a compact tapered slot UWB antenna [34]. The
above methods reduce the number of BSs required for obtaining localisation in 3D
and the amount of area and complexity required for setting up the system. In addition,
Cartesian and directional information is obtained for the proposed methods giving
good accuracy in centimetre range. All the proposed configurations can be used for
various indoor applications for localisation of objects or body-worn antennas/sensors
on human. The position of the BS antennas is chosen in such a way that localisation
information can be obtained accurately in three dimensions. The antenna at BS1 is
considered as reference zero coordinate which acts as reference to find the position
of the target placed inside the volume of the cuboid. In order to find the direction in
which target is moving with respect to the reference base station “BS1” at (x1, y1, z1),
the estimated target location (xm, ym, zm) in Cartesian coordinate system can be is
defined as (R, θ , ϕ) in the spherical coordinate system.

11.5.1 Cuboid-shape configuration

The cuboid-shape configuration is shown in Figure 11.5(a). Four BSs are used to
estimate the location of the unknown target. This configuration is most commonly
used for localisation as given in the literature [4, 33]. Each BS is placed at the vertices
of the cuboid with two at the bottom and two at the upper vertices of the cuboid. Eight
BSs can also be used to get more accurate results but it would make the localisation
system more complex to install and more expensive. TOA data fusion is used to
obtain the location of the target in 3D. The unknown coordinates at P(xm, ym, zm)
found through the TOA data fusion method is converted to spherical coordinates.

11.5.2 Y-shape configuration

The Y-shape configuration is shown in Figure 11.5(b) [4, 33]. The four BSs are
arranged in shape of letterY. The distance between the BSs can be adjusted according
to the area under observation and for obtaining precise measurement. The proposed
configuration occupies less space and gives accurate results which are comparable
with the conventional cuboid-shape BS configuration. The TOA data fusion method
is used for estimation of the unknown coordinates.

11.5.3 Geometric dilution of precision

The positioning precision depends significantly on the geometry of the BSs distri-
bution. Geometric dilution of precision (GDOP) [35] indicates the effectiveness of a
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Figure 11.5 The configuration of the base stations. (a) Cuboid shape and
(b) Y shape with BS1 at origin O. The target antenna (MS) whose
coordinates have to be estimated is placed in the centre of the cuboid

geometric configuration. It is an indicator of 3D positioning accuracy as consequence
of relative position of the BSs with respect to a MS. A very close bunching or poorly
spaced satellites give poor GDOP value whereas well-distributed satellites yield good
GDOP. GDOP can be defined as:

GDOP = √
tr(H T H )−1 (11.13)

where H =

⎡
⎢⎢⎢⎣

ax1 ay1 az1 1

ax2 ay2 az2 1

ax3 ay3 az3 1

ax4 ay4 az4 1

⎤
⎥⎥⎥⎦

and axi = (xi − xm)

ri
, ayi = (yi − ym)

ri
, azi = (zi − zm)

ri
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where xi, yi, zi correspond to the BS positions, xm, ym, zm are the estimated MS
positions and ri is the estimated range between the MS and each BS:

HDOP = √
((H T H )−1)1,1 + ((H T H )−1)2,2 (11.14)

VDOP = √
((H T H )−1)3,3 (11.15)

where VDOP is the vertical dilution of precision which is measure of localisation
accuracy in 1D (height (z-axis)) and HDOP is the horizontal dilution of precision
which is the measure of localisation accuracy in 2D (x- and y-axis). The average
GDOP, HDOP, and VDOP values for cuboid-shape configuration is 2.6, 1.15, and 2.3
respectively and for the Y-shape configuration, the average values are 3.7, 1.6, and
3.22 respectively. Overall the configurations show GDOP in the range of DOP values
(2–5) stating good accuracy. Best GDOP results are obtained for the MS placed in
the centre of the cuboid with BS placed at the corners of the cuboid.

11.6 Numerical investigation of UWB localisation accuracy

The choice of sensors, such as compact, efficient and low-cost UWB antennas, makes
human localisation and activity monitoring a promising new application made pos-
sible by advances in UWB technology. A human body model simulated in Computer
Simulation Technology (CST) microwave studio © is used to localise antennas placed
on various locations of the body by applying different BS configurations.

11.6.1 Numerical analysis of body-worn antennas

A compact, omni-directional and low-cost UWB tapered slot antennas (TSAs) [34]
are used in this study (Figure 11.6). The antenna has excellent impedance matching
with return loss below −10 dB and radiation performance in the UWB range with
relatively constant gain across the whole frequency band. Figure 11.6(b) shows the
simulated return loss of the TSA antenna.

The frequency range used in the numerical analysis is 3–4 GHz and sine-
modulated Gaussian pulse is used for signal transmission [36]. Sub-band of the UWB
bandwidth is considered keeping in mind the constraints and time consumption in sim-
ulating the full UWB bandwidth range using CST simulation with the inclusion of
the human body and BS antennas. Single-layer human body model [10] consisting
of a muscle tissue and having a dielectric permittivity value of 51.44 at 3.5 GHz
(centre frequency) with 14 antennas is simulated using CST Microwave Studio [37].
The height of the human body model is 1.72 m and has an average build with Body
mass index (BMI) of 23.7. The TSA antennas are used as beacons, which are placed
approximately 5 mm away from the human body surface. Three antennas are placed
on each arm and leg and two on the torso as shown in Figure 11.7. Five different posi-
tions of the arm are also simulated with each having three antennas placed near the
shoulder, elbow and wrist. The interval between the simulated arm positions is 20◦.
Various techniques and algorithms like peak detection technique, TOA positioning
algorithms are used to find the location of each antenna as mentioned in Section 11.4.
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Figure 11.6 Tapered slot co-planar ultra wideband (UWB) antenna: (a) CST model
[[36], reproduced by courtesy of The Electromagnetics Academy]. (b)
Simulated return loss of the antenna for 3–10 GHz frequency range [4]

11.6.2 Analysis of body-worn antenna localisation

It is observed that the overall error in estimation of the position reduces from antennas
located near the shoulder towards the antenna placed near the wrist (Figure 11.8). A
similar trend of decrease in error is observed for the antennas placed near the thigh
to the ankle (Figure 11.8). The average percentage decrease in error is from 1 to 3 cm
for arms and 2–4 cm for the legs. This is due to the fact that the antenna is near torso
for the case of shoulder and thighs; hence, there is more interference which leads to
less accurate results. Around 57% of the estimated values have localisation error of
less than 3 cm for TOA data fusion method [4, 36, 38].
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Figure 11.7 (a) CST human body model with the base station positions
represented in circles. (b) Schematic of the human body model
depicting the position of the 14 body-worn antennas. [[36],
reproduced by courtesy of The Electromagnetics Academy]

Figure 11.9 shows the estimated and actual positions of the antennas placed
on the arm for five different positions. It is observed that high-accuracy results are
obtained for all the three joint locations considered (wrist, elbow and shoulder) when
compared with the actual coordinates obtained from CST microwave. This shows the
potential of UWB to be used to track limb movements effectively. The estimated and
actual positions of the antennas for whole body localisation are shown in Figure 11.9
with an average localisation of 2.5–4.5 cm [36, 38]. The average localisation accuracy
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Figure 11.8 Localisation of (a) left arm [[36], reproduced by courtesy of The
Electromagnetics Academy] and (b) bight arm. It is observed that the
overall error reduces from antenna 1 (near the shoulder) towards the
antenna 3 (near the wrist). Also, the error obtained for the x-, y- and
z-coordinates is showing different range of error obtained [4]

for directional azimuth and elevation angles estimation is approximately 1◦–2◦. The
variation in accuracy can be attributed to the level achieved in estimation of
the TOA, i.e. range estimation values, the type of source pulse/bandwidth used and
the presence of human body, which acts like an obstacle causing delay and distortion
of the received pulse. Good accuracy within the centimetre range is observed demon-
strating the potential of using UWB technology for accurate motion tracking and 3D
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body-worn sensor localisation in certain applications such as filming, entertainment,
leisure sport exercise, medical and tracking of people in home/office environment.

11.6.3 Effect of the presence of obstacles near BSs

Numerical simulations have been performed using different kinds of obstacles near
the BSs and compared with the situation when no obstacle is present to study the
effect on localisation accuracy. The position of the antennas and BS antennas are kept
the same as that of the case with no obstacles present. Blocks of glass and wood have
been considered as objects that act like obstacles during the localisation simulation
as shown in Figure 11.10. It is observed that there is distortion in the received pulse
leading to variations in the estimated range value of the BS and body-worn antenna
(MS). More variations and distortions of the received signal are observed for the
glass object as it has higher permittivity of 4.28 in comparison to wood, which has
a permittivity of 1.2. Considering an example of antenna 6 which is placed near the
thigh (Figure 11.11), it is observed that different BSs give different received signal
output depending on whether LOS or NLOS scenario occurs between the MS–BS link
[36]. From Figure 11.10, as the obstacle is closer to BS3, more reflections and also
increased wave distortion levels (NLOS case) are created. The delay is also dependent
on the size, material type of the obstacles and the overall propagation phenomenon.
It is observed that the major role of permittivity of the obstacle material is prominent
when the MS and BSs are in NLOS situation [4]. BS2 is in LOS range of antenna
6; hence, similar received signal waveforms are obtained for the three different cases
(no obstacle, wood and glass) studied for BS2. As expected, higher error values
are obtained in estimation of antenna positions when located on the human model
due to the presence of obstacles. Table 11.1 summarises the error obtained for the
three different cases: no object present, wood and glass block as obstacles.

Figure 11.10 Presence of obstacles (glass: (150 × 5 × 150) cm3 with permittivity
4.28 and wood: (100 × 20 × 100) cm3 with permittivity 1.4) during
localisation and dimensions of each obstacle. [[36], reproduced by
courtesy of The Electromagnetics Academy]
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Table 11.1 Estimated localisation error for the presence of no obstacle
scenario with the results of wood and glass as obstacle.
[[36], reproduced by courtesy of The Electromagnetics
Academy]

Average estimated error

x-axis (cm) y-axis (cm) z-axis (cm)

None 2.77 2.57 4.48
Wood 3.95 4.04 4.79
Glass 4.50 6.5 6.7

11.7 Body-worn antennas localisation in realistic indoor
environment

A number of issues and challenges prevail for accurate localisation of human sub-
ject in an indoor environment before the system can be deployed for commercial
applications. These include effect of human body in the localisation area, portable
and cost-effective localisation system, multi-user interference, multipath effects and
mitigation of NLOS propagation. This work presents detailed study and analysis of
UWB human body localisation using compact, wearable antennas placed on the upper
body using analytical and numerical techniques [7]. Very limited work is presented
in the open literature in the field of localisation of body-worn antennas using UWB
technology. The main objective of the work is to achieve high-accuracy localisation
of the body-worn antennas using channel information from statistical analysis and
TOA positioning techniques; hence, study the effects of the indoor environment and
presence of the human subject in the localisation area on the UWB indoor channel
are investigated.

11.7.1 Measurement set-up

The body-worn antennas localisation was performed over the frequency band of
3–10 GHz using UWB compact and cost-effective TSAs [34] which act as the body-
sworn antenna and BSs. Measurements were performed in the Body-Centric Wireless
Sensor Laboratory at Queen Mary, University of London [7] in order to take into
account the effects of the indoor environment on the radio propagation channel. Real
human test subject of height 1.68 m and average built is chosen for localizing anten-
nas on the body. Eight antenna locations were chosen with six at the joints of the
arm (wrist, elbow and shoulder) and two on the torso (chest and waist). The distance
between the human body surface and the antenna is around 5 mm.

The antennas were connected to an Agilent four-port programmable vector net-
work analyser (PNA-X), model number N5244A, by low loss coaxial cables to
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BS1

BS2

MS

Figure 11.12 Measurement set-up with tapered slot UWB antenna in inset showing
body-worn sensor on the left wrist and base stations localisation used
for localisation of the body-worn antennas in an area of 1.5 × 1.5 m2

measure the transmission response (S21) between the transmitting (MS) and receiving
(BS) antenna. The PNA is set to 6400 data samples, which are sufficient to capture
all the necessary impulse response information required to provide appropriate sta-
tistical data set. The BSs are positioned in cuboid-shape configuration [33] as shown
in Figure 11.12 to obtain high-accuracy positioning in three dimensions with BS1 as
reference zero coordinate. The MS is moved in 49 different positions with spacing of
15 cm each in an area sized 1.5 × 1.5 m2 for each antenna location. Cartesian coor-
dinates and directional information related to the position of the target are obtained
throughTOA data fusion and peak detection algorithms. Measurement set-up is shown
in Figure 11.12.

11.7.2 NLOS identification and mitigation

Different channel conditions such as LOS, partial non-line of sight (PNLOS) and
NLOS have been observed from the measured data for each antenna location on the
body (Figure 11.13) [28, 29]. From the measurement data, it can be observed that
the complex propagation phenomenon gives rise to number of error sources such as
multipath and NLOS situations significantly degrade the ranging performance, which
is due to the large positive bias (high multipath situations and delay in propagation)
occurrence in such channels. Figure 11.14 depicts two waveforms received in the LOS
and NLOS condition supporting the observations. Hence, it is necessary to identify
and mitigate the presence of NLOS effects [29] in order to obtain accurate localisation
results.
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11.7.2.1 Amplitude of received signal
Figure 11.15 shows the strength of the received signal versus position of the BS
averaged over the 49 grid locations for each mobile antenna location. It is interesting
to observe that the relation between the Rx signal and the antenna position is a complex
integrated effect of, the distance of the antenna from the BS, height of the BSs, position
of the wearable antenna and the extent of NLOS situation present between the antenna
and BS [7]. Results and analysis based on the received signal amplitude demonstrate
that the peak amplitude magnitude on average is 11 times less for NLOS situations
(BS3 and BS4) in comparison to LOS situations (BS1 and BS2). BS4 in general shows
minimum signal amplitude (with least for chest location) as it is in NLOS situation
with most of the antenna locations and is at a lower height (0.6 m) leading to reduction
in signal strength and high multipath propagation. Highest amplitude is observed for
the antenna placed on the chest for BS2 due to the height of the antenna location,
visibility and orientation of the antenna with respect to BS2.

11.7.2.2 RMS delay spread
Highest multipath is generally observed for the situation when antennas are placed
on the torso region (i.e. waist and chest) especially when there is NLOS situation
between the antenna and the BS. The reason for the increase in multipath is due to
the fact that the antennas are present on the torso region which causes interference
[7]. In the measurements conducted, BS3 and BS4 are at the back of the human
subject; hence, the body itself acts like an obstruction causing delay and high multipath
propagation. An increase of 3.5 times in the RMS delay spread is observed when the
BS–MS link is in NLOS situation in comparison to LOS situation.
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Highest multipath (10.11 ns) is observed when the antenna is placed in the centre
of the chest for BS4. Lowest multipath (1 ns) is observed for BS1 – right wrist link
and for BS2 – left elbow and shoulder link, which is due the direct path propagation
between the BS and antenna, the distance between theTx and Rx antennas, and also the
antennas are facing each other bringing the antennas in LOS situation. Figure 11.16
shows different cases of the wearable antenna locations and the RMS delay spread
surface distribution over the area of localisation. It can be observed for Figure 11.16(a)
that BS1 (elbow) values are in range of 1–4 ns; for Figure 11.16(b) BS3 (elbow)
distinctly variable ranges of values are observed which is dependent on the position
of the wearable antenna with respect to BS3; for Figure 11.16(c) BS4 (chest) values
are in range of 8–12 ns. The darkest region occupying least area at the bottom of the
surface graph (Figure 11.16(c)) shows that the antenna is in NLOS situation as the
RMS values are high and as it goes further towards the other end, the antenna gets in
direct view of the BS3; hence in LOS situation and low RMS values are obtained.
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11.7.2.3 Kurtosis parameter analysis
For the torso region, the BS3 and BS4 are in NLOS situation, showing lower level
of kurtosis index in the range of 10–20 and BS1 and BS2 are in LOS situation
showing higher values of kurtosis index in the range of 40–60. The benefit of using
kurtosis as a feature of differentiation between different channel scenarios is that it can
classify the situations more distinctly, i.e. differentiate between partial LOS/NLOS
and LOS/NLOS situations [7, 27]. The mid-range values of kurtosis are in the range
of 30–40, still showing more chances of LOS situations in comparison to NLOS
situations. BS1 shows higher values of kurtosis for the right arm and BS2 for the
left arm as the BS is in direct LOS situation with the respective antenna positions. A
detailed description of kurtosis values for the right elbow is shown in Figure 11.17,
displaying values for each antenna position on the grid with respect to the BSs. BS1
and BS2 are in LOS situation and BS4 in NLOS. For antenna at BS3, there is an
increase magnitude from antenna location 1 to antenna location 49 on the grid, which
depicts the relation between distance of the antenna from the BS, position of the
antenna location with respect to the BS bringing it from NLOS (location 1) to LOS
(location 49) situation.

11.7.2.4 NLOS mitigation using threshold-based techniques
By using NLOS mitigation techniques such as leading edge detection techniques, and
channel information regarding the localisation environment, the NLOS ranging error
can be reduced to a level which is comparable with the LOS ranging error, hence
enhancing the performance of the UWB localisation system [28]. After applying
TOA-based range estimation techniques and positive bias error correction for NLOS
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Table 11.2 Average localisation accuracy for the body-worn antennas
placed on the upper half of the human body. ©2015 IEEE.
Reprinted with permission from Reference 7

Average localisation error (cm)

Antenna position x-axis (cm) y-axis (cm) z-axis (cm)

Left arm
Left shoulder 2.16 1.26 2.34
Left elbow 1.14 1.13 1.93
Left wrist 1.52 1.21 2.45

Right arm
Right shoulder 2.27 1.23 2.51
Right elbow 1.09 1.14 1.76
Right wrist 1.48 1.29 2.68

Torso
Chest 2.31 2.25 3.21
Waist 2.10 2.18 3.06

situations, higher accuracy results are obtained. In LOS conditions, a ranging error
below 3 cm occurs in more than 90% of the measurements. On the other hand, in NLOS
conditions ranging error below 3 cm occurs in less than 20% of the measurements
and increases to 70% after applying NLOS mitigation techniques [7].

11.7.3 Accuracy and error range analysis

11.7.3.1 Antenna localisation accuracy
Table 11.2 lists the accuracy achieved by applying TOA least square localisation
algorithm [7] in 3D for the eight antenna locations chosen on the upper body when
compared with actual coordinates that have been calculated geometrically. Highest
accuracy results have been observed for the antenna placed on the elbows (right and
left arms). Accuracy results below a centimetre have been observed in more than 50%
of the antenna locations with an average accuracy of 1–2 cm [7]. Figure 11.18 shows
the localisation results for the right elbow when compared to actual positions. This
can be attributed to the fact that the position of the elbow falls in the centre of the
volume of the cuboid in z-direction, hence along with x- and y-axis best accuracy
results are obtained in the z-direction also.

The antenna on the elbow is in LOS situations for three out of four BSs and the
antenna on the arm has better visibility and in comparison to antennas placed on the
torso region. Lower accuracy is observed for the antennas on the chest and waist in
the range of 2–3 cm. For the shoulder and wrist antenna locations, an average accuracy
of 1.5–2.5 cm has been observed. Overall, very high accuracy in the range of 1–3 cm
has been observed which makes UWB technology very suitable for indoor tracking
and localizing applications [7].
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11.7.3.2 Geometrical dilution of precision analysis
Low DOP values are obtained for all the antenna locations in the range of values
(1–2) which is considered as excellent accuracy values [7, 33]. The GDOP is computed
for the different positions of the antenna locations for each BS configuration in an
area of 1.5 × 1.5 m2. The average GDOP, HDOP and VDOP values for cuboid-shape
configuration used are 2.15, 1.22 and 1.64, respectively. It is observed that the VDOP
values are slightly higher in comparison to HDOP values. This is because the distance
of the BSs in the z-direction is only 0.8 m where as in the x − y-plane the distance
is 1.5 m which gives better coverage area in the x − y-plane. Figure 11.19 shows
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surface graphs for GDOP values for the whole localisation area for different heights
((a) elbow (0.4 m) and (b) shoulder (0.8 m)) of the antennas placed on the body. In
the experiment performed, the elbow is at a height of 0.4 m from BS1; hence, it gives
best positioning results. As we go above and below the centre of the cuboid, there will
be decrease in localisation accuracy as GDOP values increase.

11.8 Localisation of body-worn antennas using UWB
and optical motion capture system

The main objective of the work is to accurately determine and track a person’s position
and motion activity in an indoor environment using UWB technology based on TOA
positioning techniques and evaluate the results with the optical motion capture system
which is used as a standard reference.

11.8.1 Measurement set-up for upper body localisation

Human body localisation is performed at the motion capture studio housed at Kent
University, UK [39]. A human test subject of height 1.8 m and average build is chosen
for localising the antennas on the body in an area of 2 × 2 m2 as shown in Figure 11.20
in the frequency range 3–10 GHz. Twelve antenna locations are chosen with six at the
joints of the arms and six on the torso. The subject is made to sit on a chair which is
placed in the centre of the localisation area of. A vector network analyser is used to
capture S21 parameters for each antenna location on the body and receiver antenna.

(a) (b)

Figure 11.20 (a) Human subject sitting with UWB antenna placed on the chest and
the base station antenna on the tripod stand shown in circles. (b) TSA
antenna placed on the tripod stand with reflective markers
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IEEE. Reprinted with permission from Reference 39

TSAs are used as the body-worn antenna and also as the receiver antennas which
are placed in three different configurations [33, 39] (Figure 11.21(a)) (cuboid shape,
eight BSs; cuboid shape, four BSs; Y shape, four BSs).

TheTSA antennas [11] are mounted on plastic frames (Figure 11.21(b)) with three
markers, each to allow estimation of the position of the antennas in 3D space through
VICON optical motion capture system with passive infrared reflecting markers [40].
The optical motion capture system is used to compare localisation results and also
to obtain exact coordinates of the BSs (receiver antennas). Eight-camera system was
chosen to capture movement without obscuring of the markers in a 3 × 3 m2 space
with an accuracy of 1 cm. By using data from the coordination of at least two spatially
separated cameras, the position of the marker can be determined. The distance between
the human body surface and the antenna is around 5 mm. TOA ranging and positioning
techniques are applied to obtain coordinates of the antenna with respect to BS1.

11.8.2 Localisation results and analysis

From the measurement data, it is observed that different situations of LOS and NLOS
are obtained depending upon the BS and body-worn antenna location. Figure 11.22
shows the CIR obtained for base stations 1 and 2 for the body-worn antenna placed on
the chest (antenna 12). More multipath/high RMS delay spread is generally observed
for the situation when antennas are placed on the chest (such as antenna 12) in
comparison to the antennas placed on the arm (such as antenna 1). The reason for
the increase in multipath is due to the fact that the antennas are present on the torso
region which causes interference. Low RMS delay spread is observed for MS–BS
link such as BS1,5 for antenna 12 as it is in LOS situation with the two BSs and high
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Figure 11.22 Channel impulse response for different base stations 1 and 2 for
body-worn antenna location 12. (a) BS1 is in line of sight and
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RMS delay spread is observed for BS2,3,4,6,7,8 as NLOS situation is formed. For
the body-worn antenna 1, low RMS delay spread is observed for MS–BS3,4,7,8 and
higher values for MS–BS1,2,5,6.

Some of the factors affecting localisation accuracy are precise estimation of TOA
between the MS and BS, operating bandwidth, antenna efficiency and presence of
the human body which acts like an obstacle causing delay and interference. The
accuracy of the positioning system also depends on the number of BSs used and the
distribution of the BSs. The antennas should have sufficient spacing between each
other in order to keep minimum interference and coupling between the antennas.
Around 0.5 m distance between the antennas which is five times the wavelength at



Ultra wideband body-centric networks for localisation 369

Table 11.3 Average localisation error for the body-worn antennas. ©2014
IEEE. Reprinted with permission from Reference 39

Average localisation accuracy

x-axis (cm) y-axis (cm)

Eight base stations
Cuboid shape 1.74 2.32

Four base stations
Cuboid shape 2.51 2.82
Y shape 3.72 3.79
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Figure 11.23 Estimated and actual positions of the antennas placed on the body
for eight base station configurations. ©2014 IEEE. Reprinted with
permission from Reference 39

the lower frequency in the band (3 GHz) is sufficient. High localisation accuracy is
achieved as shown in Table 11.3 for various BS configurations studied.

The estimated and actual positions of the antennas are shown in Figure 11.23
for eight BS configurations showing high-accuracy position estimation (1–2 cm).
The localisation error obtained is similar to that of the motion capture system with
eight cameras. As the number of BSs is increased, the area under localisation is better
covered and also because of the usage of trilateration technique to estimate unknown
locations, additional antennas will enhance the least square solution accuracy. For the
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configurations considering four BSs, the error is increased by 0.5–1 cm for the cuboid-
shape configuration [39]. For the Y-shape configuration, which is more compact and
easily set-up, 1–1.5 cm increase in average error is obtained. This configuration has
the substantial advantage of using fewer BSs and requiring less coverage area for
localisation in comparison to the two other configurations applied.

11.9 Summary

Human body 3D localisation applying compact and cost-effective wearable antennas
placed at different locations on the body has been presented taking into account various
numerical simulation scenarios and realistic indoor environments. The overall average
accuracy in 3D localisation is around 2.5–4.5 cm for the case of simulations which are
conducted at a lower UWB bandwidth range. Based on the measured data for realistic
environments, channel classification has been performed in detail using features such
as RMS delay spread, signal amplitude and kurtosis which assist in identifying LOS
and NLOS situations. Simple and effective techniques for identifying and mitigating
NLOS situations have been stated and a UWB localisation scheme for human body
tracking has been proposed. GDOP analysis has been performed for validating the
compact BS configuration used with results showing GDOP values in the range of
1–2, which are considered as high-accuracy values. Results demonstrated that the
UWB system performance is highly affected by the position of the antennas on the
body with respect to the BS location and also by the type of channel between each
BS and MS link, thus showing the importance of considering these parameters while
making an optimal UWB localisation system for body-centric wireless communica-
tions. High 3D accuracy is obtained in centimetre range (1–3 cm) suitable for tracking,
patient monitoring, training of athletes and motion capture applications with higher
accuracy obtained for the limbs in comparison to the torso region, as there will be
more interference in the signal propagation by the torso. Best results are obtained
when the antenna is placed on the elbow (0.5–1.5 cm) for the BS considered; hence,
this location can be best suited for UWB indoor tracking of human subjects. Average
localisation accuracy as small as 1–2 cm has been achieved, which is comparable to
common commercial optical systems. The work carried out gives an insight regarding
the propagation phenomenon when antennas are placed on the human body and the
factors affecting the accuracy achieved while localizing the antennas present on the
human body.
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Chapter 12

Down scaling to the nano-scale in body-centric
nano-networks

Ke Yang∗, Nishtha Chopra∗, Qammer H. Abbasi†,
Khalid Qaraqe†, and Akram Alomainy∗

12.1 Development of nano-communication

As Metin Sitti said, small-scale network has a quite bright future, especially in health-
care and bioengineering scenario because the corresponding devices in the network
are “unrivalled for accessing into small, highly confined and delicate body sites,
where conventional medical devices fall short without an invasive intervention” [1].

Nano-technology has gained a great attention since it was put forward in 1959 [2].
The most fundamental elements to materialize nano-technology are the development
of battery-free nano-devices, which can be used to accomplish simple tasks such
as computation, sensing, and communication [3]. Furthermore, by combining these
basic units, the capacity of these nano-devices could be substantially expanded and
much more complex tasks can be targeted, which highlights the concept of nano-
networks. The latter opens the door to an immense range of applications ranging from
medical technologies to flexible electronics [4]. On the other hand, researches on body
area networks (BAN) at microwave frequencies have obtained great achievements,
and it is pointed out by Prof. Metin Sitti that the entire network systems would be
shrunk into nano-scale with the nano-robots and molecular machine as the elements
in the near future [1]. Additionally, combined with the concept of internet of things,
the internet of multi-media nano-things has been introduced and detailed in Reference
5, which indicates the significance of the study of nano-communication. As the name
indicates, nano-communication encapsulates the communication between devices at
the nano-scale applying novel and modified communication and radio propagation
principles in comparison to conventional and existing solutions as further explained in
this manuscript [3]. Among three scenarios of body-centric communications, namely:
in-body, on-body, and off-body [6], where the in-body application related to medical
healthcare is the most promising and of great interest.
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Table 12.1 Overview of the envisioned applications [1, 4]

Biomedical [10] Environmental Industrial Military

Health
monitor

• Active visual imaging
for disease diagnosis
[11–15]

• Mobile sensing for disease
diagnosis [16–19]

Bio-degradation
[7]

Product
quality
control
[20]

Nuclear,
biological, and
chemical
defences [21]

Therapy • Tissue engineering [22–24]
• Bio-hybrid implant [25, 26]
• Targeted therapy/drug

delivery [27–31]

Bio-control
[39–41]

Intelligent
office [9]

Nano-
fictionalized
equipment [42]

• Cell manipulation [11],
[32–35]

• Minimally invasive surgery
[36–38]

12.2 Applications of nano-communication

There are a great number of potential applications of nano-networks, which can be
mainly divided into four groups: biomedical, environmental, industrial, and military
[4, 7], which have been summarized and classified in Table 12.1. From it, we can
see that nano-networks are born for biomedical fields due to its advantages of size,
bio-compatibility, and bio-stability. Nano-devices spreading over the human body
can monitor the human physical movement. For example, nano-pressure-sensors dis-
tributed in eyes can detect the intraocular pressure (IOP) for the early diagnosis
and treatment of glaucoma to prevent vision loss [1]. At the same time, the nano-
devices deployed in bones can monitor the bone-growth in young diabetes patients
to keep them from osteoporosis [1]. Furthermore, nano-robots inside the biologi-
cal tissues can detect and then eliminate malicious agents or cells, such as viruses
or cancer cells, make the treatment less invasive and real time [8]. Moreover, net-
worked nano-devices will be used for organ, nervous track, or tissue replacements,
i.e., bio-hybrid implants. While in Reference 9, the concept of intelligent office was
proposed, shown in Figure 12.1. Nano-transceivers are attached to all the elements
in the office and even their internal components, which enables them connect to the
Internet all the time; therefore, the user can keep track of the location and status of all
the belongings in an effortless fashion. At the same time, all the nano-sensors detect
the user’s movement to make essential activity according to the corresponding user’s
behaviour/needs.

Figure 12.2 shows an example of health monitor system with nano-network: the
nano-machines spreading over the clothes can sense the change of the surrounding
and make the corresponding response to protect the user or make the user comfortable;
the nano-sensors inside the body can sense the body information to indicate the health



Nano-node

Nano-router

Nano-link Micro-link

Gateway

Nano-micro
interface

Internet

Figure 12.1 Network architecture of the e-office. ©2010 IEEE. Reprinted with
permission from Reference 9

Nano-machine
inside human

body

Nano-machines spreading
over the clothes

Nano-tag

Figure 12.2 Architecture of a health monitor nano-network
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level, for example, the nano-sensor around the heart can monitor the activity of the
heart while the ones in neuro-system can release the pain if necessary; nano-phones
can entertain the user in the process of exercise or make a phone call, but much more
importantly, it can be used as the nano-micro interface and the nano social tags inside
the users’ body can be used as the identity which could make the communication
between people much more convenient.

A conceptual network model of IoNT, based on On-Off Keying (OOK) protocol
and Time Division Multiple Access (TDMA) framework, was done in Reference 43,
where the nano-sensors were randomly deployed at organs of the human body and
may be moved by body fluid. The suggested model assumes hexagonal cell-based
nano-sensors deployed in cylindrical shape three-dimensional (3-D) hexagonal pole,
which is closer to the shape of organs. The network architecture of the IoNT for intra-
body disease detection is shown in Figure 12.3(a). As normal, the network contains
nano-sensors, nano-routers, nano-micro interface, and gateway. When nano-sensors
detect specific symptoms or virus by means of molecules [44] or bacteria behaviours
[45], simple data (e.g., 1 for detection or 0 for non-detection) will be transmitted over
short ranges to nano-routers to inform the existence of symptoms or virus because of
the limited capacity of the nano-sensors. Because of the relatively more computational
resources, nano-routers can aggregate the data and send the related information to
the nano-micro interface. The gateway (i.e., micro-scale device) enable the remote
control of the entire system over the Internet possible. Each cell, the smallest living
unit of organs, is considered as a hexagonal shape cell, shown in Figure 12.3(b),
resulting a 3-D structure for the nano-sensor networks. A 3-D space for the individual
target organ, for example, heart, lungs, and kidney, is constructed by the accumulated
unit layers which consist of unit cells. As many nano-sensors as possible are put in
the model where each hexagonal cell has one active nano-sensor.

Nano-sensors within each layer construct a cluster, where the information sensed
by each nano-sensor can be transmitted to the nano-micro interface through the nano-
router of each cluster. Each hexagonal cell may have more than one nano-sensors. To
make the load of the energy consumption evenly distributing in the nano-networks,
only the nano-sensor with the most energy can be selected as the active nano-sensor
while the others will go into the sleep mode which would be used for the next data
transmission. The information detected by the nano-sensors would be transmitted
within the occurrence layer to the nano-router at the centre cell (annulus A0) of the
same layer which are also served as an active nano-sensor. Then the data collected by
the nano-router of each layer are sent to layer 0’s nano-router which will forward the
collected data to the nano-micro interface to communicate with micro-scale devices,
i.e., gateway. From Figure 12.3, it can be seen that there are three transmission
methods:

● Direct data transmission: the data would be sent directly from the nano-sensor to
the corresponding nano-router [46].

● Multi-hop data transmission: the data would be sent to the adjacent nano-sensors
which locate in the neighbour cell and is randomly selected until the corresponding
nano-router is reached in the way of annulus by annulus hierarchically.
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Internet

Q1

Q3 Q4

Micro-device

Nano-device
Leaf

N2

N3

M1

N1

Q2

Gateway Micro-device

Cluster
of

nano-devices

M

M

M

(a) 

(b) 

Figure 12.4 Nano-network for plant monitoring. (a) Hierarchical structure of
nano-networks for the plant monitoring application and (b) Details of
the nodes distribution. ©2015 Elsevier. Reprinted with permission
from Reference 47

● Hybrid data transmission: the data can be sent by combining the multi-hop and
direct transmission methods. First, a threshold range is defined. Then, within the
threshold range, every nano-sensor sends the data directly to the nano-router in
the same layer. Otherwise, the multi-hop transmission should be used when the
nano-sensor is outside the range.
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Similarly, there are also three data transmission methods between layers, shown in
Figure 12.3(b).

Figure 12.4 shows an example of using nano-network for agricultural crop-
monitor [47]. The chemical compound released by plants can be caught by the nano-
sensors, and such information can be sent to the micro-devices to analyse the knowl-
edge of environmental conditions and plant interaction patterns; thus, an enhanced
chemical defence systems could be developed, or the underground soil condition can
be retrieved by using plants as sensors. A large numbers of nano-devices equipped with
chemical nano-sensors andTHz radio units are deployed on the plant, which can trans-
fer the data detected to a micro-scale networking device over a short distance, where
the transmission frequency can be dynamically selected in order to optimize through-
put of the network. The hierarchical structure of this monitoring network is illustrated
in Figure 12.4(a) where numerous nano-sensors are situated on the plant through sus-
pension in a spray applied to the plants [47]. The chemical nano-devices deployed
in the nano-network comprise a power block and a communication block along with
relevant sensors, processing and storage units. The nano-devices are supposed ran-
domly scattered on the plant leaves, and clusters are formed based on their location
and proximity to micro-devices which are located at specified points on the stem to
manage clusters of nano-devices, shown in Figure 12.4(b). The information can only
be sent by single-hopped way which means that there is no Non-Line of Sight (NLoS).

12.3 Available paradigms of nano-communication

To connect the nano-devices, the communications between them need to be completed.
According to Reference 4, nano-communication can be divided into two scenarios:
(1) communication between a nano-machine and a larger system such as micro/macro-
system and (2) communication between two or more nano-devices. Furthermore,
the methods of electromagnetic, acoustic, nano-mechanical, or molecular can all be
applied to nano-communications [42], and some of them will be discussed in this
section.

12.3.1 Molecular communication

As the original idea of nano-communication, molecular communications are consid-
ered as the most promising paradigm to achieve the nano-communication, because
there are numerous examples in nature for us to learn and study. In molecular
communication, an engineered miniature transmitter releases small particles into a
propagation medium while the molecules are applied to encode, transmit, and receive
information. Usually, in molecular communication, information can be encoded in
various ways, such as in the release time of the molecules (timing modulation) [48,
49], in the concentration of the molecules or number of molecules per unit area (con-
centration modulation) [50, 51], in the number of molecules (amplitude modulation)
[52], in the identities of the molecules, etc. Molecular communication can be classi-
fied into several categories such as walkway-based where molecules propagate along
a predefined pathway via molecular motors, flow-based where molecules propagate
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in a guided fluidic medium, diffusion-based where molecules propagate in a fluidic
medium via spontaneous diffusion, etc.

As the most general and widespread scheme found in nature, the diffusion-based
molecular communication (DMC) is the most widely investigated. Some of the most
prominent works include mathematical framework for a physical end-to-end channel
model for DMC [53], development of an energy model for DMC [54], modelling of
diffusion noise [55], channel codes for reliability enhancement [56], and relaying-
based solutions for increasing the range of DMC [57, 58].

However, the flow-based molecular communication is much more accurate which
has also been caught attention recently [59, 60]. Srinivas et al. [49] first studied
the case of molecules with timing modulation in the fluidic medium while flow-
based molecular communication with concentration modulation was initially analysed
later [51]. In 2014, flow-based molecular communication with amplitude modulation
scheme was studied [52]. Meanwhile, a more general flow-based molecular commu-
nication model has been proposed recently which can be applied to both molecule
shift keying (MoSK) and concentration shift keying (CSK) [61], where the effects of
the moving medium on the signal propagation and bit error rate (BER) performance
was investigated.

12.3.2 Acoustic communication

Acoustic propagation introduces slight pressure variations in the fluid or solid
medium, which satisfy the wave equation. The behaviour of the nano-robots is rel-
evant to their physical properties, surrounding medium, and the working frequency.
The feasibility of in vivo ultrasonic communication is evaluated by Hogg et al. [62],
where communication effectiveness, power requirements, and effects on nearby tissue
were examined on the basis of discussion on the principles. Based on this knowledge,
an isolated robot and an aggregated robot were designed to use in blood vessel. Later,
the nano-scale opto-ultrasonic communications in biological tissues was discussed in
References 8 and 63, where the generation and propagation model were studied, and
in line with Reference 62 the hazards and design challenges were investigated.

12.3.3 EM communication

As the name indicates, electromagnetic methods use the electromagnetic wave as the
carrier and its properties like amplitude, phase, etc. are used to encode the information.

The possibility of EM communication is first discussed in Reference 7 on the
basis of the fact that THz band can be used as the operation frequency range for future
EM nano-transceivers because of the emerging new materials like carbon nano-tube
(CNT) and graphene [44] while Reference 64 demonstrates the theoretical model of
the nano-network whose nodes are made of CNT. Later, the channel model for THz
wave propagating in the air with different concentrations of the water vapour was
presented in Reference 65, and the corresponding channel capacity was also studied.
Based on the characteristics of the channel, a new physical-layer aware medium
access control protocol, Time Spread On-Off Keying (TS-OOK), was proposed [5].
Meanwhile, the applications of THz technology in imaging and medical field [66, 67]
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have also achieved great development, and the biological effects of THz radiation are
reviewed in Reference 68 showing minimum effect on the human body and no strong
evidence of hazardous side effects.

Later, a more detailed model of THz communication was proposed with the
consideration of multi-ray scenario; thus, the propagation models for reflection,
scattering, and diffraction were considered in Reference 69. At the same time, the
scattering effects of small particles were discussed with the analysis frequency and
the impulse responses [70]. Also, the finite-difference time-domain (FDTD) and the
ray-tracing (RT) technique were compared to evaluate the reception quality in nano-
network with the consideration of two cases: line-of-sight (LOS) and multiple objects
dispersed near the LOS [71]; then, the conclusion was drawn that at the THz band RT
is as good as FDTD. Meanwhile, a discussion of the use of VHF band was conducted
with the study of the BER performance of the nano-receiver made of CNT [72].

12.4 Current study on body-centric nano-networks
at THz band

12.4.1 Numerical modelling of THz wave propagation in human
tissues

12.4.1.1 Relationship of optical parameters to electromagnetic
parameters

At optical frequencies, all the information is usually delivered in terms of refractive
index or index of refraction:

ñ( f ) = nr( f ) − jni( f ). (12.1)

The real part nr can be usually obtained directly from the measurement while the
imaginary part ni (which would also be referred to as κ , named extinction coefficient)
can be calculated from the absorption coefficient α. The relationship between the two
can be given by:

ni( f ) = α( f )λo

4π
, (12.2)

where, λo = c/f is the wavelength in free-space.
From ñ, we can obtain the relative permittivity constant ε as:

ε( f ) = ñ( f )2 = nr( f )2 − κ( f )2 − j2nr( f )κ( f ). (12.3)

Thus, we can obtain:{
ε′ = nr( f )2 − κ( f )2,

ε′′ = 2nr( f )κ( f ),
(12.4)

where ε′ and ε′′ are the real and imaginary parts of the permittivity ε.
The absorption coefficient of some human tissues, i.e. blood, skin, and fat,

is shown in Figure 12.5(a) [73, 74] while the EM parameters, i.e., permittivity of



384 Advances in body-centric wireless communication

(a) 

40
0.4 0.5 0.6 0.7 0.8 0.9 1.0

Freq. (THz)

a 
(c

m
–1

)

1.1 1.2 1.3 1.4 1.5 1.6

60
80

100
120
140
160
180
200
220
240
260
280
300

Blood
Skin
Fat

(c) 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

e ″

0.4 0.5 0.6 0.7 0.8 0.9 1.0
Freq. (THz)

1.1 1.2 1.3 1.4 1.5 1.6

Blood
Skin
Fat

(b) 

2.0

2.5

3.0

3.5

4.0

e ′

0.4 0.5 0.6 0.7 0.8 0.9 1.0
Freq. (THz)

1.1 1.2 1.3 1.4 1.5 1.6

Blood
Skin
Fat

Figure 12.5 Optical and electromagnetic parameters of human tissues (blood,
skin, and fat). (a) Measured absorption coefficient α. ©2003 Springer.
Reprinted with permission from References 73, 74, (b) Real part of the
relative permittivity (calculated from (12.4), and (c) imaginary part of
the relative permittivity (calculated from (12.4)). ©2015 IEEE.
Reprinted with permission from Reference 6
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the corresponding tissues, calculated from (12.4), were shown in Figures 12.5(b)
and 12.5(c).1

12.4.1.2 Path loss
A modified Friis equation has been proposed by Jornet et al. in Reference 65 to
calculate the path loss of the THz channel in water vapour, which can be divided into
two parts: the spread path loss PLspr and the absorption path loss PLabs. Similarly, the
path loss in human tissues can also be divided into two parts:

PLtotal[dB] = PLspr( f , d)[dB] + PLabs( f , d)[dB], (12.5)

where f stands for the frequency while d is the path length.
The spread path loss is introduced by the expansion of the wave in the medium,

which is defined as:

PLspr( f , d) =
(

4πd

λg

)2

, (12.6)

where λg = λo/nr stands for the wavelength in medium with free-space wavelength
λo, and d is the travelling distance of the wave. In this study, the electromagnetic
power is considered to spread spherically with distance.

The absorption path loss accounts for the attenuation caused by the molecu-
lar absorption of the medium, where part of the energy of the propagating wave is
converted into internal kinetic energy of the excited molecules in the medium. The
absorption loss can be obtained from the transmittance of the medium τ ( f , d):

PLabs = 1

τ ( f , d)
= eα( f )d . (12.7)

The dependency of the channel path loss for blood, skin, and fat on the distance
and frequency is shown in Figure 12.6. It is demonstrated that there are some fluctu-
ations in each individual figure due to the fact that absorption path loss is related to
the extinction coefficient, κ , which is not an analytical function along the required
frequency band, in addition to the expected increase in path loss values with larger
distances and higher frequency components. For different tissues, the path loss varies
with blood experiencing the highest losses, followed by the skin due to the water
concentration, which contributes a significant absorption path loss. At the level of the
millimetres, the path loss of the blood is around 120 dB, while the skin is around 90 dB
and the fat is around 70 dB. Compared with the channel attenuation of the molecular
communication [50], the future of the EM paradigms is promising because at 1 kHz
(here, the frequency is the operation frequency of the RC circuit which depicted the
emission and absorption process of the diffusion-based particle communication) and
at a distance of 0.05 mm the molecular channel attenuation is above 140 dB which is
substantially higher than the case for blood at the distance of 1 mm applying THz EM
communication mechanism. In Reference 75, the capacity was also compared between
the two paradigms, showing that that the EM communication keeps extremely high

1 The refractive index nr is 1.97, 1.73, and 1.58 for blood, skin, and fat, respectively.
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data rate until the distance is shorter than 10 mm while the molecular communication
scheme provides much lower capabilities.

12.4.1.3 Noise
The molecules along the path not only introduce the attenuation of the wave but also
introduce the noise because their internal vibration, provoked by the incident wave,
would turn into the emission of EM radiation at the same frequency [76], which can
be measured by the parameter of the emissivity of the channel, ξ :

ξ ( f , d) = 1 − τ ( f , d). (12.8)

where, τ ( f , d ) = e−α( f )d is the transmissivity of the medium, f is the frequency of
the EM wave, d stands for the path length.

Thus, the equivalent noise temperature due to molecular absorption can be
obtained:

Tmol( f , d ) = T0ξ ( f , d ), (12.9)

where T0 is the reference temperature, f is the frequency of the EM wave, d stands
for the path length, ξ refers to the emissivity of the channel given by Eq. 12.8. It
should be noted that this kind of noise only appears around the frequencies in which
the molecular absorption is quite high.

The total noise temperature of the system Tnoise is composed of the system elec-
tronic noise temperature, Tsys, and the total antenna noise temperature, Tant , which
includes not only the molecular absorption noise temperature, Tmol , but also other
contributions from several sources, Tother , such as the noise created by surrounding
nano-devices or the same device:

Tnoise = Tsys + Tant = Tsys + Tmol + Tother. (12.10)

For a given bandwidth, B, the total system noise power at the receiver can be
calculated as follows:

Pn( f , d ) =
∫

N ( f , d )df = kB

∫
Tnoise( f , d )df , (12.11)

where N stands for the noise power spectral density; kB is the Boltzmann constant;
Tnoise is the equivalent noise temperature.

Because the electronic noise temperature of the system is assumed to be low
due to the electron transport properties of graphene [77], the main factor affecting
the channel performance will be the molecular absorption noise temperature, which
indicates Tnoise ≈ Tmol .

The molecular absorption noise temperature is shown in Figure 12.7. It can be
seen that the noise temperature increases with the rise of the frequency and distance,
which will lead to the rise of the noise power. At the level of millimetres, the molecular
noise temperature reaches 310 K, the normal human temperature.

12.4.1.4 Channel capacity of human tissues at THz band
In order to evaluate the potential of the Terahertz band, the channel capacity would be
used as the performance metric. In the analysis, THz band is considered as a single
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Figure 12.7 Noise temperature as a function of the distance and frequency for
different human tissues. (a) Blood, (b) skin, and (c) fat. ©2015 IEEE.
Reprinted with permission from Reference 6
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transmission window which is almost 1THz wide (from 0.5THz to 1.5THz) because
of the limit of the current database for human tissues at THz band.

According to the Shannon’s theory, the channel capacity can be obtained as
follows [78]:

C = B log2

(
1 + S

N

)
, (12.12)

where B is the whole bandwidth of the system while S
N stands for the signal-noise-ratio.

From the previous investigation, the channel is frequency-selective and the noise
is non-white, thus the whole bandwidth needs to be divided into many narrow sub-
bands which can be chosen small enough to make the channel appear non-selective and
the noise p.s.d. locally flat [78]. The ith sub-band is centred at fi with the bandwidth
	f (i = 1, 2, 3 . . . ). Then, (12.12) can be rewritten as:

C(d) =
∑

i

	f log2

[
1 + S( fi)

PL( fi, d)SN ( fi, d)

]
, (12.13)

where S( fi) is the power spectral density of the transmitted signal while 	f is fixed to
0.1THz. And here the frequency band covering from 0.5THz to 1.5THz with 1THz
bandwidth is considered.

From (12.12), it can be easily seen that besides the effect of both path loss and
noise temperature communication capabilities are also strictly influenced by the way
how the transmitted power, Ptx, is distributed in the frequency domain. In line with
Reference 65, three communication schemes (i.e., flat, pulse-based, and optimal) are
considered in this work and characterized in what follows.

• Flat communication
The total power transmission, Ptx, is uniformly distributed over the entire operating
band. Thus, the corresponding power spectral density is:

Sf ( f ) =
{

S0 = Ptx/B if fm ≤ f ≤ fM

0 otherwise,
(12.14)

where, obviously,
∫ fM

fm
Sf ( f )df = Ptx, that is, S0 = Ptx/B.

• Pulse-based communication
Taking into account capabilities of graphene-based nano-electronic, the pulse gen-
erated by a nano-device, i.e., the wave form used to transmit the logical 1, can be
modelled with a n-th derivative of a Gaussian-shape, i.e., φ( f ) = (2π f )2ne(−2πσ f )2

[65]. Hence, the power spectral density can be expressed as:

Sp( f ) = a2
0 · φ( f ), (12.15)

where σ and a2
0 are the standard deviation of the Gaussian pulse and a normalizing

constant, respectively.
Considering that

∫ fM
fm

Sp( f )df = Ptx, a2
0 is given by:

a2
0 = Ptx

/∫ fM

fm

φ( f ). (12.16)
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• Optimal communication
This scheme aims at maximizing the overall channel capacity by optimally adapting
the power allocation as a function of frequency-selective properties of the channel.
The optimal transmission scheme can be obtained solving the following optimization
problem with the consideration of (12.13):⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩
max

{∑
i

	f log2

[
1 + So( fi)

PL( fi, d )N ( fi, d )

]}
,

subject to
∑

i

So( fi)	f = Ptx.

(12.17)

As known, the maximum value of a concave function, like the one in (12.17), can
be done by using Lagrange multiplier, λ. Thus, the optimization problem can be
rewritten as:

max

{∑
i

	f

(
log2

[
1+ So( fi)

PL( fi, d)N ( fi, d)

]
+λSo( fi)

)
−Ptx

}
. (12.18)

The maximum is found by equating to zero the derivative of the argument of
(12.18) with respect to So( fi) and λ. This produces:

1

ln (2)[So( fi) + PL( fi, d)N ( fi, d)]
= λ ∀i. (12.19)

That is, the overall channel capacity is maximized when:

So( fi) + PL( fi, d )N ( fi, d ) = β, (12.20)

where β is a constant to be evaluated.
The problem can be solved by using the water-filling principle, which adopts

an iterative procedure for finding the most suitable power distribution on available
sub-bands. In details, at the n-th step, β is computed as:

β(n) = 1

L(n)

[
Ptx

	f
+

∑
i

PL( fi, d )N ( fi, d )

]
, (12.21)

where L(n) is the number of sub-bands at the n-th step.
In particular, considering the i-th sub-band, the power spectral density is set as

So( fi) = β − A( fi, d)N ( fi, d). If it results So( fi) ≤ 0, then the corresponding power
spectral density is set to 0 and (12.21) should be computed again (without considering
the identified sub-band) as long as there are no sub-bands with a negative So( fi). At
the end, the procedure optimally distributes the total power transmission over the
available sub-bands by assigning higher power spectral density values to sub-bands
offering better channel conditions (i.e., lower path loss and lower noise power).

Figure 12.8 shows the capacity for different tissues with different power allo-
cations. From the figure, it can be seen that with the increase of the distance the
capacity will keep almost the same at first and then drop significantly at some point
(for different tissues and different power allocation, the point changes). And also we
can see that the optimal one always occupies the top while the performance of the



Down scaling to the nano-scale in body-centric nano-networks 391

1015

1010

105

100
10–6 10–5

Dist. (m)

Dist. (m)

Flat
Pulse-based
Optimal

10–4 10–3 10–2

10–6 10–5 10–4 10–3 10–2

Dist. (m)
10–6 10–5 10–4 10–3 10–2

C
ha

nn
el

 c
ap

ac
ity

 (b
ps

)

1015

1010

105

100

C
ha

nn
el

 c
ap

ac
ity

 (b
ps

)

1015

1010

105

100

10–5

C
ha

nn
el

 c
ap

ac
ity

 (b
ps

)

Flat
Pulse-based
Optimal

Flat
Pulse-based
Optimal

(a)

(b)

(c)

Figure 12.8 Capacity for different tissues with different power allocations ©2015
IEEE. Reprinted with permission from Reference 6. (a) Blood,
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pulse-based one is not as good as the other two but the differences between them are
not very huge. By comparing the three figure listed, we can see that the capacity of
fat is better than the other two.

12.4.2 Effects of non-flat interfaces in human skin tissues
on the in vivo THz communication channel

12.4.2.1 Applied numerical skin models
Human skin structure
The skin is a complex heterogeneous and anisotropic medium, where the small parts,
like blood vessel and pigment content, are spatially distributed in depth [79] [80],
as shown in Figure 12.9. Human skin [81] can be generally divided into three main

200 µm
(b)

(a)

Epidermis

Dermis

Fat cells

Cut-away view of skin

Figure 12.9 Skin layer model and the corresponding OCT image. (a) Layered skin
model and (b) OCT image of the skin ©2013 IEEE. Reprinted with
permission from Reference 84
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visible layers from the surface: the epidermis (∼100 μm, blood-free layer), the dermis
(∼1–4 mm, vascularized layer) and the subcutaneous fat (from 1 to 6 mm dependent
on the location) as shown in Figure 12.9 [82]. The epidermis contains two sub-layers:
stratum corneum with only dead squamous cells and the living epidermis layer, where
most of the skin pigmentation stay. The stratum corneum is a thin, stratified, and highly
specialized layer which is accumulated on the outermost skin surface. The dermis,
supporting the epidermis, is thicker and mainly composed of collagen fibres and
intertwined elastic fibres enmeshed in a gel-like matrix. The subcutaneous fat layer
is composed of the packed cells with considerable fat, where the boundary is not well
demarcated; thus the thickness of this layer varies widely for different parts of human
body [83].

Numerical skin models
• Models with rough boundary
From the skin model and its optical coherent tomography (OCT) image shown in
Figure 12.9 [84], it can be observed that the interface between the layers is non-flat
[85], and the dermal ridges prolong and penetrate into the epidermis. In this chap-
ter, the influence of rough interface between these two layers was studied, making
the model more physiologically plausible. CST Microwave StudioTM software pack-
age using Finite Integration Technique was selected to simulate the propagation and
interaction of THz wave in the 3-D numerical model of skin, shown in Figure 12.10
where the interfaces between the epidermis and dermis are 3-D sine and 3-D sinc
wave, respectively. A cube, L μm wide and H μm high was built to model the skin
cube, including a hepi μm upper layer as the epidermis and a hderm μm layer as the
dermis. The bisected cross-sections of both models are shown in Figure 12.11 and the
corresponding applied functions, depicting the 3-D surface, were shown below:

z = ± A cos
(

2πx

S

)
cos

(
2πy

S

)
, (12.22)

(a) (b)

Figure 12.10 Numerical models with different function interfaces, developed in
CST Microwave Studio. (a) Stratified skin model with 3-D sine
function as the interface and (b) stratified skin model with 3-D sinc
function as the interface. ©2015 Elsevier. Reprinted with permission
from Reference 86
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hepi

hderm
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S
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Epidermis

Dermis PML

H

(a)

(b)

Figure 12.11 Cross-section of the applied models in Figure 12.10 (L is the cube
length, H is the cube height, hepi and hderm is the thickness of
epidermis and dermis, A is the amplitude of the surface while S is the
span of the surface). (a) Stratified skin model with 3-D sine function
as the interface in CST and (b) Stratified skin model with 3-D sinc
function as the interface in CST. ©2015 Elsevier. Reprinted with
permission from Reference 86

where A and S are short for amplitude and span, respectively; “+” stands for the peak
scenario while “−” refers to the valley case (in Figure 12.11(a), “−” is chosen):

z =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

± A
sin

(√
(x − nS)2 + (y − nS)2

)
√

(x − nS)2 + (y − nS)2
, when −(2n − 1)S/2 ≤ x, y ≤ (2n + 1)S/2;

0, else;

(12.23)
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Table 12.2 Different parameters of simulated models using sine
and sinc functions as the interface (unit: μm)

Model Sine Sinc

H 2105 1600
L 2100 2100
hepi [405–105] [40–240]
hderm [1000–1700] [1260–1460]

Table 12.3 Parameters of the dipole antennas used as transmit
and receive elements for the EM propagation power
loss study across and within the human skin tissue
models

Dipole on the skin surface Dipole in the skin

Arm length (μm) 43 36
Radius (μm) 5 5

where A represents the amplitude of the sinc function while S is the span of sinc
function shown in Figure 12.11(b); n = L/S is the ratio of skin cube length to sinc
function span; “+” stands for the peak scenario while “−” refers to the valley case
(Figure 12.11(b) shows the case of “+”).

The parameters of the two models in Figure 12.10 are summarized in Table 12.2.2

Two dipoles are also modelled as the nano-antennas, working at THz band. One
is placed on the skin surface while the other is located within the skin. Two discrete
ports were applied to the dipoles and the transmission coefficient, S21, was recorded
to investigate the power loss. The dimensions of the dipoles are shown in Table 12.3,
and they are optimized to ensure that the impedance matching is better than −10 dB.
The open boundary, i.e., Perfect Match Layer (PML) was applied to ensure that the
reflections of the abruptly-cutting boundaries are neglectable. The nano-second long
Gaussian pulse is applied in the Time-Domain simulation while hexahedral mesh
type was applied. The permittivities applied to the different parts of skin are shown
in Figure 12.12 [87].

• Skin models with sweat ducts
For this part of the study, similar detailed skin model as shown in Figure 12.10(a)
was applied with the inclusion of sweat ducts, as shown in Figure 12.13. The sweat
duct is 265 μm in height and 40 μm in diameter. It includes three turns to be consid-
ered as a helical antenna (for helical antenna, number of turns should be at least 3).

2 For sine model the amplitude of the surface A is 350 μm while for sinc model the amplitude of the surface
A is 200 μm.



396 Advances in body-centric wireless communication

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
3

3.5

4

4.5

5

5.5

6

6.5

7

Freq. (THz)

M
ea

su
re

d 
pe

rm
itt

iv
ity

 (r
ea

l p
ar

t)

Dermis
Epidermis
Water as sweat

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 20

1

2

3

4

5

6

Freq. (THz)

M
ea

su
re

d 
pe

rm
itt

iv
ity

 (i
m

ag
in

ar
y 

pa
rt)

Dermis
Epidermis
Water as sweat

(a)

(b)

Figure 12.12 Permittivity of different skin layers and sweat at THz frequencies:
(a) Real part of the relative permittivity and (b) imaginary part of the
relative permittivity. ©2007 International Society for Optics and
Photonics. Reprinted with permission from Reference 86

Only when the sweat duct contains sweat, containing 99% water and 1% salt and
amino acid [88], it can be regarded as a conductor; and hence the permittivity of
water at THz band was used to model sweat duct, as shown in Figure 12.12.

12.4.2.2 Analysis of skin-internal non-flat interfaces
on the THz EM channel

• Effects of different shapes
Four scenarios were investigated with model parameters as shown in Table 12.4.
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Figure 12.13 Numerical model of skin while including sweat ducts ©2015
Elsevier. Reprinted with permission from Reference 86

Table 12.4 Amplitude and span change for the different interface
models (unit: μm)

Sine model Sinc model

S = 700 A = 350 S = 700 A = 200

A S A S
175 350 100 300
245 560 120 400
350 700 140 500
420 910 160 600
525 1050 180 700

200

The models with different amplitudes and spans (shown in Table 12.4) are sim-
ulated. The power losses for individual cases were recorded. Take the sine model
as an example, the line array recorded is illustrated in Figure 12.14. Then the mean
values and deviations of the power losses are calculated (as shown in Figure 12.15)
and compared to the power losses obtained from the common flat one, where it can
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Figure 12.14 Effects of parameter changes on power loss for sine-wave model
listed in Table 12.4. (a) Power loss of different span values when A is
set to 350 μm and (b) power loss of different amplitude values when
S is set to 700 μm. ©2015 Elsevier. Reprinted with permission from
Reference 86
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Figure 12.15 Dependence of the power loss on the distance for different models.
(a) Influence of span change on power loss and (b) influence of
amplitude change on power loss. © 2015 Elsevier. Reprinted with
permission from Reference 86

be seen that all values decrease due to the distance increment. The power loss of the
flat model and the mean values of stratified models with 3-D sine and sinc surfaces
are close to each other, pointing out that the influence of the rough interface could be
neglected, when the general study is being conducted. Additionally, the deviation of
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(a) (b)

(d)(c)

Figure 12.16 Electric field distribution of the dipoles at 1THz for the peak
scenario of the sine wave model. (a) Electric field distribution for the
dipole in skin at the plane of xoz (y = 0), (b) electric field
distribution for the dipole in skin at the plane of xoz (y = 0), (c)
Electric field distribution for the dipole on skin surface at the plane
of yoz (x = 0), and (d) Electric field distribution for the dipole on
skin surface at the plane of yoz (x = 0). © 2015 Elsevier. Reprinted
with permission from Reference 86

the stratified model with 3-D sine interface is greater than the one with sinc interface.
The biggest difference is around 2 dB, and they both increase with the increasing
distance. By comparing the results shown in Figure 12.15(a) and 12.15(b), it can be
concluded that the span variation would cause more changes to the power loss because
of its larger deviations, reaching around 10 dB (sine model) and 5 dB (sinc model) at
the distance of 600 μm, respectively, while the deviation of the amplitude is always
less than 1 dB.

• Effects of the antenna location
The impact of the location of the antennas is also studied. In one of the scenarios,
both antennas are placed along the line going through the peak of the 3-D wave
as shown in Figure 12.16(a) while another going through valley of the wave as
shown in Figure 12.17(a). The field distributions for both cases of the sine model
are shown in Figures 12.16 and 12.17. It can be easily seen that the applied PML
boundary has no effect to the performance of the antenna and the interface between
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(a) (b)

(c) (d)

Figure 12.17 Electric field distribution of the dipoles at 1THz for the valley
scenario of the sine wave model. (a) Electric field distribution
for the dipole in skin at the plane of xoz (y = 0), (b) electric field
distribution for the dipole in skin at the plane of xoz (y = 0),
(c) electric field distribution for the dipole on skin surface at the
plane of yoz (x = 0), and (d) electric field distribution for the dipole
on skin surface at the plane of yoz (x = 0). ©2015 Elsevier. Reprinted
with permission from Reference 86

the epidermis and dermis barely affects the wave propagation. The results shown
in Figure 12.18 agree well indicating that the effect of the antenna location can
be ignored, when the antennas are located above/below the peak/valley boundary
for the 3-D sine model. However, when the span and amplitude values go beyond
300 μm, the difference between the power losses is noticeable with a 5 dB differ-
ence at 600 μm (as shown in Figure 12.19). The power loss for the scenario that two
dipoles locate above/below the peak is larger for the one with the valley scenario
because for the peak scenario the second antenna would be in the dermis most of
the time.

• Effects of the sweat duct
The effects of the sweat duct for the sine wave model were investigated, shown in
Figure 12.20. It is observed that with the increase of the distance the power loss
increases, as predicted. When PEC was applied to the sweat duct to make it as the
ideal conductor, the power loss is 5 dB less than the case of water applied to the
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Figure 12.18 Comparison between the two scenarios: two dipoles located
above/beneath the peak and valley of the interface for the model
with 3-D sine function as the interface. (a) Effects of span alteration
on the power loss with respect to distance and (b) Effects of
amplitude alteration on the power loss with respect to distance.
©2015 Elsevier. Reprinted with permission from
Reference 86

sweat duct, which shares similar power loss with the model without sweat duct.
This indicates that if sweat duct is working as PEC, the power loss would be reduced;
however, in most cases, the sweat duct is full of sweat containing 99% water, which has
limited influence on the overall communication link quality. Analysis clearly shows
the importance of the study of the parameters of the human tissue, especially at
THz band.
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Figure 12.19 Comparison between the two scenarios: two dipoles located
above/beneath the peak and valley of the interface for the model with
3-D sinc function as the interface (a) Effects of span alteration on the
power loss with respect to distance and (b) Effects of amplitude
alteration on the power loss with respect to distance. © 2015
Elsevier. Reprinted with permission from Reference 86

12.5 Future work

In line with the work presented, the future research directions which would make
potential and natural progression to complete the studies in the thesis are summarized
as follows.

Measurement on the parameters of the human tissues

Although several optical parameters are provided, it is still not enough. First, the
experiment was conducted long time ago and the number of tissues was limited.
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Figure 12.20 Power loss at 1THz for three scenario: (a) without the sweat duct in
epidermis; (b) water is considered as the sweat in sweat duct; (c) the
sweat duct is considered as PEC

Second, the samples were mainly from one old male which lowers the credibility of
the results. Therefore, it is necessary to redo the experiments to get the parameters of
interest by measuring more samples from different people.

Safety issues: heating problems of THz wave

Safety issue is always the main consideration when people talks about nano-network,
especially when the nano-devices are applied to the in-body scenario. For THz com-
munication, heating problem was the main concern in the academic field. Therefore,
the study of the THz wave heating effects on the human tissue would be conducted to
make the standard and requirement for communicating or sensing.

Interaction between the nano-devices and the surrounding
environment

From the study of the models of nerve system and skin, it seems dispensable to study
the detailed model when the size of the functional devices goes down to milli/nano-
scale. The interaction between the environment and the devices should be study to
make sure the devices function normal.
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Simulating body-centric nano-networks using the state-of-the-art
simulator

Although there are lots of communication paradigms for nano-communication, the
study on interaction between each two different communications – for example, the
EM communication and the molecular communication – is still missing. It is generally
believed that by emerging all the communications together the nano-network would
be much more flexible and powerful. With the comprehensive simulator proposed in
IEEE P1906.1 based on the ns-3 platform in mind, different communication schemes
would be studied by comparing to the EM one. And at the same time, the relationship
between them and EM method should be further studied.
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Chapter 13

The road ahead for body-centric wireless
communication and networks

Masood Ur-Rehman∗, Qammer Hussain Abbasi†,
and Akram Alomainy‡

Wireless interaction of the human user with the computing devices has seen a profound
growth in the past decade. Wearable technology has successfully moved past the
adoption stage and now stands at the brink of massive diversification with an explosion
in popularity and applicability. The estimated market value of the wearable technology
is expected to hit $32 billion mark by 2020 [1, 2]. It would cause the global wearable
devices market it to grow from 20 million device shipments in 2015 to 187.2 million
units annually by 2020 [3].

13.1 Market prospects for body-centric wireless networks

The main objective of research and development in body-centric wireless communi-
cations is to provide users with a wide range of personal electronic support systems,
anywhere and at any time. The wearable technology is dominated by personal health-
care and fitness applications at the moment; however, current and future scope of this
technology includes a variety of market sectors:

● Sports and fitness: It is the most high-profile sector for Body-Centric Wireless
Networks (BCWNs) with number of applications already making their way in
the market. Trackers, head bands, wrist bands, smart shoes and smart sports
clothing are examples of these applications. These applications typically measure
parameters such as distance travelled, calories burned, heart rate, etc. based on
the observation of walking, jogging and muscle activities. Some applications also
include Global Positioning System (GPS) monitoring and tracking to enhance
accurate measurement of distance.

● Infotainment: Smart gaming consoles with motion detection and wearable hearing
devices like Bluetooth headsets and smart earbuds are examples of this type of
BCWN applications.
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● Personal medical, assisted living and tracking: This sector is attracting much of
the attention today and is expected to grow hugely in future. Principal reason for
huge interest in this application area is due to increase in aging population that is
predicted to have 101 people 60 years or older for every 100 children 0–14 years
by 2050 [4]. It will bring the health sector under immense pressure in terms of
economy, workforce and availability due to requirements of continuous person/
patient monitoring. The on-body and in-body BCWN devices used for this sector
encompasses a wide range of physiological measurements and will incorpo-
rate enhanced functionalities of remotely accomplished testing and examination,
prescription and drug delivery, and cure of chronicle diseases by monitoring
and analysis of blood pressure, brain signals, sugar level, electrocardiogram
(ECG), eye tracking, oxygen level, radiation exposure, respiration, sleep pattern,
temperature, pulse and posture. A fully functional telemedicine system where
physicians can use these wearable technologies to monitor and treat their patients
remotely will bring great advantages in terms of comfort, flexibility and health
improvements at personal level and economic gains at state level.
Placing sensors on kids to track their activities, location and health by monitoring
vital signs such as skin temperature, respiration and movement, as well as allowing
an audio link to the parent’s smartphone is another future aspect of this area.
A commercial product in the form of a smart sleeping baby suit is already in the
market [5]. It can also be extended for the traction of pets.

● Fashion: Smart clothing is one of the key application areas of BCWNs that can
serve monitoring and communication purposes efficiently. Wearable textile anten-
nas have therefore, attracted interest of researchers worldwide [6]. Although,
smart clothing including shirts, trousers and smart jewellery is primarily con-
sidered for personal medical at the moment, wearable technology makes the
experimentation possible with some more immersive forms of sensing. Smart
social clothing can be an interesting area for future extension of the BCWNs
where clothing provides social interaction such as changing the colour of the
clothing by sensing and communicating the user’s mood, emotion, physical sen-
sations or location to an individual or a sport watching crowd through embedded
sensors. A first step in this direction is taken in the form of the Hug Shirt [7] that
contains sensors measuring the strength of touch, skin temperature and heartbeat
along with actuators which can recreate them. The physical sensations can be
shared between the two people wearing such shirts through a Bluetooth link.
Smart clothing faces many technical challenges. It needs to be comfortable, flex-
ible, washable and chargeable. There is still much work to be done to develop
smart fabrics which look and feel like normal fabrics. Also, it should be available
to be cut and made into garments and in different sizes without major changes in
garment manufacturing techniques. Hence, new textile materials, miniaturisation
and battery improvements are issues that will dictate their development in the
future BCWNs.

● Augmented reality: Wearable devices that gather and give a user information
anywhere and everywhere, overlaying it on everything he/she sees and enhanc-
ing his/her senses are another promising venue for future BCWN applications.
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Although not very successful, introduction of smart eyewear like Google Glass
and wearable cameras like Autographer have already set the foundation for them
in the market [8, 9]. Issues of privacy, handling of huge amount of data and social
awkwardness would, however, need to be looked into.
Recognition of head and eye-movement gestures has found its way in the wearable
augmented reality applications for waking, turning off and making notifications.
It has great potential to be used in many daily life activities with added features
of security and authentication.

● Smart watches: This market sector is already booming with a number of devices
introduced by Apple, Samsung and Motorola. It is also expected to dominate the
wearable market in the near future [10]. Observation of vital physical parameters,
exercise activities and location along with communication with the smart phones
are key actions performed by these wrist-worn watches. The basic problem with
these watches is that the features they offer are already provided by the smart
phones.

13.2 Challenges and future perspective of BCWNs

Success of current and future BCWN applications depends on efficient solutions to
the technological and societal factors it faces today. These factors will inhibit growth
and drive innovation in the wearable technology.

13.2.1 Complex environment

BCWNs work in highly volatile environments. Path losses are high due to body
absorption and cluttered operational conditions as discussed in Chapter 9. Inherent
limitations of the sensor design, on/in-body sensor position, human body postures,
body motions, multipath, sensor breakdown and interference could lead to erro-
neous and incomplete data reception. Strict power emission and specific absorption
rate (SAR) regulations, design limitations due to size and shape restrictions made
the antenna design very challenging. For example, a urethral valve that needs to
be replaced at regular intervals without surgical operation restricts the choice of
implanted antenna to a helix as the available diameter is 4–6 mm [11]. Moreover,
implanted antennas need to be made up of bio-compatible and non-corrosive material
like titanium and platinum instead of their more efficient counterpart copper antennas.
Channel modelling is also very complex due to multipath and mobility. Techniques
need to be devised to improve performance of the BCWNs in such environments such
as heterogeneous and multi-hop links, efficient sensor design, use of various types of
sensors and optimal positioning of the sensors.

13.2.2 Spectrum shortage

Flooding of variety of wireless technologies is leading to shrink the available spec-
trum. It along with benefits of large data rates for real-time communications, lower
transmission time, reduction in interference and unlicensed frequencies are attracting
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the researchers to explore the millimetre wave (mmWave) communication in the range
from 30 GHz to 300 GHz as an alternative venue for the BCWNs. It, however, brings
a number of challenges including radio frequency (RF) impairments of fast fad-
ing and delay spread that makes demodulation and equalisation difficult; mmWave
transceivers require data converters able to process giga-samples per second with
considerable resolutions that leads to high power consumption and losses due to high
penetration depth [12].

Spectrum sensing and cognition is also emerging as a viable solution to address
the spectrum shortage. Cognitive radio provides a platform to control the primary
(licensed) section of the electromagnetic spectrum by secondary (unlicensed) users
opportunistically and cooperatively through sensing of the occupation of the spec-
trum [13]. The cognition-based BCWNs would lead to considerable improvement in
spectrum management and would provide enhanced efficiency in terms of resources,
networking and energy. Open challenges in this technology include design of intel-
ligent sensors that can sense the spectrum with correct goal evaluation, real-time
processing and energy efficient monitoring.

Efficient power and frequency allocation schemes are required to minimise the
interaction of BCWNs with other networks including Wireless Local Area Network
(WLAN), Ultra Wideband (UWB), Bluetooth, Global System for Mobile Commu-
nications (GSM), etc. as well as to minimise self-interference between different
body-worn sensors. High overhead necessitates an intelligent routing protocol aware
of spectrum changes. Energy efficiency along with quality-of-service (QoS) issues
requires efficient Media Access Control (MAC) protocol to provide optimum spec-
trum access scheme enabling avoidance of collisions and repeated data transmissions
while maintaining maximum throughput, communication reliability and minimum
latency [14].

13.2.3 Body-to-body communications

Concept of internet-of-things (IoT) and device-to-device (D2D) communication also
brings in the idea of body-to-body (B2B) communications. A B2B network consists
of several BCWNs each communicating with its neighbour. The B2B network is
envisioned as a mesh network using the human subjects to transmit data within a
limited geographic region [15]. It will use BCWN devices like smart phones and
smart watches to send a signal from one person to the next nearest B2B network user
until it reaches the destination.

B2B communications have several challenging tasks before its efficient realisa-
tion. It includes energy efficiency and QoS considerations to support different data
types, i.e. data, audio and video along with mobility of the participating BCWN
devices. Coexistence and cooperation of various BCWNs operating on different tech-
nologies, i.e. Bluetooth, ZigBee, Wi-Fi, etc. sharing the same spectrum demands
measures to mitigate inter-body interference resulting from co- and cross-technology
interference. Transmission of sensitive data travelling from person to person in a
B2B communication scenario brings in reliability, privacy and security issues. More-
over, B2B networks should be able to handle a variety of BCWN devices operating
at different data rates. The human body itself acts like shadowing object for such
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communication scenarios. Hence, the inter-body propagation channel would also need
detailed characterisation for reliable communications considering all these factors and
surrounding environment conditions.

13.2.4 5G

Evolution of 5G is another venue that would require extensive research and devel-
opment of wireless body area networks. 5G technology considers massive multiple
input multiple output (MIMO) antenna arrays (having more than ten elements) with
beamforming at the mobile receivers operating at mmWave frequencies as one of the
solutions to support high data rate and interference mitigation [16]. It will require
investigation of switchable and diversity antennas both in correlation and in isolation
from each other to overcome fading. Chapter 8 of this book provides insight into the
benefits of using diversity and MIMO antennas at relatively small scale for BCWNs.

5G is also envisioned to support advanced D2D communication that enhances
spectral efficiency and reduces end-to-end latency. Not entirely depending on the cel-
lular network, D2D devices can communicate directly with one another when they are
in close proximity. Hence, D2D communication will be used for offloading data from
network so that the cost of processing those data and related signalling is minimised.
In D2D communication, a single radio resource can be reused among multiple groups
which want to communicate with each other if the interference incurred between the
groups is tolerable. Hence, the spectral efficiency and the number of simultaneous
connections can be increased. B2B communication scenario (shown in Figure 13.1)

On-body sensor
In-body sensor

Bluetooth link

GPS link

5G link

WLAN link

5G link

Network

Medical
server

Emergency
services

Hospital
mmWave link

Body-to-body communication
network

Figure 13.1 Futuristic concept view of BCWNs with B2B communication
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will be the most widely used type of D2D communication as majority of the future
communication devices would be body worn [17]. It will require to address the chal-
lenges of complex circuit design, high sensitivity to blocking, more spectrum needs,
efficient resource allocation along with novel antenna solutions, mitigation of the
human body effects (which would be high due to increased penetration depth) and
channel characterisation [18].

13.2.5 Antenna design and channel modelling

In order to achieve unobtrusive communication in the BCWNs, efficient implementa-
tion of wireless modules is vital as discussed in Chapter 6. Despite extensive research
and development in this area, design of BCWN modules is still very challenging
due to limitations of low power requirements, reliable data transmission, compati-
bility with the sensor and conformal antenna design. Ever-changing requirements of
body-worn sensors thanks to the emergence of new technologies such as mmWave
communications, 5G, B2B communications, cognition in BCWNs and high demand
of non-invasive methods for healthcare procedures (e.g. sugar detection and blood
test) also necessitate new and improved solutions. Moreover, the sensors should
not be designed for the sake of design but to observe and relay the vital physio-
logical information required by the physicians to treat certain medical condition.
Hence, a very close cooperation between the field of medicine and antenna design
is necessary.

Antennas and associated electronics are required to be conformal to the body
shape for on-body or in-body environments. They also need to show immunity from
detuning in frequency and polarisation. Antennas for future BCWNs will also be
made either for specialist occupations such as firefighters and paramedics, or for
smart social clothing where fashion will dictate the form and design as highlighted in
Chapter 10. It will bring further challenges of harsh and variable environments (such
as extreme temperatures and multipath) and multi-frequency operation on top of
conventional complexities of physical dimensions, directivity, efficiency and SAR.
Special considerations are required to address these problems, for example, in an
on-body communication scenario between multiple body-mounted antennas, the one
having a monopole-like radiation pattern performs better for the surface wave coupling
while the one with a patch-like radiation pattern is better for surface/space wave
coupling [19]. Techniques like reconfigurability, multi-band operation, beamforming
and phased-controlled arrays would also need extensive study in BCWNs scenario to
support high data rate applications like mmWave communications and 5G. mmWave
communications also brings the challenge of heating whose effects on the human
body tissues need to be investigated as highlighted in Chapter 12.

Advent of the nanotechnology and bio-sensors has brought promising aspects
in antenna miniaturisation, especially for medical implants. It can realise extremely
small BCWN devices operating inside the human tissues and blood vessels to take
samples, diagnose, deliver drugs and possibly avoid surgical procedures.

New techniques for the characterisation of BCWN antenna performance at
mmWave and nanoscale would also be required with changing specifications. Numer-
ical models, voxel models and phantoms play an important role in these studies [20].
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A detailed study for the determination of the electric properties of the human body
tissues at mmWave frequency range is therefore pertinent.

A clear understanding of wireless links between various BCWN devices, either
implanted, body-worn or operating in the vicinity of the human body, is essential for
the efficient and reliable deployment of the BCWNs. It requires in-depth analysis of
wave attenuation in lossy human body tissues and propagation in, on and around the
body along with surrounding environment effects through channel characterisation
and modelling. Huge effort has been made in this area at microwave frequencies [21]
while some initial steps are taken to understand the channel condition at terahertz range
[22]. Chapters 3, 7, 9 and 12 of this book also offer insight into this topic considering
UWB, in vivo, GPS multipath and terahertz transmission. However, much more needs
to be done to characterise the channels for nano-implants and mmWave propagation.
Moreover, measurement of implanted antennas and channels on live human subjects
is very difficult. Measurements using numerical and solid phantoms are an alternative
but require time and computational efficient tools with careful calibration.

13.2.6 Power consumption and battery life

One of the biggest technical challenges for the wireless applications is power. It is
more vital for the BCWNs as the implantable and wearable devices are small and
mobile by nature requiring miniaturised, efficient and long-lasting batteries for the
continuity of operation for at least one typical usage cycle without replacement or
recharging. This typical usage cycle can vary from device to device. An implanted
sensor can have a usage cycle of a year while a mobile phone’s usage cycle can be
considered as 24 h. To realise small device sizes with reasonable battery lifetimes,
typical wireless sensor nodes are designed using low-power components with modest
resources. It affects the signal quality and link budget.

To overcome this problem, ambient energy harvesting from solar, vibration
(kinetic), thermal and electromagnetic/RF energy sources is considered to be a viable
solution. Some proposed solutions for the BCWNs include using human body warmth
as a source of thermal energy [23], use of vibrations due to body movements as the
source of kinetic energy employing piezoelectric devices [24, 25] and using rectennas
to harvest ambient RF energy [26]. New types of clothing with built-in solar panels
and smart textiles having non-invasive piezoelectric fibres and nanowire super capac-
itors are also proposed [27]. However, these proposals are still far from generating
a realistic alternative to the conventional batteries for the BCWNs. Dissipation of
heat in such devices and its effects on the human subject also needs to be mitigated.
Smart textiles could provide an answer to it by employing cooling fibres based on
melt/resolidify technologies. This topic would therefore need utmost attention of the
researchers for the success of the BCWNs and avoid death by discharge.

13.2.7 Security and privacy

Security is considered of highest priority in other wireless networks but BCWNs have
done little on it. Wearable devices can collect and transmit data ranging from the user’s
physical location (as presented in Chapter 11) to personal fitness and health details.
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The stringent constraints of memory, power, data rate and computational capability
make the solutions proposed for other wireless networks inapplicable to BCWNs.
Security requirements for BCWNs include availability of the user information to
the concerned people like physicians at all times, authentication of the user’s data,
integrity of the transmitted data in the communication channel and prevention of
inter-device interference.

The IEEE 802.15.6 standard has proposed a security paradigm for BCWNs that
should be implemented on MAC layer [28]. Secure key generation and distribution
is considered as one of the most effective solutions for security and authentication.
Biometrics technique using body parameters such as timing information of heartbeat
allows the body itself to encrypt and decrypt the symmetric key for secure distribution
[29, 30]. Use of random channel measurements is also proposed for the generation and
distribution of cryptographic keys for secure BCWNs [31]. These efforts are, however,
not enough for a full-scale implementation of BCWNs. Moreover, emergence of cloud
computing and IoT have given rise to privacy of the information shared is a major
concern for the users. Very private nature of the data observed by the BCWN sensors
increases the concern users’multifoods and make them reluctant to share it. Assurance
of secure communication is therefore key to the success of future BCWN and would
require an in-depth exploration and implementation of novel security solutions.

In summary, the BCWNs will change the human life style bringing revolutionary
enhancements, it has to address a number of technical challenges discussed in this
chapter before being widely deployed. Moreover, numerous non-technical factors are
also trivial to success of BCWNs such as pricing, aesthetics, acceptance, comfort,
user friendliness, accessibility and regulatory issues dealing with social, ethical and
legal problems.
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